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Why is the 1/Nc expansion relevant?

QCD����
Theory

→ Hadrons� �� �
Observables

Observables: determined by QCD non-perturbative dynamics

Non-perturbative dynamics encoded in different quantities:
LECs, Form factors, PDFs, GPDs, TMDs, etc

Fundamental QCD constraints on dynamics:
Unitarity and causality; Space-time symmetries;
Chiral and flavor approximate symmetries

Imply important relations:
• Hadron flavor multiplets

• Low energy Theorems

• Dispersion relations

• SU(3) broken symmetry relations



Additional tool:1/Nc expansion

SUc(3) → SUc(Nc)

• QCD can be expanded in 1/Nc throughout

• Expansion can be implemented at hadronic level

• Emergent dynamical symmetries:

- Nonet symmetry in mesons

- SU(6) spin-flavor symmetry in baryons

• Consistency with 1/Nc expansion improves BChPT

• OZI

• pQCD: planar expansion



Baryons: important facts 

PDG

#Σ = #Ξ = #N +#∆ 26; 12; 49

#Ω = #∆ 4; 22

#Λ = #N +#singlets 18; 29

SU(3) SU(3): # Y= 3(# N+ # ∆)+singlets

• # Y > 147
• # Y in PDG ∼ 60

Missing hyperons

• GS 8 and 10 very well known

• Non-strange baryons up to 2.9 GeV listed in PDG

• Missing states:

- No SU(3) excited baryon multiplet is complete

- Large number of hyperons missing

- Even more missing states vis-a-vis QM and LQCD

• Hadron resonance gas description of QCD thermodynamics

indicates large number of missing baryon states



1/Nc expansion in baryons

• Additional model independent organizing tool for baryons
• Enhanced predictions, e.g., for missing states

Implementation

{T a, Si, Xia}

broken at subleading order in 1/Nc

+ ∝ kik�j

k0

N2
c

F 2
π

�B� | [Xia, Xjb] | B�

Consistency requirement [Xia, Xjb] = O(1/Nc)

Spin-flavor symmetry is the basis for implementing
the 1/Nc expansion for baryons

contracted SU(2Nf ) spin-flavor symmetry

Baryon states (resonances) should build spin-flavor multiplets



Effective theory

�B� | Γ����
QCD operator

| B� = �B� |
�

Ci Oi����
effective operators

| B�

Oi : basis of operators ordered in powers of 1/Nc

built with products of generators of SU(6)
Ci : coefficients parameterizing the QCD dynamics

1/Nc power counting for n-body operator

Examples

1-body 2-body



Baryon masses and widths

a couple of (confidence building) tests of spin-flavor symmetry

gNA = 1.267± 0.004; g∆A = 1.235± 0.011 from ∆ width + GTR

SU(4)

SU(6)

F= 0.40 + 0.03, D = 0.61 +-0.04 

LO in 1/Nc:
F

D
=

2

3
vs phen:

�
0.51 LO ChPT

0.66± 0.06 NLO ChPT

Rigorous approach: S-matrix poles in complex energy-plane
Define a mass and a width

Less rigorous: Breit-Wigner mass and width

If SU(3) and spin-flavor are good approximate symms
quantities related by them and breaking
can be expanded in ms −mu,d and 1/Nc



Application to the baryon spectrum

SU(6)×O(3) multiplets

[56, 0+] (Roper); [56, 2+]; [70, 1−]

sufficient number of known states for useful applications
Table 2

The coefficients c1, cHF and cS and the theoretical masses (MeV) for the 70-plets. The experimental masses used for the fit

are also presented.

Multiplet Baryon Name, status Exp. (MeV) Theo (MeV) c1 (MeV) cHF (MeV) cS (MeV) χ2
dof

