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Ὅὐ πρȾς , Ὓ ρ

ὓ ρτπυȢρ
ρȢπ

ρȢσ
MeV,ɜ υπȢυ ςȢπMeV

: why is it special

In the constituent quark model, ☻
is the first P-wave orbital excitation of 
the ground -state baryon ☻

Two puzzles

Orz pdvv yv1Q-+4868,
odujhvslq vsolwwlqjyv1

PDG
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: predicted before discovery as ╚╝b state

Predicted in 1959

Discovered in 1961

Spin & Parity measured 2014
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as a dynamically generated state

ü LO&NLO, Kaiser,Siegel, Weise, NPA594,325(1995),748citations
ü LO,OsetandRamos,NPA635,99(1998),874citations
ü NLO,OllerandMeissner,PLB500, 263(2001), 928citations

ÅModern picture for ☻ : a╚╝bound state dynamically generated by 

coupled -channel chiral dynamics implemented in the so -called chiral 

unitary approaches

Bethe -Salpeter Equation

ÅWeinberg -Tomozawa potential

as of 2024.08.23
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ÅTwo poles: ╦╗ Ȣ Ȣ ░, ╦╛ Ȣ Ȣ

Unexpected two -pole structure! 

OllerandMeissner,PLB500, 263(2001)
Jido, Oller, Oset, Ramos, and Meissner, NPA725,181 (2003)

HyodoandJido, PPNP67, 55 (2012) 6

Isopin 0, four coupled channels: Ⱬ♅ , ╚╝ , –ɤρφφς, 

ὑɧρψρσ(renormalization scale ‘ φσπMeV, with four different ὥ‘)



-dynamical generated two -pole structure! 

hƭƭŜǊŀƴŘaŜƛǎǎƴŜǊΣt[.рллόнллмύнсо
WƛŘƻΣ hƭƭŜǊΣ hǎŜǘΣ wŀƳƻǎΣŀƴŘ aŜƛǎǎƴŜǊΣ bt!тнрΣмумόнллоύ

IȅƻŘƻŀƴŘWƛŘƻΣ ttbtстΣ рр όнлмнύ

╚╝initiated Ⱬ♅initiated
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Evidence for the two -pole structure of the ☻ state



Wkh wzr0sroh vwuxfwxuh shuvlvwvdwQ5OR

☻(1405)

☻(1380)

Meson -baryon scattering up to N2LO, Jun -Xu Lu, LSG*, M. Doering and M. Mai, P RL130, 071902(2023)
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Already in the review of particle physics
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Latest lattice QCD study

□Ⱬ MeV,
a virtual boundstate belowⱫ♅anda

resonant bound) state just below╚╝, 
support the two-pole structure suggested
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Following up theoretical works
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Can be described by UChPT and consistent with exp.
2405.07686, Zejian Zhuang,  R. Molina ӌ, Jun-Xu Lu, and LSG

Fits

suhglfwlrqv



Two -pole structures are not simply two states! 

ː Two -pole structures refer to the fact that two dynamically generated states, 
one resonant and one bound, are located close to each other between 
two coupled channels and with a mass difference smaller than the sum of 
their widths. 

ˑ Two poles overlap, which creates the impression that there is only one 
state in the invariant mass distribution of their decay products. 

LSG, Oset, Roca,andOller, PRD75, 014017 (2007)Hyodoand Jido, PPNP67, 55 (2012)

╚
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Two prominent examples: and ╚
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Comprehensive review from the flavor -symmetry perspective 

оΦ ¢ƘŜ {ǘƻǊȅ ƻŦ ǘƘŜ ɽόмплрύ
пΦ aŜǎƻƴ {ŜŎǘƻǊΥ ¢ƘŜ 5лzόноллύ ŀƴŘ wŜƭŀǘŜŘ {ǘŀǘŜǎ
пΦмΦ ¢ǿƻπtƻƭŜ {ǘǊǳŎǘǳǊŜ 
пΦнΦ hǘƘŜǊ /ŀƴŘƛŘŀǘŜǎ
пΦоΦ !ƴŀƭȅǎƛǎ ƻŦ . Ҧ 5̄ 5̄ŀǘŀ 
пΦпΦ ¢ƘŜ Yм aŜǎƻƴ
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ÅSU(3) symmetry decomposition

attractive

Baryon octet -NGB octet

Potential in this basis

SU(3) group -theoretical explanation



ÅVX+6, v|pphwu|ghfrpsrvlwlrq

attractive

Baryon octet -NGB octet

Potential in this basis

SU(3) group -theoretical explanation

19

ÅSU(3) symmetry breaking

WƛŘƻΣ hƭƭŜǊΣ hǎŜǘΣ wŀƳƻǎΣŀƴŘ aŜƛǎǎƴŜǊΣbt!тнрΣмумόнллоύ



More can be asked

20

Å Two -pole structures are not just two states 



More can be asked
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Å Two -pole structures are not just two states 

