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*QCD
*Quarks
*Colour

*Light meson spectroscopy

e Quantum numbers

Quarkonia as an evidence
e OZl rule

*Exotics
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QED = QCD

Analogous to photon
exchange of QED

Strong interaction is STRONG
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*Charges: 3 colour chargers (red, green, blue)

* And 3 anti-colours (anti-red, anti-green, anti-blue)
carried by anti-quarks

QCD basics

*Mediators: gluons (8 gluons) carry colour and
anticolour

* |Interact with colour objects only

*Range of interactions: ~ 1fm

* Only colourless objects outside 1fm
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Gluons

*3 colour * 3 anti-colour = 9 possibilities

* Why do we have 8 orthogonal gluons?

- _ . _ = _ 1, _ .= 1, _ = N
rb,rg, br,bg, gb, gr, 5 (rv — bb), N (rr +bb —299), N (rr +bb+ gg)
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Gluons

*3 colour * 3 anti-colour = 9 possibilities

* Why do we have 8 orthogonal gluons?

- _ . _ = _ 1, _ .= 1, _ = 1, =
rb,rg, br,bg, gb, gr, 5 (rv — bb), N (rr +bb —299), N (rr+ bb + gg)

/

Colourless

Colourless gluon cannot exist in nature, otherwise the range of the
strong force would be infinite (like E-M)
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QCD

Analogous to photon 3-gluon vertex 4-gluon vertex
exchange of QED

a;=9gs ~1
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QCD strength

Nonperturbative QCD Perturbative QCD

Nuclear Physics Particle Physics
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QCD Confinement

15
% 1t QCD Potential
\w-/“'s _ V=-4 as + kr //_f__,-f-""
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05 | A gl
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15| / : V=-4qa

2 - !,../"‘ 3r

wwb B =0.3

e 4 ks- 1GeV fm’

30010203 04 0506070809 1

r (fm)

Quarks cannot be separated

The more you pull them apart, the more energy you need to pump in
At small distance QCD behave similar to QED
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QCD force

dislance

dislance




Quarks asymptotic freedom
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as (1)
as(qz) — :
g2
1+ Bas(u?)ln <p)
Here u is an energy scale at which we know «
~11in - 2f
- 12m

n — number of colours
f —number of flavours

QCD strength depends on number of colours and
number of flavours.

At high energy strong interaction become very weak.
Quarks and gluons — non-interacting ideal gas, quark-
gluon plasma
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Quark Gluon Plasma
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Light Mesons:
Spin and Parity

15
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Types of particles/resonances @& 7 Yok

" C
!-!-!%

‘?J"

1.1 m
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Meson T

J7 =07

+ —_
Quark J* =% Antiquark J* =%
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Types of particles/resonances @& 7 Yok
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Meson p

J7 =17

+ —_
Quark J* =% Antiquark J* =%
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Meson quantum numbers, qq

 Quark spin:
* EitherO(T!)or1(TT)
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Meson quantum numbers, qq

 Quark spin:
o EitherO(T!)or 1 (TT)
* Angular momentum, L
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Meson quantum numbers, qq

* Quark spin:
* EitherO(T!)or1(TT)
 Angular momentum, L
* Total momentumf =L+S:
e ForS =0itissimple:] =L
e ForS =1andL > 0 we have 3 states:

* 1
* />
* J3

L
L
L

1
+0
—1
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Meson quantum numbers, qq

* Quark spin:

> %~ UNIVERSITY

* EitherO(T!)or1 (TT)
 Angular momentum, L
* Total momentumf =L+S:
e ForS =0itissimple:] =L
e ForS =1andL > 0 we have 3 states:

* 1= 1L
* 2= IL
* J3=IL

-1

— 1
* Parity P(qq) =P(q)-P(@ - (-1D)' =D - (-D--D*=-1-(-D*

21
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Meson quantum numbers, qq

* Quark spin:
* EitherO(T!)or1 (TT)
 Angular momentum, L
* Total momentumf =L+S:
e ForS =0itissimple:] =L
e ForS =1andL > 0 we have 3 states:

* Ji=IL+1
* 2= 1L+ 0
* Jzs=IL1—-1

* Parity P(qq) =P(q@)-P(@ - (D" =D - (-1 - (-D"* =-1-(-1)"
 Charge parity C(qgq) = (=1)**°