[70, 1−] N1/2 N(1535)**** 1538 ± 18 1513 ± 14 529 ± 5 443 ± 19 148 ± 13 61

8Λ1/2 Λ(1670)**** 1670 ± 10 1662 ± 6

N3/2 N(1520)**** 1523 ± 8 1513 ± 14

8Λ3/2 Λ(1690)**** 1690 ± 5 1662 ± 6

8Σ3/2 Σ(1670)**** 1675 ± 10 1662 ± 6

8Ξ3/2 Ξ(1820)*** 1823 ± 5 1810 ± 15

N

′

1/2
N(1650)**** 1660 ± 20 1661 ± 17

8Λ′

1/2
Λ(1800)*** 1785 ± 65 1809 ± 12

8Σ′

1/2
Σ(1750)*** 1765 ± 35 1809 ± 12

N

′

3/2
N(1700)*** 1700 ± 50 1661 ± 17

N

′

5/2
N(1675)**** 1678 ± 8 1661 ± 17

8Λ′

5/2
Λ(1830)**** 1820 ± 10 1809 ± 12

8Σ′

5/2
Σ(1775)**** 1775 ± 5 1809 ± 12

∆1/2 ∆(1620)**** 1645 ± 30 1661 ± 17

∆3/2 ∆(1700)**** 1720 ± 50 1661 ± 17

1Λ1/2 Λ(1405)**** 1407 ± 4 1514 ± 4

1Λ3/2 Λ(1520)**** 1520 ± 1 1514 ± 4

[70, 2+
] N

′

1/2
N(2100)* 1926 ± 26 1987 ± 50 640 ± 16 400 (input) 120 ± 86 0.03

N

′

5/2
N(2000)** 1981 ± 200 1987 ± 50

Λ′

5/2
Λ(2110)*** 2112 ± 40 2108 ± 71

N

′

7/2
N(1990)** 2016 ± 104 1987 ± 50

Λ′

7/2
Λ(2020)* 2094 ± 78 2108 ± 71

∆5/2 ∆(2000)** 1976 ± 237 1987 ± 50

[70, 3−] N5/2 N(2200)** 2057 ± 180 2153 ± 67 731 ± 17 249 ± 315 30 ± 159 0.15

N7/2 N(2190)**** 2160 ± 49 2153 ± 67

N

′

9/2
N(2250)**** 2239 ± 76 2236 ± 81

∆7/2 ∆(2200)* 2232 ± 87 2236 ± 81

1Λ7/2 Λ(2100)**** 2100 ± 20 2100 ± 28

[70, 5−] N11/2 N(2600)*** 2638 ± 97 900 ± 20 (Est)
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Multiplet Baryon Name, status Exp.(MeV)
[56, 0+] N1/2 N ∗ ∗ ∗ ∗ 939± 1

Λ1/2 Λ ∗ ∗ ∗ ∗ 1116± 1
8Σ1/2 Σ ∗ ∗ ∗ ∗ 1192± 4
8Ξ1/2 Ξ ∗ ∗ ∗ ∗ 1318± 3
∆1/2 ∆ ∗ ∗ ∗ ∗ 1232± 1
10Σ3/2 Σ∗ ∗ ∗ ∗ ∗ 1383± 3
10Ξ3/2 Ξ∗ ∗ ∗ ∗ ∗ 1532± 1
Ω3/2 Ω− ∗ ∗ ∗ ∗ 1672± 2

[56, 0+] N1/2 N(1440) ∗ ∗ ∗ ∗ 1440± 20
∆3/2 ∆(1600) ∗ ∗∗ 1600± 75
Λ1/2 Λ(1600) ∗ ∗∗ 1600± 75
Σ1/2 Σ(1660) ∗ ∗∗ 1660± 30

[56, 2+] N3/2 N(1720) ∗ ∗ ∗ ∗ 1700± 50
Λ3/2 Λ(1890) ∗ ∗ ∗ ∗ 1880± 30
N5/2 N(1680) ∗ ∗ ∗ ∗ 1683± 8
Λ5/2 Λ(1820) ∗ ∗ ∗ ∗ 1820± 5
8Σ5/2 Σ(1915) ∗ ∗ ∗ ∗ 1918± 18
∆1/2 ∆(1910) ∗ ∗ ∗ ∗ 1895± 25
∆3/2 ∆(1920) ∗ ∗∗ 1935± 35
∆5/2 ∆(1905) ∗ ∗ ∗ ∗ 1895± 25
∆7/2 ∆(1950) ∗ ∗ ∗ ∗ 1950± 10
10Σ7/2 Σ(2030) ∗ ∗ ∗ ∗ 2033± 8

[56, 4+] N9/2 N(2220) ∗ ∗ ∗ ∗ 2245± 65
Λ9/2 Λ(2350) ∗ ∗∗ 2355± 15
∆7/2 ∆(2390)∗ 2387± 88
∆9/2 ∆(2300)∗ 2318± 132
∆11/2 ∆(2420)∗ 2400± 100

[56, 6+] N13/2 N(2700) ∗ ∗ 2806± 207
∆15/2 ∆(2950) ∗ ∗ 2920± 122
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1/2
N(1650)**** 1660 ± 20 1661 ± 17

8Λ′

1/2
Λ(1800)*** 1785 ± 65 1809 ± 12

8Σ′

1/2
Σ(1750)*** 1765 ± 35 1809 ± 12
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′
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[70, 2+
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N

′
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Λ′
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N(1990)** 2016 ± 104 1987 ± 50

Λ′

7/2
Λ(2020)* 2094 ± 78 2108 ± 71

∆5/2 ∆(2000)** 1976 ± 237 1987 ± 50

[70, 3−] N5/2 N(2200)** 2057 ± 180 2153 ± 67 731 ± 17 249 ± 315 30 ± 159 0.15

N7/2 N(2190)**** 2160 ± 49 2153 ± 67

N

′

9/2
N(2250)**** 2239 ± 76 2236 ± 81

∆7/2 ∆(2200)* 2232 ± 87 2236 ± 81

1Λ7/2 Λ(2100)**** 2100 ± 20 2100 ± 28

[70, 5−] N11/2 N(2600)*** 2638 ± 97 900 ± 20 (Est)
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24 states

8 states

30 states

4 missing

14 missing

13 missing



operator order in 1/Nc

Nc1 −1

1
Nc

�L · �S 1
1
Nc

�S2 1

Ns 0
1
Nc

(LiGi8 − 1√
12
�L · �S) 1

1
Nc

(SiGi8 − 1√
12

�S2) 1

SU(6) singlet {

SU(3) singlet






SU(3) octet






Mass relations 2 GMOs, 9 ES, 8 new

in Table VIII. The PDG candidate state Σð1840Þð3=2þÞ$
could be identified with the Σ3=2ð1889Þ state in Table VIII,
but as discussed earlier it can also be identified with the
Roper Σ3=2. The PDG candidate state Ξð2120Þ$ð??Þ is
consistent with both Ξ3=2 and Ξ00

7=2 in Table VIII, so its
parity could be predicted to be positive.

