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= Lecture 1: Baryon spectroscopy
= Lecture 2: Meson spectroscopy
= Lecture 3: How to discover a particle
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States in Standard model




Electromagnetic force

Atom Molecule

e e
vy positronium

+ -

e e

e e

jyd rogen

D p

Two charge neutral objects
Residual force

Photon couples to charge
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Strong force

“Atom” analogue

g meson

O &

g

Gluon couples to charge

Mesons, baryons Two colour-neutral objects
) ssse -
Colour components bound Residual force
by colour force (meson-meson, meson baryon, baryon-

baryon molecules)
All nuclei are molecules
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Forces o York
Force Strength Theory Mediator
Strong 10 Chromodynamics Gluon
Electromagnetic 1072 Electrodynamics Photon
Weak 1o~ Flavordynamics Wand Z
Gravitational {042 Geometrodynamics Graviton

*——

£ damental coupling constants.

Figure 2.5 Evolution of the three fun-



o Particles have spin — consequences for how they can assemble

4 N

Half-integer spin (Fermion) Integer spin (Boson)

e.g. Proton, neutron, electron,.. e.g. Photon, pi-meson, d*
Pauli exclusion principle: Bose-Einstein Condensate:
Identical Fermions cannot occupy dentical Bosons want to occupy

same quantum state !!

Qe same gquantum state / \ /
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Fermions Bosons

(Half-integer spin) Integer spin

Stay away from mel
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Particles and antiparticles

Quark]P — %-I_ Antiquark]P =? SpinPa‘rity
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Particles and antiparticles

+ —
Quark J© =% Antiquark J© =% Spinfarity

17t -
Lepton J¥ = > Antilepton J¥ = %

+ ] 1~
Electron (e”) JF = % Positron (e*) J¥ = .

Mass(particle)=Mass(antiparticle)
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Baryon spectroscopy
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Types of particles/resonances

Meson

mass—
charge—
spin—

color anticolor rame

Quarks

Three Generations
of Matter (Fermions)

3 MeV

73

» U
up

172.5 GeV
24 t
5

harm top
6Mev | |95 Mev 4.2 GeV
-4 d -4 S -3 b
];/2 ]};2 12/2
down strange bottom
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Quarks

e fermions
e 3 colors
 Parity +1

 Constituent quarks:
* My ,q~300 MeV
e M.~500 MeV

mass—
charge—
spin—

name-—

Quarks

1 [
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Three Generations
of Matter (Fermions)

3 MeV 1.24 GeV 172.5 GeV
%3 %3 23 t
2 u Y2 C Y2
up charm top

5 MeV 95 MeV 4.2 GeV
-1/3 d -3 -1/3 b
15 s S 3

down strange bottom
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Constituent quarks & 7Jork
Flavour 1B |y | I | I |s Qe
u 1/3 1/2 1/2 0

1 2

+§ +§

d 1/3 1/2 1/2 1 0 1
2 3

S 1/3 1/2 0 0) -1 _1
3

B — baryon number

J —spin

| —isospin

I5- z-projection of isospin
s- strangeness

Q - charge
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Quark states in SU(3) symmetry & 7/«
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Quark states in SU(3) symmetry

(u> Baryons:3®3®3=3®(6€9§)=

;l =105 D 8115 D 8ya D 14

33 =(6@3):

6 | 3
uu
1 1
7 (ud + du) e (ud— du)
dd
1
E (us + su)
SS
1 1
E (ds + sd) E (ds —'sd)

symmetric antisymmetric 18
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Quark states in SU(3) symmetry

(’;‘) Baryons:3®3®3=3Q® (6 ®3) =10 D 8,5 B 8M,A D1,
symmetric 6®3= (106 8): mixed
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Quark states in SU(3) symmetry

U Baryons:3®3®3=3Q® (6@ 3) =
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Hyperfine splitting, Tl vs T1

* E-M force, magnetic moment interaction: AE = u- B

2 2
= SHi PO = - |‘P(0)|20@-

Pauli matrixes, spin
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Hyperfine splitting, Tl vs T1