A
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Meson quantum numbers, qq

1=0 j :_L +S
P(qq) = —1-(—1)*
C(qq) = (—D)'*S
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Meson quantum numbers, qq

1=0 j :_L +S
P(qq) = —1-(—1)*
C(qq) = (—D)'*S
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Meson quantum numbers, qq

1=0 j :_L +S
P(qq) = —1-(—1)*
C(qq) = (—D)'*S
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Meson quantum numbers, qq
J=L+S

P(qq) = -1 -(-1)°
C(qq) = (-D'**

L=0

P=(-1) (=1)° = —1 P=(-1-(-1)°%=-1
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Meson quantum numbers, qq
J=L+S

P(qq) = -1 -(-1)°
C(qq) = (-D'**

L=0

P=(-1) (=1)° = —1 P=(-1-(-1)°%=-1

C = (-1 = +1 C= (-1 =-1

27



Meson quantum numbers, qq

1=0 j :_L +S
P(qq) = —1-(—1)*
C(qq) = (-3

P=(-1) (=1)° = —1 P=(-1-(-1D%=-1
€= (—1)%%0 = +1 €= (-1 =1

Pseudoscalar: [T JP =0"" Vector: TT J% =177 58
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Meson quantum numbers, qq

J=L+S

=1 B
P(qq) = -1 (-1)*
C(qq) = (-1

¢ ¢

L
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Meson quantum numbers, qq

1=1 i)(=_L+_S 1 .
qq) = —-1-(-1) I =1
C(qq) = (—D)'*S
S=1 '
J=2,1,0
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Meson quantum numbers, qq

j=L+s
=1

P(qq) = —1-(—1)*

C(qq) = (— 1)”5

¢ ¢

P=(-1- -(-D'=+1 P=(-1D-(-D'=

¢ 4 -

] =210
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Meson quantum numbers, qq

j=L+s
=1

P(qq) = —1-(—1)*

C(qq) = (— 1)”5

¢ ¢

P=(-1- -(-D'=+1 P=(-1D-(-D'=

¢ 4 -

] =210

C=(E=D"=-1 C=(-D" =+1
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Meson quantum numbers, qq

j=L+s
P(qq) = —1-(—1)*
C(qq) = (— 1)”5

L=1

S=0 |—-‘
= 2,1,0
P=(-1): (-1 = +1 P=(-1). <—1>1 -
C = (—1)O+1 = —1 C = (_1)1+1 — 41

]P:1+— ]P:2++,1++,O++
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Spin/parities
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m Natural parities _

= 0% scalar = 0™ pseudoscalar
1 ] = 1 vector ] = 1% axial vector(pseudovector)
2 JF = 2% tensor J¥ = 2~ pseudotensor
The allowed JF¢ quantum numbers for ggsystems
LS JPCIL S JPCIL S JP°  P@Gg) = —1-(-1)*
OO0 O0~"(1L O 1720 277 _ L+S
C = (—1
0117|110 |21 17~ (qq) = (-1
11 17721 27~
1127721 37~

0-—,07, 1=+ 2%~ 371 4%~ are exotic

A



Light Meson Naming




Experimental evidences of
quarks
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What is inside?
1) Heavy quarkonia

QCD Potential

positronium

| ag=03
- k 1 GeV fm
3070102 72 04 05 0607 0809 1
r (fm)
+ 1~

Quark J* =% Antiquark J© = 37



Whatis inside?

1) Heavy quarkonia

VvV, GeV —»

1

™

e ]

— ——
——--
-
—

J /Y- meson cc state

Y- meson bb state

a, = 0.3
k = 1GeVim-'

0 05 1.0
r, fm——

1™ same quantum numbers as photon

Easy to produce in ete™ collisions
Best studied states

UNIVERSITY



Whatis inside?

