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Symmetries of QCD

Giuseppe Lodovico Lagrangia
Born 25 January 1736
Turin

Died 10 April 1813 (aged 77)
Paris
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Qui accanto si pud osservare

I'Estratto dall'atto di nascita e di battesimo tratto
dai registri parrocchiali della

Parrocchia di Sant'Eusebio,

dove risulta il nome di Lagrangia.

Nel 1754 pubblico la

Lettera a Giulio Carlo da Fagnano

il suo primo lavoro,

I'unico scritto in italiano,

che gli procuro il primo impiego di
sostituito del maestro di matematica
presso le Scuole di Artiglieria.

Francesco Giacosa



The QCD Lagrangian U(

Uniwersytet
Quark: wu,d,sandc,b,t R,G,B ‘
-
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A

Antired

Antigreen Antiblue

ci=uds ...

N $

1
-_— & L ya YA, LY
Locp = E q;(iv" D, — m;)g; — Z(;W(; ’

8 type of gluons (RG,BG,...) =

A:, 6121,...,8 >mm :z%i
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Confinement: quarks never U(
'seen’ directly. How they might Uniwersytet

look like ©

strange

Picture by Pawel Piotrowski
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Trace anomaly: the U(

emergence of a dimension Uniwersyte:
Chiral limit: m. =0

ot y—1_.u is aclassical symmetry broken by quantum fluctuations
:L' - 7 v..l- E— /\ r.l-
(trace anomaly)

Dimensional transmutation Ay = 250 M eV

g'(Q
47

as(n=Q)=

o,(Q)

Q[GeV]

Effective gluon mass: m_,,, =0—>m., ~500-800MeV

Gluon condensate: <GfWGa’”V> # ()
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Flavor symmetry U(

Uniwersytet

Jarma Rodanowshiege w

Gluon-quark-antiquark vertex

It is democratic! The gluon couples to each flavor with the same strength

4 > U4,

UeU@B), > U'U=1
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Chiral symmetry U(
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Right-handed: Left-handed:
qi — qi,R + qi,L
1
. =—(+y)gq,
ql’R 2 ( 7/ )QI
= (-7
qd;. 7 V)4,

. R L
q; =qig 9L Uij qir + Uij q;.

uas),xu@3),=ul,,, xud),, xSU@3),xSU@A3),

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

In the chiral limit (mi=0) chiral
symmetry is exact, but is
spontaneously broken by the QCD

Axial anomaly: explicitely broken by quantum fluctuations
vacuum

O (=t i 3-(/2 UV po £ s B

MG Y59 ) = 1672 - tr(GuvGpo)
/"

9

Francesco Giacosa



Symmetries of QCD U(
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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 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 (axial anomaly)

10
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Hadrons U(
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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 baryon is not necessarily a three-quark state.
Quark-antiquark and three-quark states are conventional mesons and baryons. 11
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Example of conventional U(
quark-antiquark states: Uniwersyte:
the p and the 1T mesons

Rho-meson m . = 775 MeV

Pion m , = 139 MeV

Mass generation in QCD
m_+m, ~ 7T MeV is a nonpert. feature

based on SSB

(m ).

eeeeeeeeeeeeeeeee

12
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Non-conventional mesons: U(
theoretical expectations e

2) Hybrids

Compact diquark-antidiquark states

3) Four-quark states Molecular states (a type of dynamical generation)

1) Glueballs

e

Companion poles (another type of dynamical generation)

13
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chiral model of QCD:
the extended Linear Sigma Model
(eLSM)
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QCD not solvable in the domain of light
mesons and baryons

 Lattice QCD: impressive improvements. However, some
properties such as decays of resonances and fintie denisty still hard.
Finite temperature: © ...but finite density tough (sign problem).

 Effective approaches with quarks dof:. Bethe-Salpeter
equations with, chirall models involving quarks (NJL and its
extensions).

« Effective approaches involving hadrons: ChPT (taylor-
made for pions and nucleons), effective models with linear
relaization of chiral symmetry (->eLSM).

15
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Motivation for the extended Linear Sigma Model
(eLSM)

* Development of a a (chirally symmetric) linear sigma model
for mesons and baryons including (axial-)vector d.o.f. and glueball(s)

« Study of the model for T = y =0 (spectroscopy in vacuum)
(decays, scattering lengths,...) Interrelation between
. these two aspects!

« Second goal: properties at nonzero T and p

(Condensates and masses in thermal/matter medium,...)

16
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Fields of the eLSM U(
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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)

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

chiral invariance and dilatation symmetry and their explicit breakings.
17
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Field in eLSM Assignment (predom.) [18] Flavor content r Fe
ap an(1450) ud, (it — d(ﬁy" V2, di 1
K(’;[i'nl K5(1430) us, ds, ds, us % |
ON, OS fo(1370), fo(1500) ey (uii + dd) + eo(83) 0
w {x?, n*} ud, (vt —dd)/v2, di 1
K [+:0] KO | «1460), k(1630), K sa0) us, ds, ds, us % |
NN 1S N(547). n'(958) ,n(1205). n(1405), y(1475) cr(uii + dd) + co(s8) 0
pH p(770) ud, (uit —dd) /2, di 1
K*r, K K*(892) us, ds, ds, us % |
Wy Wh (smah mixing angle) w(782), ¢(1020) e(uit + dd) + ca(s8) 0
a’l‘ ay(1260) ud, (v —dd)/v?2, du 1
K, R{L Ki 4= K1(1270) , &,(1400) us, ds, ds, is % |
fins flg (smai mixing angle) F1(1285), f1(1420) c1(uii +dd) + c2(s3) 0

and, in addition, the scalar/dilaton glueball G (plus evt other glueballs)
18
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Meson phenomenology - literature |
Uniwersytet