2 2
=~ [P(0)? = = ——|¥(0)|?0y0,

3 mim; V

Nuclear
1}'91;2
Ip == 1p3 /o
Atoms (Na doublet) 3/
3[II§
_3,94_--355?&;‘;:;" 00216V -
> £ £
> S o "Demon deuteron” s
E' ﬁ’ '%} o ~059Tm ., e Em s -
. HIN Threshold
2.2 MeV
514 —=>_ 351

3 deuteron

E-M force, magnetic moment interaction: AE = u - B

Pauli matrixes, spin

Quarks
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Hyperfine splitting, Tl vs T1

Nuclear

Pion exchange JF = 0~

1p1/2
" 1py
Ls 18y

SameforJF =0-,JF =17
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Photon/Gluon

—_— D32 —_— D12

-  Pi1,2 - P32

—_  ds5p;

S S1/2  — S1/2
]P=0+’]P=1— ]P=2+
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Hyperflne splitting, Tl vs 11

m, = mg =my, = 363 MeV

* m, = 538 MeV
K

* —= = 50 MeV
mn S
(o))
=
¢ AEA—+3— %
Kn 3

AEN — —3_2

mu

s AT(uTutd?m),M=1232 MeV
c p(uTuld?m),M= 939 MeV
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M, = 1232 MeV

My = 939 MeV




Scales and interactions

Three Generations
of Matter (Fermions)

mass—
charge—
spin—=

name-—

3 MeV
3
Y5 u

up

1.24 GeV
23
Y5 C

charm

1725 Gev
23 t
Y5

top

Quarks

& MeV

“0
45

down
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-4 S
Lo
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4.2 GeV

b
145
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Mg = 5279 MeV
= 1870 MeV
494 MeV
140 MeV
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Spectroscopic patterns:

NIH]ESDI] - IHQ - mq
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0.4
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0
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0
D

hyperfine
splitting

LIGHT versus HEAVY

W. Weise ,The QCD vacuum and its hadronic excitations “
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Baryon summary table, PDG o York

Number of 3- and 4-

p 1/2F #k%% | A(1232)  3/2T kekk | 5+ 1/27T #%kx | =0 1/2F wwkk At 1/2F #kkx
n 1fg+ | A(1600) 3&—0— k¥ 5o 1/27 #¥ek | = 1/27T *ekx N(2595)F 1/27 H# Star Resona nces
N(1440)  1/27F ®EE | A(1620) 1/27 e | 5 1/270 #exx | Z(1530)  3/27 BEEE | g (0625)F 327 *kk
N(1520)  3/2° *#*+ | A(1700) 3/2 FHF | E(1385) 3/2° #F | =(1620) * Ac(2765)* *
N(1535)  1/27 *Ek% | A(1750)  1/2T * ¥(1480) * =(1690) *EE | Nc(2880) 52T xEx
N(1650)  1/27 %k | A(1900) 1/27 ** ¥ (1560) *E =(1820) 3/27 *** | A.(2940)F k4
N(1675)  5/27 **¥+ | A(1905) 5/2F #ekx | 5(1580) 3/ * =(1950) wer | 5 (2455) 121wk Baryon 2004 2020
N(1680) 52T ¥¥x | A(1910) 1/2T ek | 5(1620) 1/27 ¥ =(2030) =37 wex | 5 (2520) 3/2 e
N{1685) * A(1920)  3/27 ¥R | F(1660) 1727 *** | =(2120) * ¥.(2800) ok
N(1700)  3/27 B | A(1930) 5/27 ¥ | X(1670) 3727 ek | =(2250) * | =t 1/27F *x*
N(1710)  1/2T ** | A(1940) 372~ ** | X(1690) # | =(2370) L 1/t wex N* 15 21
N(1720)  3/2F #exx | A(1950) 72T *ekx | 5(1730)  3/2T * =(2500) * = 1/2F *%*
N(1860)  5/2T ** | A(2000) 5/27 ** | X(1750) 1/2 *** =0 1/t wx
N(1875) 3/27 ** | A(2150) 1/27 * y(1770) 127 * - 32T wEEx _:;{2645] 32t #xx
N(1880)  1/2F ¥ | A(2200) T/27 * F(1775) 5/27 *ek¢ | 0(2250)" ** | z.o190) 1/2 **+ A 10 12
N(1895)  1/2 ** | A(2300) 9/27 ** | X(1840) 3/27 * 12(2380) | Zoe1s) 32w
N(1900)  3/2T *** | A(2350) 5/2° * r(1880) 1/2°7 | 0Q(2470)" * | = (2030) *
N(1990)  T7/2t | A(2390) 7/2° X(1%00) 1/27 * =,(2980) -
N(2000)  5/2F ** | A(2400) 9/2 ** ¥(1915) 5/27F ek =,(3055) %
N(2040) 32T * A(2420)  11/27F #eex | 5 (1940)  3/27T ¥ =.(3080) rrx A 14 14
N(2060) 5/2 ** | A(2750) 13/2 ** ¥ (1940) 32 =.(3123) .
N(2100) 172t * A(2950)  15/2F *#* ¥ (2000) 127 * o0 1jot e
N(2120)  3/27 F(2030) 7 2T wEs 0 49+ %%
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N(2250) 9/2~ kx| A(1520)  3/27 FRF | y(2100)  7/2 *
N(2300) 12t ®* [ A(1600)  1/2T ** | 5 (2250) R 3 1/2F ##
N(2570) 5/27 ** A(1670)  1/27 *¥* | 5(2455) * Ap(5912)0 12— *xx - 6 6
N(2600)  11/27 *** | A(1690)  3/27 ¥R+ | 5(o620) > Ap(5920)0 32— wxx -
N(2700) 1372 ** A1710)  1/2T * ¥ (3000) * 5 /2t xx
ﬂl:]ﬂﬂﬂ} 1;"2; ¥ E(BITU} * EEI 3'1.'2+ *Ek
.:‘1[]31(]} 1,"2 K El] == 1 2+ FTT
A(1820)  5/2T wekd E:fsgfs}“ 3ﬁ2+ _— Q 2 2
"1(]83{]} 5."'2_ Fre e 1/2T *%%
A(1890)  3/2T ¥+ b !
A(2000) *
A(2020) 72T %
A(2050) 3727 *
A(2100)  7/27 Hekx
A(2110)  5/2T wex
A(2325)  3/2 *
A(2350)  9/2T =+ 26
(2585) " *¥(2250) was downgraded