C. ½70;1−& baryons
In the case of two flavors, there are two mixing angles for

the pairs of nucleon states with S ¼ 1=2 and S ¼ 3=2.
Denoting by ð2sþ1ÞNS the nucleon state with spin S and
quark spin s, the physical states are given by

TABLE VIII. Predictions of physically unknown states in the ½56; 2þ& multiplet, and suggested identifications with PDG listed states.
The first two GMO relations and the 12th equation in Table VII, which is a large-Nc parameter-independent mass relation, were used to
predict the above masses.

Missing states Fitted mass [MeV] Mass listed in PDG [MeV] Mass from mass relations [MeV]

Σ3=2 1889( 30 Σð1840Þð3=2þÞ$ with mass ∼1840 1920( 70

Ξ3=2 2074( 24 Ξð2120Þ$ð??Þ: 2130( 7 2080( 75

Ξ5=2 2000( 31 Ξð2030Þ$$$ (S ≥ 5=2þ) with 2025( 5 2006( 14

Σ00
1=2 2060( 6 ) ) ) 2127( 120

Ξ00
1=2 2221( 6 Ξð2250Þ$$ð??Þ: 2214( 5 ) ) )

Ω1=2 2382( 7 ) ) ) ) ) )
Σ00
3=2 2059( 29 Σð2080Þ$$ð3=2þÞ: 2120( 40 2109( 96

Ξ00
3=2 2212( 24 ) ) ) ) ) )

Ω3=2 2350( 6 ) ) ) ) ) )
Σ00
5=2 2053( 23 Σð2070Þ$ð5=2þÞ: 2070( 10 2077( 56

Ξ00
5=2 2178( 31 ) ) ) ) ) )

Ω5=2 2297( 6 ) ) ) ) ) )
Ξ00
7=2 2129( 6 Ξð2120Þ$ð??Þ: 2130( 7 ) ) )

Ω7=2 2222( 6 ) ) ) ) ) )

TABLE VII. Mass relations for the ½56; 2þ& multiplet. The relations hold at the same orders as in the case of the ground-state baryons.
The last column corresponds to the SU(3) symmetric limit.

Mπ [MeV]

Relation 391 524 702

2ðN3=2 þ Ξ3=2Þ − ð3Λ3=2 þ Σ3=2Þ ¼ 0 98( 126 49( 173 0
2ðN5=2 þ Ξ5=2Þ − ð3Λ5=2 þ Σ5=2Þ ¼ 0 40( 98 55( 65 0
Σ00
1=2 − Δ1=2 ¼ Ξ00

1=2 − Σ00
1=2 ¼ Ω1=2 − Ξ00

1=2 −13( 110 36( 33 0
23( 44 43( 22 0
85( 54 35( 19 0

Σ00
3=2 − Δ3=2 ¼ Ξ00

3=2 − Σ00
3=2 ¼ Ω3=2 − Ξ00

1=2 48( 46 36( 23 0
56( 29 30( 16 0
45( 31 41( 15 0

Σ00
5=2 − Δ5=2 ¼ Ξ00

5=2 − Σ00
5=2 ¼ Ω5=2 − Ξ00

5=2 35( 40 34( 26 0
62( 31 26( 23 0
57( 34 52( 18 0

Σ00
7=2 − Δ7=2 ¼ Ξ00

7=2 − Σ00
7=2 ¼ Ω7=2 − Ξ00

7=2 38( 38 35( 25 0
67( 31 36( 20 0
59( 31 22( 18 0

Δ5=2 − Δ3=2 − ðN5=2 − N3=2Þ ¼ 0 70( 68 4( 68 44( 33

ðΔ7=2 − Δ5=2Þ − 7
5 ðN5=2 − N3=2Þ ¼ 0 68( 78 2.5( 92 75( 41

Δ7=2 − Δ1=2 − 3ðN5=2 − N3=2Þ ¼ 0 129( 175 13( 192 133( 74
8
15 ðΛ3=2 − N3=2Þ þ 22

15 ðΛ5=2 − N5=2Þ − ðΣ5=2 − Λ5=2Þ − 2ðΣ7=2
00 − Δ7=2Þ ¼ 0 91( 100 29( 75 0

Λ5=2 − Λ3=2 þ 3ðΣ5=2 − Σ3=2Þ − 4ðN5=2 − N3=2Þ ¼ 0 10( 207 10( 272 0
Λ5=2 − Λ3=2 þ Σ5=2 − Σ3=2 − 2ðΣ5=2

00 − Σ3=2
00Þ ¼ 0 111( 81 12( 72 87( 59

7ðΣ00
3=2 − Σ00

7=2Þ − 12ðΣ00
5=2 − Σ00

7=2Þ ¼ 0 44( 319 39( 268 67( 266

4ðΣ00
1=2 − Σ00

7=2Þ − 5ðΣ00
3=2 − Σ00

7=2Þ ¼ 0 83( 170 87( 104 58( 161

BARYON SPIN-FLAVOR STRUCTURE FROM AN ANALYSIS … PHYSICAL REVIEW D 91, 036005 (2015)

036005-7

−23± 66 MeV
79± 76 MeV
106± 155 MeV
33± 47 MeV
242± 367 MeV
38± 302 MeV

Mass operators: example with [56,2+]



• masses of missing [56, 2+] (all hyperons) predicted
• mass relations tested with masses calculated in LQCD
[JLab LQCD: Edwards et al]