1) Nf =2 (with frozen glueball): parganiija FG DHR PRD82 (2010) 054024 S

2) Nf =2 (with glueball): Janowski Parganlija FG DHR PRD84 (2011) 054007

3) Nf = 3 (with frozen glueball): parganiia kovacs Wolf FG DHR PRD87 (2013) 014011

4) Nf =3 (with glueball): sanowski FG DHR PRD90 (2014) 114005

5) Pseudoscalar glueball: Eshraim Janowski FG DHR PRD87 (2013) 054036 Eshraim Schramm PRD95 (2017) 014028
Eshraim  PRD 100 (2019) no.9, 096007

6) Nf =4: Eshraim FG DHR EPJ.A51 (2015) no.9, Eshraim Fischer 112 EPJ A54 (2018) 139

7) Vector glueball: sammet Janowski FG PRD95 (2017) no.11, 114004

8) Excited (pseudo)scalar mesons: Parganlija FG Eur.Phys.J. C77 (2017) 450

9) Consistency with ChPT: pivotgey Kovacs FG DHR Eur.Phys.J. A54 (2018) 5

10) fo(500) as a four-quark in the vacuum: Lakaschus Mauldin FG DHR PRC 99 (2019) no.4, 045203

19
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Baryon phenomenology - literature Uniwersytet

1) Baryonic eLSM for Nf = 2: callas FG DHR PRD82 (2010) 014004, Gallas FG IJMP.A29 (2014) 1450098

2) Nucleon-nucleon scattering: Teilab Deinet FG DHR Phys.Rev. C94 (2016) 044001

3) Nrf= 3 (with four multiplets): oibrich zetenyi FG DHR Phys.Rev. D93 (2016) 034021

4) Nf = 3 and axial-anomaly for baryons: olbrich zetenyi FG DHR Phys.Rev. D97 (2018) no.1, 014007
5) Nuclear matter: Gallas Pagliara FG Nucl.Phys. A872 (2011) 13-24

6) Inhomogenous condensation in nuclear matter: Heinz FG DHR Nucl.Phys. A933 (2015) 34-42
7) Inclusion of delta for Nr= 2 and decuplets for Ni= 3: planned

8) Ni= 3 at nonzero density: planned

20
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(Pseudo)scalar sector

0

T M +
— + V3
2 2
0
P=PA" = - IS
V2 2
K- K
0
a, Oy .
—=+ % a
V22 ’
0
S=Si"=| a, —i’/%+%
K ESO

a; =a,(1450)=ud andnota,(980)!!

o, =+/1/2(uu+dd) = f,(1370) and not f;(500)!!!

ul'u

ul'd

ul's

ul'u
ul'd

ul's

Francesco Giacosa

dlu
drd
dT's

dlu
drd
dl's

sl'u
sCd
sTs

sl 'u
sCd
sTs

1J<
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=iy
JPC — O—+
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Chiral transformation of U(
(pseudo)scalar mesons werys

qz‘ = qi,R T ql',L — (UR)Z'J' qJ',R T (UL)y' qj,L Up, U, cUE)

O =5+iP

CDU' =49, T lq]lysql = \/EQR,]'QLJ

®>U,OU;

22



Example of an invariant U(
term lcat)

(D_)ULCDU; U., U, cSUQ3)
m ™

X
m ATr|® oD D |—

ATr|U. @' UUOUUOUUOU; =T |0 00 ®]

1T

U'U, =1,U.U,=1

23



(Axial-)Vector sector

0
1Y% @y

£ N * K.,(892)"
2+ 5 P (892)
a - po a)N 0
VHE=VH Q9 = -4V K.(892
“ £ NN I
K.(892)  K+(892)° b
0
Cll +fi,N Cl1+ K1+
2 2
o
A" = A" Q4 = a” Ly N KO
a 1 \/5 \/5 1
3 — 0
K, K Jis

a =a (1260)=ud

K'=K'(1270)=us

J{

Uniwersytet

Jarma Rodanowshiege w Hlnlmch

ulCu  dTu  sTu F — 7/,U

ul'd drd sT'd e

ul's  dT's sTs J — 1__

ulu  dTu  sTu

uld dTd sTd [=y"y

uls  dls sCs T PC _ 1
L =V*+ 4 L" > U, LU,
RH = H _ g4*

R* > U,R"U,

N4
P4

Francesco Giacosa




Model of QCD — eLSM U

Jare Hodwencowshiege w Kislad

G

A

70

2 1 2
mi [ G L 2 | 1o
( 2 (Go) A) (L# R#)

