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1. Introduction



1. Introduction
What Physics does ...

Disintegration Find fewer constituents and simple laws
Pursue the frontier

Reconstruction Reconstruct the world from constituents
Explain the diversity and complexity

Resonances have composite nature

Matter world is not straightforward
Multi-hierarchies (steps)/ not continuous
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To show the hierarchies of matter

Example: Nambu model (NJL)

Y. Nambu and G. Jona-Lasinio,
PR122, 345, 1961; PR124, 246, 1961

Ly, =qidg + G[(C_]Q')z + (quS%Q)zj ><

SU(2) x SU(2) chiral symmetry

g —exp(iT-ays)q = qq < qiysiq

Two features:
(1) Mass generation
(2) Massless pion

2011 Oct. 16-18 Beihang student forum




Ly, = qidg + G\_[@q )2]+[(c_]i7/5’fq )2]]
e One particle: gap equation for m

X<

m = G{gq)=G|

e

A dk m

0 (21) \/k2+m2

>
G G
Critical strength

Finite m for sufficiently strong G (or A) —> SSB

e Pseudoscalar (y:) and scalar (1) channels:
Massless pion and massive sigma

alm) v Y
qbaf(m)m L OS< M, =0

2011 Oct. 16-18

Beihang student forum



Bosonize the NJL =2 Sigma model

Lyy =Gidq+G| (Gq) +Giysiq) |

—
L, = l((a o)% + (0 ﬁ)Q)—“—Q(a%ﬁ?)—i(a%ﬁ?)?-
72 g 2 4
+ .
0 —
- —

Quark intrinsic/bare/static

In the 0 model

Physical 0 _

A +—C —+—C O—CO— +...

s 00 Composite, molecule/dressed/dynamical



Strong interaction
in comparison with EM force
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Scale

Atoms, molecules

Energy ~ m.,a? ~20eV, size ¥~ a/m, ~A

Hadrons
Energy ~ Agcpas® ~ 300 MeV, size ~ ag/Aqep ~ fm

1010m




Resonances

Atoms, molecules T e
\ 137
10-5 —16 Aw ® |
T ~ ~1077 )y L1078 P
c/137 " - 107 simes
Spectrum \
.
well separated E
Hadrons
I fm A@ VT 1
T ~—— ~1fm =

Spectrum

/\/\/\’“‘/ Only
S Several times

NOT well separated E
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From quarks to hadrons

1

_ S~ pa pauv | —(. anra
Locp = 4FWF +l//(l$ eA“A m)l//
Color: 1965 '
—>d
Vi
6 flavors: 1973

S;J(?:) with gluons 1:::2 Moo heavy e

10000 b
Color confinement, chiral SSB C ¢
N 1000 ’—r‘]\—H—e—aVy

100 ¢ [ g

Mass generation of pn and ol s Light
massless NG pion (force) °
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Creating quarks/hadrons (resonances)

R(s) = o(ete™ — hadrons,s)/o(ete™ — utu—,s).
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Creating quarks/hadrons (resonances)

R(s) = o(ete™ — hadrons,s)/o(ete™ — pTu—,s).
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Resonances are around the threshold of quark creation
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Light quark dynamics

. PDG2012
QYO Antiscreening A
> O O (color) charged gluons..| AL
O 0O 4N
os divergesat Aqep |
==QCD (M) =0.1184 +0.0007

O [GeV]

This generates the mass of ~ 300 MeV for light uds quarks

e Instability of the vacuum with finite <q,"q,> => Dirac mass
e This strong force acts also in 0~ channel for the massless pion

=» Hadrons with (quasi) quarks and pion driven long range force
o0
®
°s
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Hadrons (baryons)

Ground state

C A
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I(nd)

Ground and Excited states (~ 80 states)