41Zk| duh wkhuh wzrB
51Zk| fdq wkh| eh plvwdnhq iru rqh vwdwhB
61Zk| duh wkh| orfdwhg ehwzhhq wkh wzr fkdqqhovB
71Zkdw nlqg ri lqwhudfwlrqv fdq jhqhudwh vxfk wzr srohvB
81ɖɖ

ÅMany questions can be asked



Three questions to ask/answer (not by flavor sym.)

Is the coupling between ὑὔand “ɫimportant?

How does the nature of the Nambu -Goldstone bosons play a role?

Whether is the energy dependence of the WT potential relevant?

Q1

T5

Q3

нн



Contents

ᵭɤρτπυȡfirst exotic hadron and two -pole structures

ᵭTwo -pole structures: flavor symmetry/group theory

ᵭTwo -pole structures: chiral dynamics at work

ᵭTest the flavor content of the two poles

ᵭSummary and outlook

23



Chiral unitary approach ɇ leading order

ÅOhdglqjrughulqwhudfwlrqehwzhhqdQJEdqgdjurxqg0vwdwh edu|rq

ÅThe Weinberg -Tomozawa (WT) potential ɇ parameter free

нп



See,e.g., Oller, Oset, and Ramos,PPNP45, 157 (2000)

ɇdynamically generated in Chiral Unitary Approaches

Cutoff regularization

Dim. Regularization

ÅFkludo g|qdplfv)1 Frxsohg0fkdqqho xqlwdulw|ɇEhwkh Vdoshwhu htxdwlrq

ÅLoop function

ÅG|qdplfdoo| jhqhudwhg vwdwhv ɇ vlqjxodulwlhv ri xqlwdul}hg dpsolwxgh ╣
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ÅTo simplify the discussion, consider only the two most relevant 

channels around 1400 MeV: ╚╝ , Ⱬ♅ -- equivalent to

the full four -body analysis

üWith the subtraction constants: ╪╚╝ Ȣ , ╪Ⱬ♅ Ȣ , we obtain two 

poles: ╦╗ Ȣ Ȣ ░, ╦╛ Ȣ Ȣ░(to be compared with the

four -channel results) ὡ ρτςτȢσ ρχȢρὭ,ὡ ρσψωȢρ φτȢρÉζ

ÅWe gradually turn off the intra -channel coupling to see what

happens, i.e., whether the coupling is important

26

Q1: Is the coupling between ὑὔand “ɫimportant ?

]hur0frxsolqj olplw/ vhh/ h1j1/ 
K|rgrhw do/ Sk|v1Uhy1F::+533;,368537

D1 Flhsoühw do/ Qxfo1 Sk|v1 D/ <87 +5349, 4:073



ÅMultiply a factor π ὼ ρ,    
to the off -diagonal matrix    
elements of the WT potential

ÅEven in the limit of complete 
decoupling (ὼ π), there are 
still two poles between the 
two channels :

T4=LvwkhfrxsolqjlpsruwdqwB

ὡ ρτςρȢψ πὭ,

ὡ ρσψςȢς ωσȢφὭ

27
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ÅHyhqlq wkh olplw ri frpsohwh 
ghfrxsolqj+ὼ π,/ wkhuh duh 
vwloo wzr srohv ehwzhhqwkh 
wzr fkdqqhov=

Q1: Is the coupling important?

Coupling not necessary for two poles but relevant for the decay

ὡ ρτςρȢψ πὭΣ

ὡ ρσψςȢς ωσȢφὭ

ÅMultiply a factor π ὼ ρ,    
to the off -diagonal matrix    
elements of the WT potential



Q2: How does the nature of NG bosons play a role?