+ 1 (detd — detdT)? + 'i%g{Tl'(Lw LF LY]) + Tr(Ryy [R*, RY]) }

2
Lersm = Laa + Tl‘:(.Du‘l))T(D’U‘I’): — mg ( ) Tr(®'d) — Al[TI'(‘I’T‘I’)F — A Tr(@Td)?

_ %TI.KL#J/)Z L (R_,U‘U)Q} uE Tr

+ Tr[H (P + &)

h |
n %TI‘((I)T-:D)TI (L2 + R2) + hyTr[|L,®* + |OR,, ]

+ 203 Te(L, ORI DY) + £2 o

] . 0
1 (JN-FG-D)j%(??NJF“ ) ag +im" KiT +1iK+
—al)+i — 9 - R
=7 ag +im" et LN m ) K0 4K
K™ +:K~ Ki° +iK° os + g
wnEp? fin+al 4 T S -~
. \:/E + 75 . ,00 + af D K"+ K]
LY, RV = — — 4 WNTF finFa «0 4 70
: NG p~ Eaj “@P + -l_“*ﬁ L K"+ Kj
K*_ :l:I(l_ K*O :l:ZK? Wg :l:jlb

S. Janowski, D. Parganlija, F. Giacosa, D. H. Rischke, Phys. Rev. D84, 054007 (2011)
D. Parganlija, P. Kovacs, G. Wolf, F. Giacosa, D. H. Rischke, Phys.Rev. D87 (2013) 014011

25
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SSB and the donkey
of Buridan

Oy >0y+¢

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.

Francesco Giacosa
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Results of the fit

(11 parameters, 21 exp. quantities)

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

7. =12

Observable | Fit [MeV| |Experiment |[MeV]|
3 96.3 + 0.7 92.2 + 4.6
fK 106.9 £+ 0.6 110.4 £5.5
My 141.0 £ 5.8 13F33=0.9
MK 485.6 £+ 3.0 495.6 &+ 24.8
My 509.4 £ 3.0 547.9 +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
Mg 975.1 £6.4 1019.5 £ 51.0
Ma, 1186 £ 6 1230 £+ 62
M £, (1420) 1372.5 + 5.3 1426.4 £ 71.3
Mg 1368 & 1 1474 + 74
mice 1450 + 1 1425 + 71
Tpone | 160944 1491474
Dr* s kon 446 £ 1.9 46203
C,.rx |334+014] 354+0.18
e s 549 + 43 425 + 175
| AR 0.66 = 0.01 0.64 + 0.25

s (142005 K+ K

44.6 £+ 39.9

43.9 1+ 2.2

Tap

266 = 12

Iz sk

285 £+ 12

265 + 13
270 £ 80

Francesco Giacosa
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arXiv:1208.0585
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Results of the fit/2 U(
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2
15 ¢ 4
1 2 ]—p_>nn
4 K i
_ 05 1 Ko ) fn } -
s Foen . 3 : I
5 1 1 A | e —
E=2 T + =2 I T ap
A | | %
2 l K ->Kn
15| T + S
w [ s K'] P K.']‘q’ Sl f1 Qp 1 4 I r X I
_25 1 L 1 1 1 1 1 sl N L .f1.->'.<.K....| .Kp-fK?T..H
0 200 400 600 800 1000 1200 1400 1600 1 10 100 1000
Mass [MeV] Width [MeV]

arXiv:1208.0585

Microscpic Overall phenomenology is good. Further quantities
calculated afterwards.
g Scalar mesons ao(1450) and Ko(1430) above 1 GeV and are
eLSM ; quark-antiquark states. The chiral partner of the pion (the o) is fo(1370).

: 28
Importance of the (axial-)vector mesons
Francesco Giacosa
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J{

Scalar glueball: mixing pattern A

16(JPC) = oot )

£,(1370)
See also the mini-reviews on scalar mesons under f,(500) (see the
index for the page number) and on non-qg candidates in PDG 06,
Journal of Physics G33 1 (2006)

f5(1370) T-MATRIX POLE POSITION
-

Above 1 GeV one has two
quark-antiquark states and a e e

(1200-1500)—(150-250) OUR ESTIMATE
bare glueball.
f,(1500)

See also the mini-reviews on scalar mesons under fy(500) (see the
index for the page number) and on non-qq candidates in PDG 06,

Journal of Physics G33 1 (2006).

(ﬁu —|‘ dd) f5(1500) MASS

16(JPCy = ot + )

[N] [

§
VALUE (MeV, EVTS DOCUMENT iD
— 1504+ 6 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below.
SS £(1500) WIDTH
l b ll . VALUE (MeV) EVTS DOCUMENT ID TECN  COMMENT
Glueball: gg e
G yPCy _ ot(o++
£,(1710) IS(PC) = ot )

See our mini-review in the 2004 edition of this Review, Physics Let-
ters B592 1 (2004). See also the mini-review on scalar mesons under

They mix to form the 3 resonances s BER21 (2004 S sk the i

f(1710) MASS

.
on the right.
VALUE (MeV EVTS DOCUMENT ID TECN COMMENT

N ote - lmt g OUR AVERAGE Error includes scale factor of 1.6. See the ideogram below
. f(1710) WIDTH
ao (980) k(800 ) fO (980) fo (500) VALUE (MeV EVTS DOCUMENT ID TECN COMMENT
139 + 8 OUR AVERAGE Error includes scale factor of 1.1
30

are regarded as non-quarkonium objects

Francesco Giacosa




The scalar glueball in the eLSM J(
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The calculation of the full mixing problem in the I=J=0 sector shows that:

£,(1370) 091 -024 033 /3(@u + dd)

f0(1500) = 0.30 094 —-0.17 Sq

fy(1710) —0.27 0.26 0.93 Glueball: gg
Ergo: f0(1710) is predominantly a glueball! 2 0" — i
...and fo(1370) is the chiral partner of the pion Pl ;:_?5= 4
In BESIII, CLAS, COMPASS, and in the future in PANDA: L= 2
production processes with these states. o |

Details in S. Janowski, F.G, D. H. Rischke,

Phys.Rev. D90 (2014) 11, 114005, arXiv: 1408.4921 31
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Lattice result on J/Psi U(
decay into glueball Utuerse

v
eck ending
PRL 110, 021601 (2013) PHYSICAL REVIEW LETTERS 11 JANUARY 2013 NN\N\’N

Scalar Glueball in Radiative J/ s Decay on the Lattice J/\|! C /V/

\ 4

| 1,2 . 1,2,% (~ S sl T T z ¢
Long-Cheng Gui, * Ying Chen, Gang Li,” Chuan Liu,” Yu-Bin Liu,” Jian-Ping Ma,”

oo 12 . - 7
Yi-Bo Yang, "~ and Jian-Bo Zhang _ \

(CLQCD Collaboration)

A

From the PDG (decay of the j/y): the radiative decays into fo(1710) are larger than into fo(1500).

vf(1710) - vKK (BB *38 Jxied
vf(1710) — vmw (40 410 )x1074 v (1500) — 7w (1.01 £0.32 )x 10~ %
v1(1710) - yww (31 +1.0 )x1074 06

- ~ +0. -5
vf(1710) — ~np (24 112 yx104 1fo(1500) — yn7 (17 T34 )x10

32
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The pseudoscalar glueball

= icé@é (det(b — det(b*)

Quantity Value
Tot
F(j;_),\.h.b,/F(f’f 0.059
Fé%mm/F’éff 0.083
F(f;_),lal\,/F’(f,” 0.028
@wms/lﬂtf’ff 0.012
(;,_W,M_/F’E;” 0.019

it
(G-mesons
Quantity Value
AN, Kn ’((’t 0.049
FG—H\"[\’n’ ?‘)’ 0.019
G/ Lo | 0.016
(*;_>,]_,],I,/Ff£t 0.0017
Gy f(;” 0.00013
FG%[\,[\%/F%’* 0.46
é_mW/Fg"t 0.16
é%,,],ﬂw/l“’(’gf 0.094
é—)ﬂ'ﬂ'ﬂ' =

PANDA will produce a pseudoscalar glueball (if existent).

Details in:

o Mg

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

Francesco Giacosa
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Mg (GeV)
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Vector glueball

From arXiv:1607.03640 [hep-ph],
Decays of the vector glueball by F.G, J. Sammet, S. Janowski, PRD 95 (2017) 114004

We predict that the vector glueball decays mostly into:

O —bim — wrr

O — 7tKK*(892)

12 ¢

The lattice mass of 3.8 GeV has been used;

Tables of ratios are in the preprintpaper

Planned studies:

tensor glueball, pseudovector glueball.

10

o Mg

Francesco Giacosa
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I O++_

Mg (GeV)
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Hybrid mesons in the eLSM

arXiv:2001.061
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Candidate/1

Citation: M. Tanabashi er al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) and 2019 update

m1(1600) PG =1ma—

71(1600) MASS

VALUE (MeV) EVTS DOCUMENT ID TECN  COMMENT

16601' ﬁ OUR AVERAGE Error includes scale factor of 1.2.

1J<

Uniwersytet

Jare Hodwencowshiege w Kislad

71(1600) WIDTH

VALUE (MeV) EVTS DOCUMENT ID TECN  COMMENT

257+ 60 OUR AVERAGE Error includes scale factor of 1.9. See the ideogram below.

1(1600) DECAY MODES

Mode Fraction (I';/T)
N =7 seen
> 00 7~ seen
3 f>(1270) 7~ not seen
l_4 b1(1235)7r seen
s I}’(958) T seen
Fﬁ f1(1285)?T seen

Francesco Giacosa
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Candidate/2 U(

Uniwersytet
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Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) and 2019 update

m1(1400) 16(JPC) = 11— +)

See also the mini-review under non-qq candidates in PDG 06, Jour-

nal of Physics G33 1 (2006).

1(1400) MASS

VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT
1354 +25 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below.
n

1(1400) WIDTH

VALUE (MeV) EVTS DOCUMENT ID TECN  CHG COMMENT
330 +35 OUR AVERAGE

71(1400) DECAY MODES

Mode Fraction (I';/T)
ri nn° seen
) nmo seen
3 o'n
la p(770) not seen

37
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Only one pole U(
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Determination of the pole position of the lightest
hybrid meson candidate

JPAC Collaboration (A. Rodas (Madrid U.) et al.).
Phys.Rev.Lett. 122 (2019) no.4, 042002

“We provide a robust extraction of a single exotic 11
resonant pole, with mass and width 1564124186 MeV
and 492+54+102 MeV, which couples to both n (0)r
channels. We find no evidence for a second exotic
state.”
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Hybrids from lattice U
@

Jare Hodwencowshiege w Kislad

Hybrid mesons: lattice predictions for 1*-+ hybrids at about 1.7 GeV

See for instance the review:
C. Meyer and E. Swanson, Hybrid Mesons,
Prog. Part. Nucl. Phys. 82 (2015) 21 [arXiv:1502.07276 [hep-ph]].