Baryons

A*
A*
Z k

l;!*
=1

Q*

38
71
66
73

36

Octet: N*, A*, X7, &7
Decuplet: A", X%, &%, Q"

12
14
9
6

2

*R.G. Edwards et al, Phys.Rev.D 87 (2013) 5, 054506

E- 8 =° S
LQCD* “Observed”, PDG | Counting based on N*’s
(M < 2My)
N~ 62 21 21

21
21
42
42

21

27



Baryon Spectroscopy

— Good understanding of the spectrum and properties of baryon resonances

Experimentally:
Broad and strongly overlapping 100000
resonances oo :
Important: < ;
— Investigation of different final states a s0on j
— Investigation of different production 25000 :
processes: wIN, YN, v* N,
¥, ¥'-decays, ... 2960 1970 1980 1990 2000 2010 2020

Year

— Measurement of polarization observables
D.Ireland et al., Prog. Part. Nucl. Phys. 111 (2020) 103752

(unambiguous PWA)

Recently: a lot of progress from photoproduction experiments:

CLAS (JLab), CBELSA/TAPS (ELSA), CBALL (MAMI), LEPS (Spring-8), BGOOD (ELSA),
~ ~ S BN ) {2 GlueX (JLab), ...

WlP/& — | < polarized beam,
K7\ polarized target

U. Thoma, Bonn: - Light quark baryons page 7



Double Polarization Experiments - Selected Results -

Circularly polarized photons, longitudinally polarized target

Yp — pT°:

PWAs:

SAID (sni11, cmi2), MAID
BnGa (2011.2)

<> describe the
so far existing

photoproduction

data, but ... )
= 50

large deviations — S 40

observed

Differences even atlow —
energies where everything

was thought to be well 10
understood ...

M. Gottschall et al. (CBELSA/TAPS-collaboration) Phys. Rev. Lett. 112, 012003 (2014)

L

T

0 1

CBELSA/TAPS

photon spin proton spin

1= <=-12

Gy

photon spin proton spin

1=> ==>+2

Gap

—
Sensitivity

on high mass
resonances !