29

ÅWkhgldjrqdofkludo ZW srwhqwldo +vlqfh frxsolqj ezwzr fkdqqhov lv ohvv uhohydqw,

ά 496 MeV
ά ρσψMeV



Q2: How does the nature of NG bosons play a role?

ол

ÅThe diagonal chiral WT potential ( since coupling bw the two channels is less relevant )

üExplicit chiral symmetry breaking leads to □ⱫḺ□╚. As a result, close 

to the respective thresholds, the ὑὔρτσσinteraction is stronger than 

the “ɫρσσπone, which leads to a ╚╝ bound state

ά 496 MeV
ά ρσψMeV



T5=KrzgrhvwkhqdwxuhriQJervrqvsod|durohB

31

ÅThe diagonal chiral WT potential ( since coupling bw two channels is less relevant )

üH{solflw fkludo v|pphwu| euhdnlqj ohdgv wr □ⱫḺ□╚1Dvduhvxow/forvh 

wr wkh uhvshfwlyhwkuhvkrogv/ wkh ὑὔρτσσlqwhudfwlrq lv vwurqjhu wkdq 

wkh “ɫρσσπrqh/zklfkohdgvwrd╚╝ erxqgvwdwh

üThe small pion mass combined with the ▲(energy) -dependence of the 

interaction is responsible for the dynamical generation of a 

resonance , because a momentum -independent potential cannot generate S -

wave resonances

ά 496 MeV
ά ρσψMeV



Å To better understand explicit chiral symmetry breaking, we study

the pole trajectories as a function of the light -quark (pion) mass 

dependence.

Å For the pion mass dependence of the mesons and baryons, we

follow the PACS -CS trajectory

он

Role of explicit chiral symmetry breaking

Ren, LSG*, Camalich, Meng, and Toki, JHEP12, 073 (2012) !ƻƪƛ Ŝǘ ŀƭΦ όt!/{π/{ύΣ tw5тфΣ лопрло 
όнллфύ

ὔ

ɤ

ɫ

ɧ



33

Variation of higher pole with m Ƥσsimple

ÅQrwh wkdw wkh wzr wkuhvkrogv                                                
dovr lqfuhdvhdv□Ⱬlqfuhdvhv1

ÅAs □Ⱬ increases , both the real 
and the imaginary parts of the 
higher pole decrease, which 
indicates that the effective ╚╝
attraction becomes weaker and
the coupling to “ɫdecreases as
well.
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ÅFor Í ςππMeV , it 
becomes a virtual resonance 
from a resonant state.

Variation of lower pole with m Ƥ: complicated

ÅFor a pion mass of about 
300 MeV , it becomes a 
bound state and remains so 
up to the pion mass of 500 
MeV.
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ÅIruÍ ςππPhY/ lw 
ehfrphv d yluwxdo uhvrqdqfh 
iurp d uhvrqdqw vwdwh1

Variation of lower pole with m Ƥ: complicated

The evolution of the lower pole clearly demonstrates the chiral dynamics 
underlying the two -pole structure of ☻ .

ÅFor a pion mass of about 
300 MeV , it becomes a 
bound state and remains so 
up to the pion mass of 500 
MeV.



Q3: Is energy dependence of WT potential relevant?

ÅReplace the ╔░ ╔▒with □░ □▒, i.e. eliminate the energy 

dependence.

36



T6=Lvhqhuj| ghshqghqfh ri ZWsrwhqwldo
uhohydqwB

ÅReplace the ╔░ ╔▒with □░ □▒, i.e. eliminate the energy 

dependence.

ÅWith the original subtraction constants, we obtain only one pole at
ρτρσȢσ ρσȢςὭ, corresponding to a ὑὔbound state.

37



Q3: Is energy dependence of WT potential relevant?

ÅReplace the ╔░ ╔▒with □░ □▒, i.e. eliminate the energy 

dependence.

ÅWith the original subtraction constants, we obtain only one pole at
ρτρσȢσ ρσȢςὭ, corresponding to a ὑὔbound state.

ÅSwitching off the off -diagonal interaction affects little our conclusion.
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Q3: Is energy dependence of WT potential relevant?