35 ¢

— 325 F

3 F

275 E.° +
25 F | + * +

= E UKQCD 96

2.25 E ++ MiLC 97

2 B e MILC 03

E | CSSM 05
1.75 F | SESAM 00
= 1
1.5

UKQCD 06
E MILC 03
125 F |
1 Foatalsii iicalamsl comles il lvoe

LATHAD 10
1
0 025 05075 1 125 15 175 2 225 25
mass (1) [GeV]

mass (1) [Ge)

— &> B «

Note, 1”-+ is an exotic combination impossible for a quark-antiquark pair 54
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New quark-antiquark nonets

in the eLSM are needed

)
-

Nonet|L|S|JF€ Current Assignment
P |o|loj0”T| Py= %qjhr’ql 7, K,n,n
S |1]|1]o*t Sij = J=d;q: ao(1450), K;(1430), fo(1370), fo(1510)
Ve lof1[1mm | V= Bate p(770), K*(892), w(785), ¢(1024)
AR 111 AL = S a1(1230), K, 4, f1(1285), f1(1420)
B* [1|0]1%| B = Lg;7° 9 g | bi(1230), K15, hi(1170), hy(1380)
' o b - - & _ = T
Efe |2(1(177 fmm = V—I,quz d#qi| p(1700), K*(1680), w(1650), ¢(777?)
Chiral multiplet Current Ur(3) xUL(3)| P C
d=5+1iP V23r.;qr.; ULdUL ol | @t
R¢ =VH¥ — A* | /2qrv*qr: | UrRFUL |L,| L**
B — M AH \/6— ilbam. . Ur R*U] R R
L =d 2qL.;7 4L, L L Ly |
O* = E¥ , —iB*|\2Gr ;i 0 “qri| Urd*UL || @

ArXiv: 1607.03640

Francesco Giacosa
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Jare Hodwencowshiege w Kislad

For excited vectors
see Piotrowska et al
PRD 96 (2017) no.5, 054033
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New quark-antiquark
nonets/2

hi,N+b] I Kt “
1 V2 Lo 1,B 9 1
Bﬂ — — h’l.;‘\«""bl %0 ‘ , = ——

" —

"y
le_B Ixf_B his

Ot — UL drUT,

Francesco Giacosa
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KEr g
E

%0
KE

wE,s
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Hybrid nonets in the eLSM

h‘ b* 1 s &
bk p

ij ﬁ(fj ™ Wwqi

Exotic quantum numbers: 1A-+

hyb,un 1 — UV 5
By ™" = GG wai

f /
Quantum numbers 17 +-

Details in 2001.06106

1J<

Uniwersytet

Jare Hodwencowshiege w Kislad

hyb 0 7
771|Ii\r+7r1 __hyb-{— ]—\-hﬁyb-{—
‘ hyb
[Thvbn — _hyb— MU= hybo
ﬁ) /il - = \1
~-hyb— —hyb0 hyb
K K, s
hhyb +bh‘yb.0 M
'IN,BT "1 bhyb.-i— ]\vhyb—r-
1 V2 1 1,B
. hyb hyb,0
phybn — = b+ hin.g—b1" ¢ hybo
\/2 1 1,8
~hyb— —hyb0 hyb
Kip Ki'p his B
42

Francesco Giacosa



Hybrid nonets/2

1J<

Uniwersytet

Jare Hodwencowshiege w Kislad

Nonet | JP€ Current Assignment > C
wlq- hyb, _ v : , g . , ;

1 i Bl B 1 F53G* Y4 71(1600), K1(?),n1(?),71(?) Ive(t, —x) | ITRvbwt

Bhobs| [+ | Bovts — LG 1Y 4 b1(2000?), K1,58(?), h1(?), h1(?) — Bl (t, —x) |- Bhvbt

Chiral multiplet Current Ur(3) xUL(3)|| P C
Rhyb,,u _ thb,,u . Bh.yb,,u ﬁ(jR,j(?“V'}’u(]R,-i lrverBh.yb,,qu;t Lzyb (Lhyb,,u)t
[ hybsn _ qphybe + Bhyb:k ﬁqL’jGw/ﬂqu’i l.‘-‘TLBh'yb’”UE Rﬁyb (Rhyb,u)t

Francesco Giacosa
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Inclusion of hybrids into the
Lagrangian of the eLSM

enlarged i hybrid
Lepsm = Lensm + Lopgy

hybrid hybrid-quadratic hybrid-linear
‘C'eLSI\I ‘C’eLSAI Ll ‘CELSM '

hybrid-quadratic hybrid-kin hybrid-mass
Lepsm =Lepsm T Lepsm

Details in 2001.06106

Francesco Giacosa
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Masses of hybrids U(