1) Heavy quarkonia

Relative energy (MeV)

1.000

BOO
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G600

a00
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335,
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2 ‘Slj tﬂﬂl':l 2:}51 1*”:'
— e ) ESF}‘K}]

2z 1F1
B 23 (x,]
B 278, (1)
I_
138, (¢)

178, (g.)
- g \g

15 States 5 States TP States 1P States

-+ Bound states Quasi-bound states —=

Relative energy [eV )

Dissociation
energy

¥ 10,000

UNIVERSITY

POSITROMNIUM
2%, 29,
2 ‘F,
gy A
218, r i
2%,
1 3,51
1185,
15 Seates 15 States 1P States 3P States
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What is inside?
1) Heavy quarkonia

Based on excitation spectra, mesons are
 Made of particle and antiparticle (at least some of them)
 The spectrum of heavy quarkonia and positronium looks

identical (besides energy scale)

. .1 .
* Constituents of mesons are spin > particles

* Interaction between them is mediated by J¥ = 1~
particle
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» JPC =177, quantum numbers of a photon
e [ =0,isoscalar
* Can be easily producedine¥e™ — ¢

e M(¢p) =1020 MeV
 ['(p) =4.2MeV

I'(p—>KK)
[tot(P)

¢-meson and OZI rule

e Br

= 383%

41
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¢-meson and OZI rule

» JPC =177, quantum numbers of a photon

e [ =0,isoscalar

! X

e M(¢p) =1020 MeV e M(w) =782MeV
 ['(p) =4.2MeV e ['(w) =8.72 MeV
. I'(¢p—>KK) — Q20

BT Ceot() 83%

. B +\
M(¢p) —2M(K™) = e M(w) —3M(m) = 369 MeV
1024 — 2 - 494 = 36 MeV

I'w—
I'(¢p—3m) * Br L 23)

= 89%
— 0 [tot(w)
Ttot(P) 15% o

e Br

42
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¢-meson and OZI rule

T 70 T
—N— — —A—
| & Kt u d d d d u
/_/I; U’\_‘\
s §
() 51 ‘:4
£ - -
= = -
g g = >
= 9
5 S
!.w_)
¢

Okuba, Zweig, lizuka: S5

The OZI rule: If the diagram can be cut in two by slicing only
gluon lines (and not cutting open any external particles),
the process is suppressed.

A




J/Y-meson and OZI rule

o PC _ 1=~
e [ =0, isoscalar
M(¢p) = 1020 MeV
['(¢p) = 4.2 MeV
I'(p—>KK)
[tot(P)
M(¢) — 2M(K™) =

=1024 — 2-494 = 36 MeV

I'(¢p—3m)
Ttot(P)

Br = 83%

Br = 15%

0 )7) UNIVERSITY

: ?fm‘;}. W

, quantum numbers of a photon

M /Y) = 3096 MeV
'gJg/v) =0.1MeV

F(/p—2D) _ o
BT ey~ 07
M /Y) —2M(D)
— —642 MeV

I'(J/Y—-3m)
Ceoe(J/WP)

Br — 2%
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M =1.02GeV M = 3.1GeV M =9.46GeV

I'(V - 3m) 654 keV 1.63keV ~ 10~ %keV
[V —>ete) 1.27 keV 5.53keV 1.29keV
TV - utu) 0.05keV 5.13keV 1.34keV

[0t 4200keV 92.6keV 54.02keV

“Binding” Energy +36MeV -642MeV -1100MeV
5



Exotic particles:
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Exotics at LHCDb
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e
Z7(3900) at Belle and BESIII “

e+ 4 GeV 3.6 A

New beam pipe Supel"KE KB

& bellows

Add / modify RF systems
for higher beam current

Low emittance positrons
to inject

Damping ring #’\\ :
I ———— N\

o

Low emittance gun

Positron source

New positron target /
capture section

o

Low emittance electrons
to inject

Belle IT
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Z7(3900) at Belle and BESIII

7T+

) >r\5vé ”
- I
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Z7(3900) at Belle and BESIII
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Z7(3900) at Belle and BESIII

B T 70 T
100 T @ + da 2
% - — Total fit E=+ o 60 ot —
k3] --- Background fit | § - =
% 80 e e o ® 50 — Background o
O [ [ sideband o O TR A
5 60} ! N g 4 N
O - 9 o I\OJ
@ 40Ff = g B -
[ oy e o
2 L ¢ 20
i (L]
20 3 10 u
to : O :
3is! 3.7 3.8 3.9 4.0 37 38 39 4 41 42

Mo (=) (GeV/c?) M., (rdy) (GeV/c?)

What can we tell about this mysterious particle?
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lsospin?
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Isospin I(Z*(3900)) = 1
Quark content?