2000
S —~
g 1500 %) I 11(2600)
~ T m =1500F
2 Hen2d20) | | =4— D, 5(2200)
5 H1o(2220) m— Ay > B Dyo(2350) 20ssssaseeenrrnnnnnrans
c “F15(2000) Mo2(2359) o 617(2190) " Go7(2100)
® 1000 “F, (1990 — 1000 G19(2250) o7
c P 41720) 17( ) Pos(1890) Fos(2110) “P,4(2080) F;,(1950) (O] "G 5/2200)
ke . - - - e e e, s PP 10D ‘F,(2070) P33(1920)., | | D¢ :
2 Y'P13(1900)  memm— S 'S — = . Ds5(1930)
~ F15(1680) 'P13(1900) “F(2020) ] Ke] $11(2000) —
S Fos(1820) “Fo ~P11(1880) F, (2030) F*1(1910) =] $11053%) D15(1700) Do3(1690) 1530y S11(1750)
g 500 -mmmypnanioy (1600) Poi(1810)P.(1660)  -p. (1840, P00 T L=02 500~ 0y0520) TS S0 1670) B== == pi(Tod0) DY 001520)
i 01 01 " P,3(1840) o (1_GMJ) g .......... 315(1650) .......... S 01(1800) Dy 3(1670)" * eioklakah™ * * “dulablaat * = * = * = el " * =R EEEns
33 ke 1 Dy5(1775) S31(1620) S—1405
0 P11(939) Por(1116) P11(1189) e Ptz | 01(1405)
IR . e e e e en e ran e - o —| | —
= ok
2 2 2 2 4 4
8 2 4 2 4 2 4, 2 2
8s Ovs "85 Bus B "8ys 105 '10g 8us Bus Bus Bus 8ys Bys 1O0ms s
ﬂ)]a,(f),lZGlN 2012 A 3 YI‘AWOHM@peVIENonanceN A 3 A A 1 7A

L=3



Hadrons are composite

Many resonant states

Particle data book (PDG)
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Excited states

Quark model

Bare (current) quarks = Potential (confinement ~ HO) model

V Oor meson Single partlcle qqP?r creation

These couple to decay channel(s) = Feschbach resonance

5 9 ®7
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Possible hadrons (Kamano)

Meson 4 R
How we determine
q 9 the difference
O o \_ i 4

|
|
|
Multiquarks _ |
Hadronic molecule |

aC o0 4 i a
— q @) a1 O !
1O Qg o7 i |
|
|
|
Hybrid i
Glueball |
g A |
o./g\,3 —%o |
|
|

Baryons

q q
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6 —  Multiquarks

Hadronic molecules
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Scattering experiments

Meson and photon induced reactions
Create hadron resonances and measure their decays



Scattering experiments

Meson and photon induced reactions
Create hadron resonances and measure their decays

A(1232) in tN scattering, first example of hadron resonance
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Heavy quark mesons from Belle KEK
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2. T-matrices and poles

Schrodinger eq. Lippmann-Schwinger eq.
(Ho+ V)¢ = EY & T(E)=V +VGo(E)T(E)
1
GolB) = 5y +ie
Solution
i = @; + : Vb, 1T = ! V
Vi it B o e ¥ ~1-Va,
— V4VGV +VGVGV + - --
¢f ~ S —‘—'—’\ + _‘_‘_‘_0”. - +
v VGV VGVGV
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Eigenvalue equation and pole(s) of the T-matrix

(HO + V) = E ﬁ '/"i
My, —p

det(E — Ho — V) = det(1 — VGo(E)) det(E — Ho) = 0

det(1 — Go(E)V) =0 r__
1 —VGy

Determines pole(s) of the T-matrix

Separable interaction and G-function
(@V'[p) = vg(9)9(P)
1
Go(E) =
Zﬁ: E — /@ +m% — /@ + m3 + ie
~ . d4q 2M7‘ |
l
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Bound states

A
P / /
G(E) = —imd (E—+\/@2+m?2 — /@2 + 'mz>
(E) zq; (E— \/(jg—l-mgl— \/(jﬁ—l—mg ( ! ' ! ?
Real part Imaginary
ReG(E) | only when E>m, + m,
"”1 +my _ ImG (E) ‘
E KE‘
Separable, constant interaction . _ )
<my +m,
my +m,—E,
1-VG(E)=0 | o’ -
1 y=ReG(E) | i E
= |G(E)=— 1 ' Z
V = vV
Solution
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Resonance