Missing states Fitted mass [MeV] Mass listed in PDG [MeV] Mass from mass relations [MeV]

Σ3/2 1889 Σ(1840)(3/2+)∗ with mass ∼ 1840 1920±70

Ξ3/2 2074 Ξ(2120)∗(??): 2130±7 2080±75

Ξ5/2 2000 Ξ(2030)∗∗∗(S � 5/2+) with 2025±5 2006±14

Σ��
1/2 2059.5 · · · 2127±120

Ξ��
1/2 2221 Ξ(2250)∗∗(??): 2214±5 · · ·

Ω1/2 2382 · · · · · ·

Σ��
3/2 2059.35 Σ(2080)∗∗(3/2+): 2120±40 2109±96

Ξ��
3/2 2211.8 · · · · · ·

Ω3/2 2350 · · · · · ·

Σ��
5/2 2053 Σ(2070)∗(5/2+): 2070±10 2077±56

Ξ��
5/2 2178 · · · · · ·

Ω5/2 2297 · · · · · ·

Ξ��
7/2 2129 Ξ(2120)∗(??): 2130±7 · · ·

Ω7/2 2222 · · · · · ·

TABLE VIII: Predictions of physically unknown states in the [56, 2+] multiplet, and suggested

identifications with PDG listed states. The first two GMO relations and the 12th equation in Table

VII, which is a large Nc parameter independent mass relation, were used to predict the above

masses.

C. [70, 1−] Baryons

In the case of two flavors, there are two mixing angles for the pairs of nucleon states with

S = 1/2 and S = 3/2. Denoting by (2s+1)NS the nucleon state with spin S and quark spin

s, the physical states are given by:



NS

N �
S



 =



 cos θ2S sin θ2S

− sin θ2S cos θ2S








2NS

4NS



 . (6)

Understanding these mixings is very important, as the decays and photo-couplings are

sensitive to them. These mixings are predicted at the leading level of breaking of spin-

flavor symmetry [23]. Indeed, if the O (N0
c ) spin-orbit operators O2,3,4 would have con-

15

Relation Mπ[MeV]

391 524 702

2(N3/2 + Ξ3/2)− (3Λ3/2 + Σ3/2) = 0 98±126 49±173 0

2(N5/2 + Ξ5/2)− (3Λ5/2 + Σ5/2) = 0 40±98 55±65 0

Σ��
1/2 −∆1/2 = Ξ��

1/2 − Σ��
1/2 = Ω1/2 − Ξ��

1/2 -13±110 36±33 0

23±44 43±22 0

85±54 35±19 0

Σ��
3/2 −∆3/2 = Ξ��

3/2 − Σ��
3/2 = Ω3/2 − Ξ��

1/2 48±46 36±23 0

56±29 30±16 0

45±31 41±15 0

Σ��
5/2 −∆5/2 = Ξ��

5/2 − Σ��
5/2 = Ω5/2 − Ξ��

5/2 35±40 34±26 0

62±31 26±23 0

57±34 52±18 0

Σ��
7/2 −∆7/2 = Ξ��

7/2 − Σ��
7/2 = Ω7/2 − Ξ��

7/2 38±38 35±25 0

67±31 36±20 0

59±31 22±18 0

∆5/2 −∆3/2 − (N5/2 −N3/2) = 0 70±68 4±68 44±33

(∆7/2 −∆5/2)− 7
5(N5/2 −N3/2) = 0 68±78 2.5±92 75±41

∆7/2 −∆1/2 − 3(N5/2 −N3/2) = 0 129±175 13±192 133±74

8
15(Λ3/2 −N3/2) +

22
15(Λ5/2 −N5/2)

−(Σ5/2 − Λ5/2)− 2(Σ��
7/2 −∆7/2) = 0 91±100 29±75 0

Λ5/2 − Λ3/2 + 3(Σ5/2 − Σ3/2)− 4(N5/2 −N3/2) = 0 10±207 10±272 0

Λ5/2 − Λ3/2 + Σ5/2 − Σ3/2 − 2(Σ��
5/2 − Σ��

3/2) = 0 111±81 12±72 87±59

7(Σ��
3/2 − Σ��

7/2)− 12(Σ��
5/2 − Σ��

7/2) = 0 44±319 39±268 67±266

4(Σ��
1/2 − Σ��

7/2)− 5(Σ��
3/2 − Σ��

7/2) = 0 83±170 87±104 58±161

TABLE VII: Mass relations for the [56, 2+] multiplet. The relations hold at the same orders as in

the case of the ground state baryons.
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LQCD, JLab: [R. Edwards et al. PRD 87 (2013)]

Similar situation for the 70-plet

LQCD calculations with MK ∼ 700MeV and Mπ > 390MeV
Mπ dependency of coefficients in mass operators

[I. Fernando & JLG]



Mixing angles of nucleons in 70-plet

[Gonzalez de Urreta, Scoccola  JLG]

3(MN 1
2

+MN �
1
2

− 4MN 3
2

− 4MN �
3
2

+ 6MN 5
2

+ 8M∆ 1
2

− 8M∆ 3
2

)

= (MN �
1
2

−MN 1
2

)(13 cos(2θ1) +
√
32 sin(2θ1))− 4(MN �

3
2

−MN 3
2

)(cos(2θ3)−
√
20 sin(2θ3))

NLO relation  @ 

There are two possible mixings induced by interactions that break spin-isospin symmetry.