54
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Isospin I(Z7(3900)) =1
Quark content: Z7(3900) = \chc?) - minimal allowed quark
content

55



Mass-Width

w(782) WIDTH
VALUE (MeV) EVTS DOCUMENT ID
8.68-:0.13 OUR AVERAGE
w(1420) WIDTH
VALUE (MeV) EVTS DOCUMENT ID TECN
2901190 OUR ESTIMATE
w(1650) WIDTH
VALUE (MeV) EVTS DOCUMENT ID TECN

315+ 35 OUR ESTIMATE

UNIVERSITY

2 o fork
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Z7(3900) at Belle and BESIII

N T
e ,y*

7T+

Z+(3900) ™ 1/

Isospin I(Z*(3900)) = 1
Quark content: Z7(3900) = \chc?) - minimal allowed quark

content
Quantum numbers?

57
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Isospin I(Z*(3900)) = 1
Quark content: Z7(3900) = \chc?) - minimal allowed quark

content

Quantum numbers: J¥(m) = 07;JF(J /) = 1~
L=0->17
L=1-27,17,0"
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Statistics !!!

58M J/ys events

225M J/

i events

— N
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[ 4

3
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o

1.4

2.2
M(t ) (GeV/c?)
BES, PRL 95, 262001 (2005)

= Spin-parity of X(2370) recently
determined to be 0~
PRL 132 181901 (2024)

Meike KiiBner

1.6 1.82.0222426283.0
M(rrn’ )(GeV/c?)
BESIII, PRL 106, 072002 (2011)

1.

~

x1 0‘?

—+— Data
2 Background I

no
(=]
LR |

Event/0.91 (GeV/c?)
o
I
|

M[nm*r] (GeV/c?)

BESIII, PRL 129, 042001 (2022)

Exotic Hadron Spectroscopy 2024 - Swansea

UNIVERSITY

1090M J/y events

o IS I LR R I B I I B
4000 . =+ Data !
3500 mBockground
3000 e pp threshold
2500
2000
1500
1000

500

14 16 18 2 22 24 26 28 3
M[n'n'] (GeVic?)

BESIII, PRL 117, 042002 (2016)

10B J/y events
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Exotics
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MeV
TX(6900) m ccC €cqq m ccqgs ® ccqq m cccc ®  ¢Cqqq
4750¢ Xc0(4700)
w(4660)
Above
X0(4500) Z(4430) P.(4457) N
threshold 4500} == taa1s) S A . )
: ———v(4390) —— P.(4380) s
reg 10N DD, ¥(4360) X1(4274)  —P (4 312)
4250 e Y(4230) X(4140) Z(a250) e Z¢5(4220)
w(4160) — Z.(4200)
DI — 240500 7 (4020) Fopo Jivp
4000¢ (4040) S~ aaaaas o3
God N X(3915,’ X(3872) Xc2(3930) 2.(3900) Z.(3985)
, Xco(3860) y(3770) ==
3750}..22 . w(2S) -
below Pe  ya Xa
threshold 3399 Xeo
region
3250t
Ny
3000t -
?77 o—+ 0++ : gl Tl i [ ol 1o Z 0 Gl T S 7?7 ' T [k zcs PC
L J L J L |
I=0 =1 1=1/2

Nora Brambilla, EHSW 2026
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Exotics “

Close/above threshold new degrees of freedom like glue and light quarks are nonperturbative part in the binding.

Multiquark states involve different
» configurations. Models assume
some degrees of freedom in
some configurations and a
model interaction : molecular
model, tetraquark model.. .

adjoint tetraquark

compact tetraquark

hadroquarkonium
heavy meson molecule

A QED — Born Oppenheimer Description QCD,

AQCD > muv?

fast (gluons, light quarks) and slow (heavy quarks)

like in molecular physics (fast-electrons, slow nuclei

Braaten PRL 111 (2013) 162003 .
> Braaten Langmack Smith PRD 90 (2014) 014044 gy quarkonium spectrum

r R tE~va2

Nora Brambilla, EHSW 2026 61
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Conclusion

* QCD at high energies behaves very similar to QED

 Asymptotically free quarks

e A lot of states

e A lot of exotics

e Molecules

e Tetraquarks
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1. An exotic state X(3872) decays into //Yp and J /Y w with

Questions

similar probabilities:
1. whyisitaproblem?

2. Determine quantum numbers of this state for 3 lowest partial wave

3. Whatis the quark content of this state.

2. You want to discover charm hybrid made of ccg

1.  What quantum numbers should it have to avoid misidentification with a

regular cc state

2. What decay channel would you foresee for this object.

63
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