U. Thoma, Bonn: - Light quark baryons

page 8



Results: The Spectrum of Baryon Resonances

Multi-channel Bonn-Gatchina PWA:

= Confirmation known resonances, better determination of their properties

= New resonances observed
from 2000-2010 not one new baryon

RPP our RPP’22 resonance was considered by the PDG
2010 | analyses | (2018-22)

N " o o <> Results from photoproduction
Eggégigﬁ; * - do enter the PDG and
N(1875)3/2- hh T determine the properties of
N(1880)1/2+ Sk Sk baryon resonances!
N(1895)1/2— e e
N(1900)3 2+ Kk Kk e before: almost entirely N -elastic scattering
N(2060)5/2- - - and some w-photoproduction
N(21 00)1/2+ * * d ¥k * %%k At hlgher \/g:

N(2120)3/2- e - <> elastic cross section decreases
A((1 600))3/2 N n n s <> more an more inelastic channels open
A(1900)1/2— ¥ i i Photoproduction provides access
i(;ggg)gj 2— . . - to the “inelastic channels”

( ) —> resonance properties

only examples shown

BnGa-PWA: A.V. Anisovichetal., EPJA 48 (2012) 15, PRL 119(2017) 062004, PLB 772(2017) 247, J. Muller et al.,PLB 803 (2020) 135323 ...

U. Thoma, Bonn: - Light quark baryons page 13



Excitations

31



Ju UNIVERSITY

The early days

Murray Gell Mann 1964
“A schematic model of baryons and mesons”

S S
ds w§ udd 1 uud
1 0
e=---1---% === ===
JIK *\ L P“".
— ;f "E 1"'4. T ‘.f ‘\.
ad dd| 5 wd dds /' uds A huuS
/ ® \ . ’ » "
o —= o>+ -] —e *—>
| me . - g
S I,}f,rrrf T T8
5 - ._'_pf \\, ﬂ- "F/f
PRI o I 4 S |2 8
ws ds dss wss

* Baryons are 3 quark systems
* Mesons are quark-antiquark systems
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Excited states?

Shell model

Coulomb repulsion

-~

Proton

~. potential
well

w._ Neutron

potential
well

potential

1s

,Q UNIVERSITY

131};2 2

20

28

20
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Nucleon excited states?

P = (-1)"

P — parity
L —angular momentum

4(1232) 9, (1520)
J n-'af; 7 | - 3/&-

"N"” baryons I=1/2 , “A" baryons I=3/2

34



UNIVERSITY

*'mmm‘ W

Excited states - expectation

1p1/2

1p3/, |
—— N(940),J% = 5

+

35
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Excited states - expectation

1p1/2
3
1p3/y = N*(1520),JF = =
2

1p1/2

1p3/,

+

— N(940),J? = %

36
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D
\‘I ‘.‘\‘..
“Wm »" W
M. ML

1p12 1-
— N*(1535),JF = 5

1p3/,

1191/2
3
1p3/, — N*(1520),J7 = >
2

1p1/2

1p3/,

+

— N(940), J° =%

37



1p12

1p3 /2

1p

1s

~) UNIVERSITY

o S York

N*(???),]P

1-
* P_ —
L — N*(1535),]" = >
1 \_ -
N*(1520),]"’=E
590 MeV
v 17

_ p 1
N(940),J7 =

38



1p12

1p3 /2

~) UNIVERSITY

o S York

??7N* (940 + 2 * 590 = 2120),]”

1s

— N*(1535),JF =

—>| €

N| W N =

\_ N*(1520),1P _

590 MeV

+

— N(940),]JF = %

39



Excited states - reality

~) UNIVERSITY

&Y o York

-
N (1535),JF = 5
1p 3~
\— N*(1520),J7 = =
1p1/2 21+
13/, — N*(1440),J" = 5
_|_
Ls —— N(940),J" =

2
40



Hyperons

— N*(1535),JF =

N W N =
I

—— N*(1520),J" =

+

_— 1
N'(1440),]J" = 5

1p1/2

1p

1p3 /2

+

1
— p_1
176 MeV ) A(1116),]" =

— 1
N(940),JF = =
(940),J" =5
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Excited hyperons?