These mixings are between the pairs of states that are in the two octets with the same J .

The mixing are definded according to



 NJ

N �
J



 =



 cos θ2J sin θ2J

− sin θ2J cos θ2J








2N∗

J

4N∗
J



 , (8)

we have to decide whether we use the above definition for the mixings or whether we prefer

to use



 cos θ2J sin θ2J

− sin θ2J cos θ2J



 which corresponds to having the angles transformed at the same

time by θ → −θ + π

where J = 1/2, 3/2 and N
(�)
J are mass eigenstates, and the mixing angles are constrained

to be in the interval [0, π). The mixing angles are determined by the diagonalization of

the 2× 2 mass matrices in the J = 1/2, 3/2 subspaces. The corresponding eigenvalues and

mixing angles are then given by:

mNJ ,N �
J

=
MJ

2 + MJ
4

2
± sign(MJ

2 −M
J
4 )

��
MJ

2 −MJ
4

2

�2

+ (MJ
24)

2
, (9)

θ2J =
1

2
arctan

�
2MJ

24

MJ
2 −MJ

4

�
(mod π) , (10)

where MJ
2 =< 2N∗

J |M|2N∗
J >, etc. Angles are defined to be in the interval [0, π). There is

still an ambiguity in the definition of the mixing angles, which has to do with how the states

NJ , N �
J is identified with the physical states. Flipping the choice amount to changing the

corresponding mixing angle by ±π/2.

B. Operator analysis

A local QCD color singlet operator, expressed in terms of the quark and gluon fields and

which has irreducible transformation properties under isospin and rotations, can be expanded

in the subspace of baryon states in powers of 1/Nc as an operator expansion consisting of

composite operators built with products of operators which are tensors of SU(4) × O(3).

References here These tensor operators have a well defined 1/Nc power counting, as discussed

below. Thus, a QCD operator has the 1/Nc expansion of the form:

5

θ1 = 2.52 θ3 = 2.72Mixings fixed @LO

O(1/Nc)

✒✑
✓✏

Cases 1,...,4: fits to masses only
Case 1: fit to masses, decays & photo-couplings

JP =
1

2

−
:

�
N(1535)
N(1650)

�
; JP =

3

2

−
:

�
N(1650)
N(1700)

�



Strong decays
partial wave decay widths for single meson emission

Γ[�,I](B∗ → B) = k2�+1

8π2Λ2�
MB
MB∗

|
�

n C[�,I]
n �B||Bn(�,I)||B∗�|2
(2J∗+1)(2I∗+1)

Basis of operators {Bn(�, I)} describing the decay amplitude

[70,1−]

[Ch. Jayalath et al]

to O(1/Nc) and 1st order in SU(3) breaking

• basis of operators for S and D wave decays

• fits to PDG provided partial decay widths

• predictions for 70-plet hyperon decays

• determinations of mixing angles in 70-plet (up to some ambiguities)



TABLE X: The decay widths of N states in 70-plet whose mass is currently experimentally known.

Values are in MeV.

N(1535) N(1520)

πN ηN π∆ π∆ πN ηN

PW S S D S D D D

LO 57(17) 33(6) 0.3(0.2) 8.9(4.3) 8.1(1.0) 77(7) 0.09(0.01)

NLO 57(19) 73(44) 0.9(0.7) 9(11) 10(2) 72(11) 0.26(0.07)

Exp 68(19) 79(17) 0.8(0.8 ) 9.6(4.1) 13.6(2.7) 69(10) 0.26(0.05)

N(1650) N(1700)

πN ηN KΛ π∆ π∆ πN ηN KΛ KΣ

PW S S S D S D D D D D

LO 143(26) 2.5(1.6) 9.8(2.9) 4.8(2.6) 215(57) 2.9(2.4) 11.4(8.5) 0.52(0.25) 0.13(0.08) ∼ 0

NLO 133(33) 12.5(11.0) 11.5(6.4) 5.1(5.8) 297(111) 0.3(2.0) 12(13) ≤ 0.15 ≤ 0.03 ∼ 0

Exp 128(33) 10.7(5.9) 11.5(6.7) 6.6(5) 10(7) 1.5(1.5)

N(1675)

πN ηN KΛ π∆

PW D D D D

LO 52(8) 2.6(0.4) 0.02(0.01) 72(9)

NLO 51(12) 6.3(2.5) ≤ 0.1 75(24)

Exp 59(10) 0.75(0.75)

25

From fit to PDG masses and partial decay widths

State mixings fixed (up to an ambiguity) by the fit

LO result is already quite satisfactory!

Important example: 70-plet nucleons



Summary and comments

• Symmetries and the 1/Nc expansion give fundamental connections 
between hadrons and QCD 

• They not only serve to organize our understanding, but they also 
give quantitative predictions

• Discovering missing hyperons and understanding their properties is 
essential for a consistent picture of baryon resonances: perhaps one 
of the most important problems in excited baryon physics

• Interplay with current LQCD efforts to calculate the baryon 
spectrum should be most clarifying for testing the 1/Nc expansion in 
baryons, and in turn help understand or organize the LQCD results

• The 1/Nc expansion plays also a direct role in dynamics: BChPT is 
significantly improved when it is made consistent with the 1/Nc 
expansion
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poorer statistics than differential cross section data. To evalu-

ate sensitivities, the resulting resonance parameters should be

checked against variations of the specific weight factors.