Uniwersytet

Jare Hodwencowshiege w Kislad

, 3 - = G2 i i
Cel}:\-;‘;l[d-mabs =7n’]1y6.2cg Tr (Lzyb.ﬁ + Rﬁyb.Z) 1 Tr (Ah yb (L::yb.B 2 Rﬁyb.?))
hhyb . - ) ) . l
+ —12 Tr(‘IﬂL(I))Tr (Lzyb'2 + RZ‘yb'z) + hy'"Tx “Lﬁyb@‘ L |‘I’Rﬁyb| ] + 2h3¥ Ty (Lzybq)_]?hyb..t (I)Jr)

hyb
2 hebs . Lo heb hyb hyby ;2 hi™" o hyb
M_hyy =My + §(hly + ho?” + hy?” )N + —5 95+ 265",

21

; - 1 P 1 1 . N -
m2 . = m?yb’z - 1 (Qh?yb - hgyb) (b",‘)\r + —@;\féshgyb - —(h.’]"yb + hgyb)c)fq — Of{.-yb + Ogyb :

72 2

2
M pyy =M
M. N

hyb hyb
- hyb2 | hi h hyb , phyb | | chyb
mihyb =m""" + ——o% + ( L+ ho¥” + hgY ) ¢% + 265",
1,8

hyb
2 hyb,2 1 hyb hyb hyby ;2 1 12 chyb
'thbhyb = 7711 Y + a(hly + hzy - h-3y )o;\" + ‘) OS ‘I‘ QOAry .
1 Z L
2 hyb2 1 Yl o mlk i L o o ohat . L fatml, whtX 8 . shel o gl
[ ~hyb = a <re 4 N — = N @S e ’ ’ Y S N .
my my + 2h{™" + h, 1) ONPshy™ + hi"" + hs ¢s + 05 +0g
1,B 4 \/§ 9
2 2
m, hyp = MM hyb
h]_,"{, bly .
T ™ ik i -
-mihyb = m, g B 17@2\ + t) + h-?_y — 11.3y cb?g + 25Sy )
1S
- - 45
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Mass differences and
approximated expressions

2 ) a1 hyb ;2
My — M pyy = —2h3” 0%,

bl : Ty . 4
2 2 9.4 4 phyb

m ~hyb — m ~hyb — —\/E(DJ\' C)S']I}‘

K, 's K .

2 2 hyb |2
’“h’llf'h — ]]l"'l'."if' = —hg” ¢%.

Mass splitting caused by the chiral condensate

a2 2 ~hyb
M5 hys = MEnyy + 057

]\ 1 ’ 771 = o

2 2
m hyb e T huyb

.N oy

2 2 a chyb
m hyb = ’)z'_hyh + 2 q 3

™.s Ty .

2 2 a1 hyb 2
Myhys = M nyy — 2hg™ O

1 ok

2 2 Y - hyb
M hus ™~ M b — \/E(DN pshy”

Ky K~ | g
m2,., ~ m?> phyb ;2

phye = Tt b 3 ¥s-

Francesco Giacosa
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Masses: results

Resonance Mass [MeV]

Wilyb 1660 [input using m1(1600) [7]]
o 1660

A 1751

KY° 1707

phvb 2000 [input set as an estimate]
hyb MO

nhyb 2000

Ky 2063
Ryb 2196

i 5 2126

1J<

Uniwersytet

Jare Hodwencowshiege w Kislad

If the 11(1600) is indeed an hybrid mesons, we should find all the others...

Francesco Giacosa
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Lagrangian for decays of U(
hybrids T

£ Byerinens _i\MEGTy [L1 (@4 — ddiH) 1+ RI(@H1D — 0184
+ i/\gbel‘([Lﬁyb.L“]‘I"Iﬁ + [Riiyb- R“]‘Iﬁfb)
+ oM Tr(LIY @R & — RIV T LM O)

+ B4 (det ® — det &F)Tr(L"** (0" ® - @ — @ - 9#@T) — RI¥ (4@t . @ — &1 - 94 ))

Chiral symmetry fulfilled in all terms.
First and second term: dilatation invariance
Third term: breaks dilatation invariance but involves Levi-Civita

Fourth term: axial anomaly 48

Francesco Giacosa



First decay term

1J<

Uniwersytet

Jare Hodwencowshiege w Kislad

LYonrmeer =g\ 1¥°G {Tr [II7¥° [P, B¥]] + Tr [IM*® V4, S]]}
+20Y°G {Tr [BM {P,VE}] + Tv [BM® {B*, S}]}

"t - Bp

w1 — b1(1230)7

Ratio

Value

rh”llyb—)h'hl(ll'f'())/rw?yb—)ﬂ'bl

0.050

rb?ybenw(lﬁfio)/rw?yb—)nbl

0.065

I ~hyb

KY —>w1{*(1680)/rn’1‘yb—mbl

0.19

0.16

Francesco Giacosa

49



Second decay term U(

Uniwersytet

Jare Hodwencowshiege w Kislad

Lolnre = 200" T [([YP. VE] + [B*, AM]) (82 + P2)] — 203" Tr [([IL¥°, A¥] + [B}¥*, VH]) [P. S]]

M — ypp  II"° — AHPS  Bhb , A*PP  Bhb_, PP P

The decays w1 — npm and m1 — n'7, however, do not follow from this term.