ÅUhsodfh wkh ╔░ ╔▒zlwk □░ □▒/ l1h1 holplqdwh wkh hqhuj| 

ghshqghqfh1

ÅZlwk wkh ruljlqdo vxewudfwlrq frqvwdqwv/ zh rewdlq rqo| rqh srohdw
ρτρσȢσ ρσȢςὭ/ fruuhvsrqglqj wr d ὑὔerxqg vwdwh1

ÅVzlwfklqj rii wkh rii0gldjrqdo lqwhudfwlrq diihfwv olwwoh rxu 
frqfoxvlrq1

ÅDv wkh slrq pdvv lv pxfk vpdoohu wkdq wkh ndrq pdvv/ wkh dwwudfwlrq 
ri wkh “ɫfkdqqho lv pxfk zhdnhu wkdq wkdw ri wkh ὑὔfkdqqho/ wkxv 
fdqqrw vxssruw d erxqg vwdwh1

39



Q3: Is energy dependence of WT potential relevant?

ÅReplace the ╔░ ╔▒with □░ □▒, i.e. eliminate the energy dependence.

ÅWith the original subtraction constants, we obtain only one pole at
ρτρσȢσ ρσȢςὭ, corresponding to a ὑὔbound state.

ÅSwitching off the off -diagonal interaction affects little our conclusion.

ÅAs the pion mass is much smaller than the kaon mass, the attraction of the 
“ɫchannel is much weaker than that of the ὑὔchannel, thus cannot 
support a bound state .

ÅIf we increase the attractive potential, we can obtain two bound states, 
but not a bound state and a resonant state.

40



Q3: Is energy dependence of WT potential relevant?

41

üWkhhqhuj|ghshqghqfh ri 
wkh ZW srwhqwldolv
uhvsrqvleohiruwkh
hphujhqfhriwzr0sroh
vwuxfwxuhv/dvzhghilqhg
khuh1

üWkdw lv/ wkh dsshdudqfh ri 
wzr vwdwhv ehwzhhq wkh wzr 
uhohydqw fkdqqhov/ vxfk wkdw 
wkh| ryhuods1
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Simplified as the light mass of NGB and inthe chiral limit of ὓ ὓ ḳὓ

ÅReplace the baryon octet with the vector nonet

╚ Ὅὐ ρȾςρ ΣὛ ρȠὓ ρςυσχaŜ±Σɜ ωπςπaŜ±

LSG,Oset , Roca,
and Oller , PRD75, 

014017 (2007)

Urfd/ Rvhw/dqg
Vlqjk/ SUG:5/ 
347335 +5338, 

ÅFrxsohgfkdqqhov= ╚ᶻⱫ / ⱬ╚ ȟ‫ὑρςχψ/ ὑᶻ–ρττπ/ ‰ὑρυρυ



43
S. Sarkar, E.Oset, M.J. VicenteVacas, NPA750 (2005) 294-323

Ὅὐ ρȾςσȾς ΣὛ ςȠὓ ρψςσυaŜ±Σɜ ςτ aŜ±
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²Ŝ ŎƻƴǘǊŀǎǘ ǘƘƛǎ ŦŀŎǘ ǿƛǘƘ ǘƘŜ ǊŜŎŜƴǘ .9{LLL ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ ὑҍɽ Ƴŀǎǎ 
ŘƛǎǘǊƛōǳǘƛƻƴ ƛƴ ǘƘŜ ‪όосусύ ŘŜŎŀȅ ǘƻ ὑҍɽʀɎҌΣ ǿƘƛŎƘ ŘŜƳŀƴŘǎ ŀ ǿƛŘǘƘ ƳǳŎƘ ƭŀǊƎŜǊ ǘƘŀƴ 
ǘƘŜ ŀǾŜǊŀƎŜ ƻŦ ǘƘŜ t5DΣ ŀƴŘ ǎƘƻǿ Ƙƻǿ ǘƘŜ ŎƻƴǎƛŘŜǊŀǘƛƻƴ ƻŦ ǘƘŜ ǘǿƻ ʀόмунлύ ǎǘŀǘŜǎ 
ǇǊƻǾƛŘŜǎ ŀ ƴŀǘǳǊŀƭ ŜȄǇƭŀƴŀǘƛƻƴǘƻ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ Řŀǘŀ

Experimental evidence?
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ÅNGB scattering off a singly -
charmed baryon