Table 1. The status of the N resonances. Only those
with an overall status of ∗∗∗ or ∗∗∗∗ are included in the
main Baryon Summary Table.

Status as seen in

Particle JP overall Nγ Nπ Nη Nσ Nω ΛK ΣK Nρ ∆π

N 1/2+ ∗∗∗∗
N(1440) 1/2+ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗ ∗ ∗∗∗
N(1520) 3/2− ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗
N(1535) 1/2− ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗ ∗
N(1650) 1/2− ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗ ∗∗∗ ∗∗ ∗∗ ∗∗∗
N(1675) 5/2− ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗ ∗ ∗ ∗∗∗
N(1680) 5/2+ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗ ∗∗ ∗∗∗ ∗∗∗
N(1700) 3/2− ∗∗∗ ∗∗ ∗∗∗ ∗ ∗ ∗ ∗ ∗∗∗
N(1710) 1/2+ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗ ∗∗ ∗∗∗∗ ∗∗ ∗ ∗∗
N(1720) 3/2+ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗ ∗∗ ∗∗ ∗∗ ∗
N(1860) 5/2+ ∗∗ ∗∗ ∗ ∗
N(1875) 3/2− ∗∗∗ ∗∗∗ ∗ ∗∗ ∗∗∗ ∗∗ ∗∗∗
N(1880) 1/2+ ∗∗ ∗ ∗ ∗∗ ∗
N(1895) 1/2− ∗∗ ∗∗ ∗ ∗∗ ∗∗ ∗
N(1900) 3/2+ ∗∗∗ ∗∗∗ ∗∗ ∗∗ ∗∗ ∗∗∗ ∗∗ ∗ ∗∗
N(1990) 7/2+ ∗∗ ∗∗ ∗∗ ∗
N(2000) 5/2+ ∗∗ ∗∗ ∗ ∗∗ ∗∗ ∗ ∗∗
N(2040) 3/2+ ∗ ∗
N(2060) 5/2− ∗∗ ∗∗ ∗∗ ∗ ∗∗
N(2100) 1/2+ ∗ ∗
N(2120) 3/2− ∗∗ ∗∗ ∗∗ ∗ ∗
N(2190) 7/2− ∗∗∗∗ ∗∗∗ ∗∗∗∗ ∗ ∗∗ ∗
N(2220) 9/2+ ∗∗∗∗ ∗∗∗∗
N(2250) 9/2− ∗∗∗∗ ∗∗∗∗
N(2300) 1/2+ ∗∗ ∗∗
N(2570) 5/2− ∗∗ ∗∗
N(2600) 11/2− ∗∗∗ ∗∗∗
N(2700) 13/2+ ∗∗ ∗∗

∗∗∗∗ Existence is certain, and properties are at least fairly well explored.
∗∗∗ Existence is very likely but further confirmation of decay modes

is required.
∗∗ Evidence of existence is only fair.
∗ Evidence of existence is poor.
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Table 2. The status of the ∆ resonances. Only those with an
overall status of ∗∗∗ or ∗∗∗∗ are included in the main Baryon
Summary Table.

Status as seen in

Particle JP overall Nγ Nπ Nη Nσ Nω ΛK ΣK Nρ ∆π

∆(1232) 3/2+ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ F

∆(1600) 3/2+ ∗∗∗ ∗∗∗ ∗∗∗ o ∗ ∗∗∗
∆(1620) 1/2− ∗∗∗∗ ∗∗∗ ∗∗∗∗ r ∗∗∗ ∗∗∗
∆(1700) 3/2− ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ b ∗∗ ∗∗∗
∆(1750) 1/2+ ∗ ∗ i

∆(1900) 1/2− ∗∗ ∗∗ ∗∗ d ∗∗ ∗∗ ∗∗
∆(1905) 5/2+ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ d ∗∗∗ ∗∗ ∗∗
∆(1910) 1/2+ ∗∗∗∗ ∗∗ ∗∗∗∗ e ∗ ∗ ∗∗
∆(1920) 3/2+ ∗∗∗ ∗∗ ∗∗∗ n ∗∗∗ ∗∗
∆(1930) 5/2− ∗∗∗ ∗∗∗
∆(1940) 3/2− ∗∗ ∗∗ ∗ F

∆(1950) 7/2+ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ o ∗∗∗ ∗ ∗∗∗
∆(2000) 5/2+ ∗∗ r ∗∗
∆(2150) 1/2− ∗ ∗ b

∆(2200) 7/2− ∗ ∗ i

∆(2300) 9/2+ ∗∗ ∗∗ d

∆(2350) 5/2− ∗ ∗ d

∆(2390) 7/2+ ∗ ∗ e

∆(2400) 9/2− ∗∗ ∗∗ n

∆(2420) 11/2+ ∗∗∗∗ ∗ ∗∗∗∗
∆(2750) 13/2− ∗∗ ∗∗
∆(2950) 15/2+ ∗∗ ∗∗

∗∗∗∗ Existence is certain, and properties are at least fairly well explored.
∗∗∗ Existence is very likely but further confirmation of decay modes

is required.
∗∗ Evidence of existence is only fair.
∗ Evidence of existence is poor.

Claims of evidence for new baryon states must be based

on a sufficiently complete set of partial waves in the fit. The

robustness of signals must be demonstrated, e.g. by examining

the effect of higher waves in the fit.