N W

— A*(1700?),]F =
1700 = 1520 + 176

— N*(1535),JF =

- 1812
— N*(1520),JF =

N WN| =

+

1
— N*(1440),JF = 5

+

1
............................................................................................ _A(1116),]P — E

42
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Excited hyperons - reality

— N*(1535),JF =

— N*(1520),JF = — A(1520),JF = ;

N WN| =

+

1
— N*(1440),]JF = >

1
— A(1405), ] = 5

+

1
............................................................................................ _A(1116),]P — E

43
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Excited hyperons - reality o York

— N*(1535),JF =

3
— A(1520),JF = 5

N N | =

— N*(1520),J% =

+

1
— N*(1440),JF = 5

1
— A(1405),JF = 5

+

1
e p_ =+
I 176 MeV A(1116),J" =5

1
N(940),J% = > =



A(1405)from Lattice QCD ¥ ik
|(state| E)|’ o
0.8 ||
0.6 KN N
= -»
0.4 m
7/ @)Y :
- ' 7 s
Il T KN &=
- KN
my
v Y
156 296 - Tan 570 c0n | Mx (MeV)
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Molecular states

5 T T T T T T T 1 T T T TaJ T T
- I A
— j=nE(1=1/2) : Model I g
4F - j=TI:+E_ 0, I .
P Kz
W | ';
= 3 : ‘
S : ‘
Yob [
[:'”2: I I.' i
WL 1\ ]
= d
S I 1\ ]
| e, AN
, LT |
_____ | |
i I I ]
L L | L | L L P I L L I ) I L
0 1540 1560 1580 1600 1620 1640 1660 1680 1700
12
s [MeV]

Fig. 2. Sum of amplitudes squared times a phase space factor. The vertical dashed

lines represent the channel threshold locations.

Pentaquarks at LHCb

PRL 155, 072001 (2015), PRL 112, 222001 (2019)

_0 — 0
+ -+ Y
=D D

1200 -
[ —data :
- — total fit !

1000 __ backgrouhd

800

600 —

400'%?#i

P(4312)

0- il AT

Weighted candidates/(2 MeV)

P (a440)" | P (4457)"

Liss

4200 4250 4300 4350 4400 4450 4500 4550 4600

Mo [MeV]

Ilystration: Hans Moller - mollers.dk

aoc/am (JLb/UevV )

UNIVERSITY

W =2.10 GeV
E, = 1.88 GeV |

¥r Invariant Mass (GeV/c?)
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Molecular states. Mesons

0(500): m — m molecule

fo/a,(980): K — K molecule

k(700): K — m molecule

55



Molecular states. Baryons

N*(1440): N — o molecule: |uud + ud + ucf)

A(1405): N — K molecule: |udd + Sci)

N*(1535): ¥ — K molecule: |luds + ds)

56
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Excited hyperons - reality o York

N*(1535): X — K molecule: |uds + ds)

1
— N*(1535),JF = >

A(1405): N — K molecule: |uud + SJ)

1
— A(1405), ] = >

+

1
..................................................................................................................................................................................................................... — A\(1116),]F = >

N(940),JF = = 58



Excited hyperons - reality

Mn+(1535) — Ma(1405) = 130 MeV

N*(1535): T — K molecule: |uds + ds) *= 2s-quarks

1 1 s-quark
—_— N P__
N*(1535),JF =
A(1405): N — K molecule: |uud + SJ)
-
— A(1405), ] = >
1+
..................................................................................................................................................................................................................... A (1116),]P = —
I 176 MeV (1116).J° =3
S i+
N(940),JF = 5 59



Excited states

Single quark excitations are expensive
(in terms of Energy ~ 700 MeV)

Low energy spectrum is dominated by molecular states!