Further two -pole structures: singly charmed baryon

ὡ ςψψςȢχ ςρȢπὭὡ ςψτςȢφ ρςχȢωὭ

Å╚♅╬ / Ⱬ♀╬ Ƞ

–ɧ σρςυ/ὑɱ σρωρȠ

lvrvslq ¼/ vwudqjqhvv04

ɤ ψππPhY
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Identifying flavor -frqwhqw ri wkh wzr srohv ri  ƀ+4738,

573:1467;9/\lqj0Er Kh/[ldr0Kdl Olx-/OVJ-/Ihqj0Nxq Jxr-/Mx0Mxq [lh-

Å Wkhkljkhu sroh lv pruh ri dq VX+6, rfwhw> wkhorzhu sroh lv ri dq VX+6, vlqjohw1

Jido, Oller, Oset, Ramos, and Meissner, NPA725, 181(2003) 2405.07686, Zejian Zhuang,  R. Molinaz, Jun-Xu Lu, and LSG
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Identifying flavor -frqwhqw ri wkh wzr srohv ri  ƀ+4738,

2407.13486, Ying-Bo He, Xiao-Hai Liu*, LSG*, Feng-Kun Guo*, Ju-Jun Xie*

Å Wkh kljkhusroh lv pruh ri dq VX+6, vlqjohw> wkh orzhusroh lv ri dq VX+6, rfwhw1

CŜƴƎπYǳƴDǳƻΣ̧ǳƪƛ YŀƳƛȅŀΣ aŀȄƛƳ aŀƛΣ¦ƭŦπDΦaŜƛǖƴŜǊΣ t[.упсόнлноύмоунсп
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Identifying flavor -frqwhqw ri wkh wzr srohv ri  ƀ+4738,

2407.13486, Ying-Bo He, Xiao-Hai Liu*, LSG*, Feng-Kun Guo*, Ju-Jun Xie*

Å╨is a charmonium or bottomonium, such as ϳ╙ⱶ, ⱶ ▼ȟⱵ╬ , but an SU(3) singlet

Å☻is an SU(3) octet, then the Ⱬ pair must be an SU(3) octet ɇhigher pole

Å☻(1520) is an SU(3) singlet, then the Ⱬ pair must be an SU(3) singlet ɇ lower pole
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Lghqwli|lqj iodyru0frqwhqw ri wkh wzr srohv ri  ƀ+4738,

573:1467;9/\lqj0Er Kh/[ldr0Kdl Olx-/OVJ-/Ihqj0Nxq Jxr-/Mx0Mxq [lh-

ϳ╙ⱶᴼ☻♅Ⱬ

ϳ╙ⱶᴼ☻ ♅Ⱬ

[NLO 1] Y. Ikeda, T. Hyodo , and W. Weise,

NPA881(2012)98

[NLO 2] F.-K. Guo, Y. Kamiya , M . Mai,

and U.-G.PhlÞqhu, PLB846(2023)13826
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Identifying flavor -frqwhqw ri wkh wzr srohv ri  ƀ+4738,

ⱶ ▼O ☻♅Ⱬ

ⱶ ▼O ☻ ♅Ⱬ

Ⱶ╬ ᴼ☻♅Ⱬ

Ⱶ╬ ᴼ☻ ♅Ⱬ

2407.13486, Ying-Bo He, Xiao-Hai Liu*, LSG*, Feng-Kun Guo*, Ju-Jun Xie*
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Vxppdu|dqgrxworrn

1. Chiral symmetry strongly constrains the interactions of a heavy 

matter particle with an NG boson -- the Weinberg -Tomozawa 

potentials.

2. Tkh QJ ervrq qdwxuh ri Ƥ/ N/ +dqg ƛ, is responsible for generating 

two nearby poles: one bound and one resonant.

3. The explicit chiral and SU(3) flavor symmetry breaking dictates 

that the two relevant coupled channels are close to each other 

such that the lineshapes of the two states overlap and create the 

impression that there is only one state.
53



Summary and outlook

ÅWe anticipate such two -pole structures in other systems governed

by the same chiral dynamics. We encourage dedicated experimental 

and lattice QCD studies to verify the chiral dynamics underlying such 

phenomena. 

ÅWe stress that, as noted in the literature, flavor symmetry also plays 

an important role, as it dictates the relative coupling strengths 

between different channels.

54



Wkdqnv dorwiru |rxu dwwhqwlrq$
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