IV. Properties of resonances

Resonances are defined by poles of the S-matrix, whether

in scattering, production or decay matrix elements. These are

poles in the complex plane in s, as discussed in the new review

on Resonances. As traditional we quote here the pole positions

October 1, 2016 19:58

Non-strange baryons
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Errors on masses and widths: The errors quoted on

resonance parameters from partial-wave analyses are often only

statistical, and the parameters can change by more than these

errors when a different parametrization of the waves is used.

Furthermore, the different analyses use more or less the same

data, so it is not really appropriate to treat the different

determinations of the resonance parameters as independent or

to average them together. In any case, the spread of the masses,

widths, and branching fractions from the different analyses is

certainly a better indication of the uncertainties than are the

quoted errors. In the Baryon Summary Table, we usually give a

range reflecting the spread of the values rather than a particular

value with error.

For three states, the Λ(1520), the Λ(1820), and the Σ(1775),

there is enough information to make an overall fit to the various

branching fractions. It is then necessary to use the quoted

errors, but the errors obtained from the fit should not be taken

seriously.

Table 1. The status of the Λ and Σ resonances. Only those with an
overall status of ∗∗∗ or ∗∗∗∗ are included in the main Baryon Summary
Table.

Status as seen in —

Particle JP
Overall
status NK Λπ Σπ Other channels

Λ(1116) 1/2+ ∗∗∗∗ F Nπ(weakly)
Λ(1405) 1/2− ∗∗∗∗ ∗∗∗∗ o ∗∗∗∗

Λ(1520) 3/2− ∗∗∗∗ ∗∗∗∗ r ∗∗∗∗ Λππ, Λγ
Λ(1600) 1/2+ ∗∗∗ ∗∗∗ b ∗∗

Λ(1670) 1/2− ∗∗∗∗ ∗∗∗∗ i ∗∗∗∗ Λη
Λ(1690) 3/2− ∗∗∗∗ ∗∗∗∗ d ∗∗∗∗ Λππ, Σππ

Λ(1800) 1/2− ∗∗∗ ∗∗∗ d ∗∗ NK
∗
, Σ(1385)π

Λ(1810) 1/2+ ∗∗∗ ∗∗∗ e ∗∗ NK
∗

Λ(1820) 5/2+ ∗∗∗∗ ∗∗∗∗ n ∗∗∗∗ Σ(1385)π
Λ(1830) 5/2− ∗∗∗∗ ∗∗∗ F ∗∗∗∗ Σ(1385)π

Λ(1890) 3/2+ ∗∗∗∗ ∗∗∗∗ o ∗∗ NK
∗
, Σ(1385)π

Λ(2000) ∗ r ∗ Λω, NK
∗

Λ(2020) 7/2+ ∗ ∗ b ∗

Λ(2100) 7/2− ∗∗∗∗ ∗∗∗∗ i ∗∗∗ Λω, NK
∗

Λ(2110) 5/2+ ∗∗∗ ∗∗ d ∗ Λω, NK
∗

Λ(2325) 3/2− ∗ ∗ d Λω
Λ(2350) ∗∗∗ ∗∗∗ e ∗

Λ(2585) ∗∗ ∗∗ n
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Σ(1193) 1/2+ ∗∗∗∗ Nπ(weakly)
Σ(1385) 3/2+ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗

Σ(1480) ∗ ∗ ∗ ∗

Σ(1560) ∗∗ ∗∗ ∗∗

Σ(1580) 3/2− ∗ ∗ ∗

Σ(1620) 1/2− ∗∗ ∗∗ ∗ ∗

Σ(1660) 1/2+ ∗∗∗ ∗∗∗ ∗ ∗∗

Σ(1670) 3/2− ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ several others
Σ(1690) ∗∗ ∗ ∗∗ ∗ Λππ
Σ(1750) 1/2− ∗∗∗ ∗∗∗ ∗∗ ∗ Ση
Σ(1770) 1/2+ ∗

Σ(1775) 5/2− ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗ several others
Σ(1840) 3/2+ ∗ ∗ ∗∗ ∗

Σ(1880) 1/2+ ∗∗ ∗∗ ∗∗ NK
∗

Σ(1915) 5/2+ ∗∗∗∗ ∗∗∗ ∗∗∗∗ ∗∗∗ Σ(1385)π
Σ(1940) 3/2− ∗∗∗ ∗ ∗∗∗ ∗∗ quasi-2-body

Σ(2000) 1/2− ∗ ∗ NK
∗
, Λ(1520)π

Σ(2030) 7/2+ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗ several others
Σ(2070) 5/2+ ∗ ∗ ∗

Σ(2080) 3/2+ ∗∗ ∗∗

Σ(2100) 7/2− ∗ ∗ ∗

Σ(2250) ∗∗∗ ∗∗∗ ∗ ∗

Σ(2455) ∗∗ ∗

Σ(2620) ∗∗ ∗

Σ(3000) ∗ ∗ ∗

Σ(3170) ∗ multi-body

∗∗∗∗ Existence is certain, and properties are at least fairly well explored.
∗∗∗ Existence ranges from very likely to certain, but further confir-

mation is desirable and/or quantum numbers, branching fractions,
etc. are not well determined.

∗∗ Evidence of existence is only fair.
∗ Evidence of existence is poor.

Production experiments: Partial-wave analyses of course

separate partial waves, whereas a peak in a cross section or

an invariant mass distribution usually cannot be disentangled

from background and analyzed for its quantum numbers; and

more than one resonance may be contributing to the peak.