Adding extra particle is cheap (140 MeV)
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Baryon summary table, PDG
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5 S York

Conclusion

3¢ states —a lot of progress
 Large splitting
« Dominated by molecules
*  MmIXing

* Molecules

e Some thresholds have states
e Some thresholds do not.
* Shapes (production/decay channels)

* Hybrid baryons?
 Pentaquarks vs meson-baryon molecules?
* Precise, high stats experiments are the key
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Questions

= Problem tasks:
+
1. The Roper resonance, N*(1440), has a quantum numbers J© = % and a pole

position M = 1395 Mel/. Deduce what could be its SU(3) multiplet companions in
single and double-strange sector and what could be their masses (might not be
discovered yet)? . Hint: you can consider that Roper resonance is an interplay
between No and Am components

2. Perform similar research for the N*(1535)

3. For the light N* spectrum calculate possible meson-baryon thresholds which
might be relevant and confront them with known states

4. For the meson baryon molecular states, calculate the quantum numbers of
possible generated resonances (use two lowest lying baryon multiplets — octet and
decuplet and two lowest meson nonets)
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Mesons
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Two lightest multiplets

Pseudoscalar: {T J¥ =0~

- 15 _
(ds) (us)
K'l.'i'o +14 ﬂ" o
(uit + dd)
V2
{[:lﬁ} (3 states) n.-:l f_‘b'i_j {ua}
T o _ °H+ 13
! i) {“E_df” +
J2
(su) _ (sd)
K_o a} g o
" I:I L
] =0

,Q UNIVERSITY

\‘a‘.‘\_‘.
“Wm »" W
M. ML

Vector: TT J¥ = 1~
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Pion multiplet

Isospin Mass
I, 13 [MEV]

ds

ud

V2
du

V2

1 i}
— (uil + dd)

1 _
— (uu — dd)

1/2,+1/2
1/2,-1/2
1,+1

1,0

=11
0,0

0,0
1/2, +1/2
1/2,-1/2

4
O—+
0-*+
0+

0—+
0—+

0—+
O—+
0—+

498
140
135

140
548

958
498

494

Z,

IVERSITY
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Rho multiplet

Isospin Mass
1, 13 [MEV]

K*0
K*~

ds

ud

V2
du

V2

1 i}
— (uil + dd)

1 _
— (uu — dd)

1/2,+1/2
1/2,-1/2
1,+1

1,0

=11
0,0

0,0
1/2, +1/2
1/2,-1/2

1~

3892
770
770

770
782

1020
3892

3892

U

Z,
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Clebsch-Gordan coef_ficients _

J J
Note: A square-root sign is to be understood over every coefficient, e.g., for —8/15 read —+/8/15. Notation: M
My, m
1/2x1/2 +1 1T 0 Y0 = "IITHHH' 5/2 | 2
1 —_— — L i
1/2:1/2] 1]l 0 © dm 2x1/2\.35%7 372 My  my | Coefficients
172 -1/2[1/2 72| 1 B (3, b2xl/2l 1]43/2+43/2 o
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vO— [ 2 (3 201 +1-1/2| 2/5 3/5| 5/2 3/2
1x1/2 [372 2 7\ iar 5 08 9 0+1/2] 3/5-2/5]-1/2 -1/2
X +3s21 3/2 172 T 0-1/2| 3/5 2/5) 5/2 3/2
I+1 +1/2 1k1/2 +1/2 J;::l — 'lu - Hinﬂ(fﬂﬁﬁ"fﬁjﬂ > =1 +1/2 2/5 —3/5)-3/2 =372
m -1 -1/2| 4/5 1/5] 5/2
+1-1/2| 173 273 3/2 172 /2%x1/2
0+1/2| 2/3 -1/3|-1/2-1/2 1 [15 o 3 /2 Lol 7| |2z 15 as|-5r2
}J_'E _ _ |l'|_ ‘iil‘]g H-{:EH:I- I+3;"2 +1/2] 11 +1  +1 _2 _1/? 1
0-1/2| 2/3 173 372 "2 T~ 4\ 97" - 372 172 [T >
-1+1/2] 1/3-2/3}-3/2 + -1/2(1/4 3/4 1
2113 s 1 = +1/2 +1/2(3/4-1/4] 0O 0
* a3 2 372x1 .25 7 =5 Az 2l 2
[+2+1] 1]+2 +2 [F372 21| 1|+3/2 +3/2 -1/2+1/211/2-1/2] -1 -1
+2 0)1/3 2/3 3 2 1 +3/2 0ol 2/5 3ssl 572 32 12 -1/2-1/2| 3/4 1/4] 2
+1 +112/3 1/31 1 +1 +1 +1/2 +1| 3/5 =2/50+1/2 +1/2 +1/2 -3/2 +1/2| 1/4-3/4|-2
+2 -111/15 1/3  3/5 +3/2-11110  2/5 172 |=3r2-1/2
1 %1 2 +1 0/815% 1/6-3/10) 3 2 1 +1/2 0| 3/5 175 -1/3] 5/2 372 1/2
1 1+f ? 1 0+1] 2/5-1/2 1/710] 0 0 O -1/2+1|3/10 -8/15 1/6|-1/2 -1/2 -1/2
e T +1-1|1/5 1/2 3/10 +1/2-1(3/10 8/15 1/6
+1 0Q/2 1/2] 2 1 0 0 0(3/5 0 -2/5 3 2 1 -1/2 0| 3/5 -1/5 -1/3) 5/2 3/2
0+111/2-1/2] 0O o o -1 +1(1/5 -1/2 3/10] -1 -1 -1 -3/2+1(110 -2/5 1/2F-3/2 -3/2
+1-1(1/6 1/2 1/3 0-1 2/5 1/2 1/10 -1/2-1| 3/5 2/5] 5/2
0 0j2/3 0-1/3] 2 1 -1 0/8/15-1/6-3/10] 3 2 —3/2 0] 2/5 -3/5|-5/2
“1+1|1/6-1/2 173 -1 -1 —2+1|1/15-1/3 3/5| -2 -2 EIEIEE
0-11/2 1/2] 2 -1-1(2/3 1/3] 3
Y, ™ = (-1)"Y™ -1 oliiz-1/2]-2 . —2 o|1/3-2/3]-3 (j1jemimaljijoJ M)
T 1] e d —ime 211 1 T—f1— {0 -
| df“'”:"u T Tt A | = (=1)7 7792 {jyjimamy | j2j1 T M)