Ratio Value -
b,Y" — wmny
Fﬂ_?hyb_}KD?O /Fb?hyb_)ﬂ_+7._*n 0.0080
r —0 /I, ony 0.0080
”?‘%b—)KUKO/ 0"ty Ratio Value
I' nyv  o050/1,0nyp _ 0.017
.7?1g S KOK / by Y yntm—n F__(;J._!,;_._)_I._(,Tu ()/Fb()hyh T 0.0046
T g § A T 1 — T ™
i . 0.00-
Fk?hyb_)h—ﬂ.—}-/rb?hyb.;n—+n—n 0041 F,r;“’l-ub_,,-.ﬂp+n/rb‘f"”b—>rr+w—n 0.1832
FK?hyb_)?on/rb(thyb_erﬁfn 0.0022 Fn?ﬁzbﬂh”{’ﬁ}““/Fb‘f"m’ﬂ‘r*ﬂ"17 0.0046
I'onyy w0 ,/Uionys o _  0.0026 L
i B el S il (much more decays and details in 2001.06106)
Fb?hyb—>7r+a5 /rb?hyb—>7r+7r_n 0.24 50
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Third decay term

L

hybrid-linear
eLSM,3

¥ 5 prrand 7Y — K*K

T
Ratio Value

rﬂtl)hyb_)?()K*D/Fﬂ_l—hyb_)poﬁ__ 0.61

rnilgfb_)?()K*o/rﬂl—hyb_)poﬂ_ 0.61

Fn?gb_)FOK*O/rwl—hyb_)poﬁ_ 1.6
FKg)h‘yb_}K»Ows/].—‘Trl—hyb_)PO_’_r_ 0.00022
FKtljhyb_)F*On/rﬂ_l—hyb_)poﬂ__ 0.0011
FI{?hyb_)K-*O’TO/Fﬁl—hyb_}poﬁ_ 0.00022
0.0011

FK?hyb —)?C'po /F‘rrl_hybﬁpoﬂ'—

Francesco Giacosa
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= ia™ ¢y {Tl'(ﬁng[P VE]) — Te(BY ([P, A*]) } L

51



Fourth decay term

)

hybrid-linear __ ihyb

eLSM.4

hyb hyb
. = nmand m7 =0’

Fu?.ysb —nn’ /F‘ﬂ?ybﬁmi

Ratio Value
* -') o d
FTT:’ll'yb—i’ﬂ'?]l/FTr?‘yb—)?ﬂ) 1.....‘
) AC
FI\‘?yb%I\'r]/F‘ﬁllzyb—wrr,r 0.69
F[\'?yb—n’\’-r;’/Fw?yb%ﬂ'u .3
) <)
Fr]?‘yzs —H)J]’/Frrifyb—)n'n -
Ll

See also 2004.11567

Acta Phys.Polon.Supp. 14 (2021) 157

Francesco Giacosa
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-, I ,
A /. \/:O?V J}OTI‘(HZyb(:)‘uP) 4

Note: n'1r is dominant!
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Conclusions U(

Uniwersytet

Jarma Rodanowshiege w

« eLSM: an effective model of QCD for mesons (and baryons). In the
mesonic sector (pseudo)scalar and (axial-)vector mesons included.

* Glueballs: the scalar glueball from the very beginning (trace
anomaly), pseudoscalar (axial anomaly) and vector have been
coupled to the eLSM

« Hybrids: inclusion of the nonets of 1*-+ hybrids and their chiral
partners. Moreover, inclusions of (pseudo)vector and orbitally
excited vector mesons.

Mass relations obtained. Decay ratio obtained.

m1(1600) — by, m1(1600) — pmn, m1(1600) — pm . m1(1600) — n'w, 71(1600) — nw
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1J<

Uniwersytet

Jarma Rodanowshiege w

Thank You!
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Dilaton-Scalar glueball/1 U(

Uniwersytet

Jarma Rodanowshiege w

We start from the scalar glueball.

The lightest glueball is included as part of the chiral
Lagrangian in order to reproduce at a composite level
the breaking of dilatation invariance.

Development of a dilaton field and a dilaton potential.

P i Exotic: 2*+- and 07+-
They are heavy!
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Dilaton - Scalar glueball/2 U

Uniwersytet

Jarna Rodenowshiego w Hisloady

At the hadronic level, we describe these properties as:

v ya oyaspy Vair(G)
4 Tuv™t 0.10
Lot = 2(0,G)? — Viu (G
dil — 5( 7 7) — d’il( 7) 0.0
, Lm2 [ G 24
Vi (G) = ==% |G* 1n — —
) 4 AZ [ (AG> 4] 0
—0.05
NG dimensionful param that breaks dilatation inv! o
0 0.4 0.8 1.2

<G> = G = AG (o ;‘\}'Mr

In Yang-Mills (QCD wo quarks) it is: J. Schechter et al,
1 m% - 3 (q) Phys. Rev. D 24, 2545 (1981)
—— 7 _ blg

_. 2 ‘ o
4 A(', o, J" =1 19

‘ oo e
D" =TH =

T Y(l.[.‘f}
p G2,G%* £ 0

M. Migdal and Shifman,
Phys. Lett. 114B, 445 (1982)
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Side remark: The light scalar mesons !el!\(
1 GeV: what are they? They are -at first- not e
part of the eLSM

ao(980) f0(980) Ko*(700) |fo(500)

JPC . O++
Various studies show that these states are not quark-antiquark states.