Results from partial-wave analyses and from production ex-

periments are generally kept separate in the Listings, and in

the Baryon Summary Table results from production experi-

ments are used only for the low-mass states. The Σ(1385) and

Λ(1405) of course lie below the KN threshold and nearly every-

thing about them is learned from production experiments; and

production and formation experiments agree quite well in the

case of Λ(1520) and results have been combined. There is some

October 1, 2016 19:58
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Ξ RESONANCES

The accompanying table gives our evaluation of the present

status of the Ξ resonances. Not much is known about Ξ reso-

nances. This is because (1) they can only be produced as a part

of a final state, and so the analysis is more complicated than if

direct formation were possible, (2) the production cross sections

are small (typically a few µb), and (3) the final states are

topologically complicated and difficult to study with electronic

techniques. Thus early information about Ξ resonances came

entirely from bubble chamber experiments, where the numbers

of events are small, and only in the 1980’s did electronic exper-

iments make any significant contributions. However, nothing of

significance on Ξ resonances has been added since our 1988

edition.

For a detailed earlier review, see Meadows [1].

Table 1. The status of the Ξ resonances. Only those with an overall
status of ∗∗∗ or ∗∗∗∗ are included in the Baryon Summary Table.

Status as seen in —

Particle JP
Overall
status Ξπ ΛK ΣK Ξ(1530)π Other channels

Ξ(1318) 1/2+ ∗∗∗∗ Decays weakly
Ξ(1530) 3/2+ ∗∗∗∗ ∗∗∗∗

Ξ(1620) ∗ ∗

Ξ(1690) ∗∗∗ ∗∗∗ ∗∗

Ξ(1820) 3/2− ∗∗∗ ∗∗ ∗∗∗ ∗∗ ∗∗

Ξ(1950) ∗∗∗ ∗∗ ∗∗ ∗

Ξ(2030) ∗∗∗ ∗∗ ∗∗∗

Ξ(2120) ∗ ∗

Ξ(2250) ∗∗ 3-body decays
Ξ(2370) ∗∗ 3-body decays
Ξ(2500) ∗ ∗ ∗ 3-body decays

∗∗∗∗ Existence is certain, and properties are at least fairly well explored.
∗∗∗ Existence ranges from very likely to certain, but further confir-

mation is desirable and/or quantum numbers, branching fractions,
etc. are not well determined.

∗∗ Evidence of existence is only fair.
∗ Evidence of existence is poor.

Reference
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Conference on Baryon Resonances (Toronto, 1980),
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Errors on masses and widths: The errors quoted on

resonance parameters from partial-wave analyses are often only

statistical, and the parameters can change by more than these

errors when a different parametrization of the waves is used.

Furthermore, the different analyses use more or less the same

data, so it is not really appropriate to treat the different

determinations of the resonance parameters as independent or

to average them together. In any case, the spread of the masses,

widths, and branching fractions from the different analyses is

certainly a better indication of the uncertainties than are the

quoted errors. In the Baryon Summary Table, we usually give a

range reflecting the spread of the values rather than a particular

value with error.

For three states, the Λ(1520), the Λ(1820), and the Σ(1775),

there is enough information to make an overall fit to the various

branching fractions. It is then necessary to use the quoted

errors, but the errors obtained from the fit should not be taken

seriously.

Table 1. The status of the Λ and Σ resonances. Only those with an
overall status of ∗∗∗ or ∗∗∗∗ are included in the main Baryon Summary
Table.

Status as seen in —

Particle JP
Overall
status NK Λπ Σπ Other channels

Λ(1116) 1/2+ ∗∗∗∗ F Nπ(weakly)
Λ(1405) 1/2− ∗∗∗∗ ∗∗∗∗ o ∗∗∗∗

Λ(1520) 3/2− ∗∗∗∗ ∗∗∗∗ r ∗∗∗∗ Λππ, Λγ
Λ(1600) 1/2+ ∗∗∗ ∗∗∗ b ∗∗

Λ(1670) 1/2− ∗∗∗∗ ∗∗∗∗ i ∗∗∗∗ Λη
Λ(1690) 3/2− ∗∗∗∗ ∗∗∗∗ d ∗∗∗∗ Λππ, Σππ

Λ(1800) 1/2− ∗∗∗ ∗∗∗ d ∗∗ NK
∗
, Σ(1385)π

Λ(1810) 1/2+ ∗∗∗ ∗∗∗ e ∗∗ NK
∗

Λ(1820) 5/2+ ∗∗∗∗ ∗∗∗∗ n ∗∗∗∗ Σ(1385)π
Λ(1830) 5/2− ∗∗∗∗ ∗∗∗ F ∗∗∗∗ Σ(1385)π

Λ(1890) 3/2+ ∗∗∗∗ ∗∗∗∗ o ∗∗ NK
∗
, Σ(1385)π

Λ(2000) ∗ r ∗ Λω, NK
∗

Λ(2020) 7/2+ ∗ ∗ b ∗

Λ(2100) 7/2− ∗∗∗∗ ∗∗∗∗ i ∗∗∗ Λω, NK
∗

Λ(2110) 5/2+ ∗∗∗ ∗∗ d ∗ Λω, NK
∗

Λ(2325) 3/2− ∗ ∗ d Λω
Λ(2350) ∗∗∗ ∗∗∗ e ∗

Λ(2585) ∗∗ ∗∗ n
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