From PDG (particle data group) 69



Baryons
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+
Octet:1T JP =1 Decuplet: 11 J7 =
2

n S P &— Jﬂl'l &I 1_ l';'l:.ll
A% e dd E—)—8) O
/N IXa |\ \ /
_~ -1 i i
- dﬁ'i -2 ud -2 e, 32 fddy 02 fud T 12 i W,
CXCN/ XK
L =m sdy | (8
3 "; 1
Sl'
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Nucleon octet

Isospin Mass
1, 13 [MEV]

udd
uus
uds
dds
uds
Uss

dss

1/2,+1/2
1/2,-1/2
1,+1

1,0

1,-1

0,0
1/2,+1/2
1/2,-1/2

1/2+
1/2+
1/2+
1/2+
1/2+
1/2+
1/2+
1/2+

939
1189
1193
1197
1116
1315
1322
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Delta decuplet

Isospin Mass
I 13 [MEV]

uud
udd
ddd
uus
uds
dds
USS
dss
SSS

3/2,+3/2
3/2,+1/2
3/2,-1/2
3/2,-3/2
1,+1

1,0

1,-1

0,0

0,0

1/2, +1/2

3/2+
3/2+
3/2+
3/2+
3/2+
3/2+
3/2+
3/2+
3/2+
3/2+

1232
1232
1232
1232
1385
1385
1385
1530
1530
1672

U
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  1 s


  𝟓 𝟗 𝟎   𝑴 𝒆 𝑽


    ? ? ? 𝑵 ∗  (  𝟗 𝟒 𝟎 + 𝟐 ∗ 𝟓 𝟗 𝟎 = 𝟐 𝟏 𝟐 𝟎 ) ,    𝑱 𝑷 =    𝟏 𝟐 +


  𝑵  (  𝟗 𝟒 𝟎 ) ,    𝑱 𝑷 =    𝟏 𝟐 +


  1 p


   𝑵 ∗ ( 𝟏 𝟓 𝟐 𝟎 )   , 𝑱 𝑷 =    𝟑 𝟐 −
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  1 s
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  𝑵  (  𝟗 𝟒 𝟎 ) ,    𝑱 𝑷 =    𝟏 𝟐 +