They can be meson-meson molecules and/or diquark-antidiquark states.
For instance, a0(980) and KO*(700) may emerge as companion poles.

:
In both cases we have four-quark objects. & _

fo(500) is the lighest scalar states: important in nuclear interaction

and in studies of chiral symmetry restorations. 57
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Ellis-Lanik ‘warning’ U(

IS SCALAR GLUONIUM OBSERVABLE?

John ELLIS
CERN, Geneva, Switzerland

and

Jozef LANIK
JINR, Dubna, USSR

Received 26 October 1984

Physics Letters 150 B, 1984

Dilaton Lagrangian which mimics the trace anomaly: very large glueball is found.

Decay into pion reads:
For a glueball of about 1.5 GeV in mass,
D one gets a width of about 4.5 GeV!
['=0.6(M,/1GeV) GeV

Disagreement with the large-Nc expectation

M. Migdal and Shifman, J. Schechter et al,
Phys. Lett. 114B, 445 (1982) Phys. Rev. D 24, 2545 (1981)

Francesco Giacosa
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There are many consequences U(

_ Unuersyet
of the fit. Example: a0(1450)
Theory
[, -
0T 0194 0.02, —22EK 1124 0.07
Fao —nTT FQO_}TIW
Exp (PDG)
Lan(1450) /= —0.354+0.16 . Lao(1450)» K K = 0.88 £ 0.23 .

Pao (1450)—nm Fa(;)(1450)—>777r
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Wave function of the U(
scalar dibaryon (dimeron) ez

Recall:

[Deuteron) = |space:ground-state) |[17) [np —pn)  J' =17 | —

We now switch spin and isospin and get the isotriplet:

|Dimeron-np) = |space:ground-state) |T| — |T) |np + pn)
|Dimeron-nn) = |space:ground-state) |T| — |T) |nn)
|Dimeron-pp) = |space:ground-state) |[T| — [T) [pp)

JP =0t
60
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Existence and pole U(
position of fo(500) Uiverzys

Complicated PDG history. Existence through the position of the pole.
Now: established.

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 000001 (2014) and 2015 update

fo(500) or o (€]

IG(JPC) =0T(0t ™)
was fp(600)

Mass m = (400-550) MeV
Full width ' = (400-700) MeV

fp(500) DECAY MODES Fraction (I;/T) P (MeVjc)

mw

dominant -
seen -

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update

f('J(SOO) or o ,G(JPC) o+++)

was fp(600)

r
A REVIEW GOES HERE - Check our WWW List of Reviews /s = M —1—

f(500) T-MATRIX POLE /5 =

Note that N 2= 2 Im( spole)

VALUE (MeV) DOCUMENT ID TECN COMMENT
(400-550)—i(200-350) OUR ESTIMATE
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Existence and pole U(
position of f0(500) Uruverzys

From 2010 to 2012: update

PDG 2010

800 1000 1200

Re(E,) (MeV)

400 600

400 450 500 550

See the review of J.R. Pelaez (Madrid U.), e-Print: arXiv:1510.00653
A review on the status of the non-ordinary fo(500) resonance
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Vector glueball into BP, U(
PPV, VP Uniuersytet

L1=20,GO,Tr (818 + 816|  L3=020,Tr [L*29! + R'919] L3 = Quupod°O°Tr [[* BRG]

Quantity Value
Quantity Value
O+ KKp E : .
- 0.50 Quantity |Value
O wnm )
O—nhy(1170) 0.17
O—=by = D KK (}IT O— KK*(892) 13
O—wnw O—px
O—inh;(1380) uantity Value
. - i b O nw
Dostiw O KK 0.91 —_— 0.16
O—swrmw O—pw
O—n'hy(1170) ” O—+ag (1450)p AT
== ntin) 0.15 o nKK*(592) 9 P R— 0.47 O—nlu 0.13
O—=byw —Oﬁ = 1.2 O—pm
O— fp(1370)w
©O—n’hy(1380) N _ = FIQRIaTeNe ()]5 O—nd 0 _)1
ar=ea £oane 0.064 O—wrr e |
O— K2 (1430) K * (802) . O—nld .
O K Kq(127 - —0 —[0.30 e 0.18
O— KKq(1270) ().fD O—=+nn'w 0.019 O wme O—pw
O—=byw O—swrw
- O—pay(1230) 1 8
[ JEY Kh'lili‘"'l 0..30 O=n'nw 0.019 ﬁ:‘h: U.UIJS O pn o
O—=bym O—wrw
O— w f1(1285) 0.55
O— K3 (1430) K * (1680) 0.20 i‘;m; 0.039 O—pm
. O—wnm
Sy 0= wf1(1420) | g9
O—=nn'o O—pw
O—ap(1450)p(1700) 0 14 G__i":_‘—_' DD”-
O—=byw :
O—nin'e 0.011
O— fp(1370)w(1650) 0 034 O—wrrw
O—=byw .
O—ag(1450)ag (1430)w [ 1029
O—swrmr ° =

O — b]’ﬂ' — WTT pr, K K*(892), and pa,(1230)

O - wnr O — K*(892)
ArXiv: 1607.03640 63

Francesco Giacosa