   𝑵 ∗ ( 𝟏 𝟓 𝟐 𝟎 )   , 𝑱 𝑷 =    𝟑 𝟐 −


  1 p


  1  s  1 / 2


  1  p  3 / 2


  1  p  1 / 2


   𝑵 ∗ ( 𝟏 𝟓 𝟑 𝟓 )   , 𝑱 𝑷 =    𝟏 𝟐 −


   𝑵 ∗  (  𝟏 𝟒 𝟒 𝟎 ) ,    𝑱 𝑷 =    𝟏 𝟐 +


  𝚲  (  𝟏 𝟏 𝟏 𝟔 ) ,    𝑱 𝑷 =    𝟏 𝟐 +


  𝟏 𝟕 𝟔   𝑴 𝒆 𝑽


  𝑵  (  𝟗 𝟒 𝟎 ) ,    𝑱 𝑷 =    𝟏 𝟐 +
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  1  p  3 / 2
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   𝑵 ∗ ( 𝟏 𝟓 𝟑 𝟓 )   , 𝑱 𝑷 =    𝟏 𝟐 −


   𝑵 ∗  (  𝟏 𝟒 𝟒 𝟎 ) ,    𝑱 𝑷 =    𝟏 𝟐 +


  𝚲  (  𝟏 𝟏 𝟏 𝟔 ) ,    𝑱 𝑷 =    𝟏 𝟐 +


  𝟏 𝟕 𝟔   𝑴 𝒆 𝑽


   𝚲 ∗  (  𝟏 𝟕 𝟎 𝟎 ? ) ,    𝑱 𝑷 =    𝟑 𝟐 −


  𝟏 𝟕 𝟎 𝟎 = 𝟏 𝟓 𝟐 𝟎 + 𝟏 𝟕 𝟔


  𝑵  (  𝟗 𝟒 𝟎 ) ,    𝑱 𝑷 =    𝟏 𝟐 +


   𝑵 ∗ ( 𝟏 𝟓 𝟐 𝟎 )   , 𝑱 𝑷 =    𝟑 𝟐 −


   𝑵 ∗ ( 𝟏 𝟓 𝟑 𝟓 )   , 𝑱 𝑷 =    𝟏 𝟐 −


   𝑵 ∗  (  𝟏 𝟒 𝟒 𝟎 ) ,    𝑱 𝑷 =    𝟏 𝟐 +


  𝚲  (  𝟏 𝟏 𝟏 𝟔 ) ,    𝑱 𝑷 =    𝟏 𝟐 +


  𝟏 𝟕 𝟔   𝑴 𝒆 𝑽


  𝚲  (  𝟏 𝟒 𝟎 𝟓 ) ,    𝑱 𝑷 =    𝟏 𝟐 −


  𝚲  (  𝟏 𝟓 𝟐 𝟎 ) ,    𝑱 𝑷 =    𝟑 𝟐 −


  𝑵  (  𝟗 𝟒 𝟎 ) ,    𝑱 𝑷 =    𝟏 𝟐 +


   𝑵 ∗ ( 𝟏 𝟓 𝟐 𝟎 )   , 𝑱 𝑷 =    𝟑 𝟐 −


   𝑵 ∗ ( 𝟏 𝟓 𝟑 𝟓 )   , 𝑱 𝑷 =    𝟏 𝟐 −


   𝑵 ∗  (  𝟏 𝟒 𝟒 𝟎 ) ,    𝑱 𝑷 =    𝟏 𝟐 +


  𝚲  (  𝟏 𝟏 𝟏 𝟔 ) ,    𝑱 𝑷 =    𝟏 𝟐 +


  𝟏 𝟕 𝟔   𝑴 𝒆 𝑽


  𝚲  (  𝟏 𝟒 𝟎 𝟓 ) ,    𝑱 𝑷 =    𝟏 𝟐 −


  𝚲  (  𝟏 𝟓 𝟐 𝟎 ) ,    𝑱 𝑷 =    𝟑 𝟐 −


  𝚲  (  𝟏 𝟒 𝟎 𝟓 )
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  𝑵  (  𝟗 𝟒 𝟎 ) ,    𝑱 𝑷 =    𝟏 𝟐 +


   𝑵 ∗ ( 𝟏 𝟓 𝟑 𝟓 )   , 𝑱 𝑷 =    𝟏 𝟐 −
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