Complex E-plane 4 Complex K-plane 4

.....
- .-

BEE T
- -~
____

bound state ¢

-------
- e

bound state
e L. :: —
RSN S -~ Resonance in the ‘

) T " Resonance
2"d Riemann sheet

~~~~~
-----------

1 |
let G(k) = —a—ifk Then v +a+10k=0

e For constant V, there is no resonance solution
e For energy dep V =—cE, cubic eq in k allows complex solutions

k2
l—c—(a+118k)=0
l
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Im F MeV

Pole flow as function of ¢, V = -CE, made by H. Nagahiro
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Im(k) MeV

Pole flow as function of ¢, V = -CE, made by H. Nagahiro
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Hadron Talks

Hiroyuki Kamano
How parameters of light—flavor baryon resonances are

extracted from experimental data

Tetsuo Hyodo
Compositeness of hadrons in field theoretical approach

Kanabu Nawa
Complex 2D Matrix Model and Internal Structure of Resonances

Takayasu Sekihara
Internal structure of the resonant Lambda(1405) state

In chiral dynamics

Key words: Dynamically generated ~ hadronic molecules
and Quark (gluon) originated ~ static (excited but no decay)



Kamano: Hadrons as resonances

Intrinsic (Static) hadron  Actual hadrons = Resonance

Spectrum (Mass) Real Energy “pole”’mass (Complex)
Physical
resonance - . .
- — — T 4 o |
T = T, A " + )
Y
E—My—-2(E _
0 ) |ntﬁnsiéwo Coupling to reaction channels (Reaction dynamics)
(static ~ bare) E = Myge
N . E-mY. —%(E)=0
/: I :\ MO — MPOIC
g A Complex

Many resonances with many open channels € Shumamura

And compare with data to extract Mpo|e



Dynamical origin of P11 resonances

Pole trajectory

i

Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL104 042302 (2010)

of N* propagator 1 1
5 - 5 _ xyp:0—1
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0 S
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Hyodo: Compositeness

Question: S. Weinberg, Phys. Rev. 137, B672 (1965)
How often does the deuteron merge into a six-quark bag?

|deuteron) = OT ¢ NN model space
~ elementary particle
< >
Z=0 Z=1

as = +5.41 [fm], 7. =+1.75[fm], R = (2uB)~'/? = 4.31 [fm]

= 7502 --> deuteron is almost composite!

Apply this idea to the chiral theory
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Chiral theory

Chiral symmetry is spontaneously broken
=» Broken symmetry is dynamic (not algebraic)
=>» Low energy theorems

gA 1
—Ag@lugba, D) chfabC(auqba)be
™ f7r
. \
\\ /I Yo \\ l/
A

These are determined by a few parameters

=>» Energy dependent force of NB and matter = V=~ cE
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Sekihara
Physical observables of A(1405)

Strong candidate of baryon resonance with molecular structure

The lightest p-wave baryon, though it contains s-quark
m.>m,"~ m,

p-wave excitation
in a quark model

N*(1535)
A(1405)
d-wave T
® p-wave 600 MeV >> 300 MeV
S-wave l ‘l’
A(1116)

N(940)

Dec. 11-13, 2012 YITP workshop - Resonances 38



KN molecule for A(1405)

\/ Kbar(subar)
\ ;/ VS
@p(uud)
(uds) | _ave VS (uud)-(subar)

Dec. 11-13, 2012

Kbar-N form a bound state,
which couples to 2 as an open channel

->
Feshbach resonance
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Properties of A(1405) as a KPa"-N molecule

For example: EM form factors

F(q)
B
q Slope determines
Resonances the size <r?>
e’
90(\6(\ F(q) >

Real = Complex quantity
Resonance wave functions



Nawa: Two level problem

| Intrinsic and/or composite
Physical

O = — A+ +

This coupling determines the strength of the two components

- Hamilton Matrix

- L
H(l):£<¢1\%<ﬂ>\¢l> <¢1\ﬂ<ﬂ>|¢2>j: 5 (1@
(B |7 (D)4 {d|HD)|e,)) (D)) &,(A)

E A
wi(4)) &) (A) C!laract?r ?Qﬁnge
\\ / with variation oig

-
-
-
-
-
-
~
~ g
~ -
~ -
N~ ’¢
~ -
~

,,,,,,,,,,, “Nature Transition”

/ \ classification of quantum states
() S ad)

with variation of 1 € R.




Summary

Hadrons

e Hadrons are composite objects of quarks and gluons
e Due to Non-perturbative QCD, structure is non-trivial
e Quark intrinsic or Hadronic composite (dynamical)

e Appear in scattering phenomena = T-matrix poles

— Extraction of T-matrices from exp. (Kamano)

— Compositeness of hadronic molecules (Hyodo)

— Geometric aspects of poles of two level model (Nawa)
— Lambda(1405) and complex matrix elements (Sekihara)



Summary

 We have seen Yukawa, Nambu, Skyrme, where
various aspects of the pion were emphasized.

* Pion plays not only light flavor sectors but also
heavy quark sector, as long as our world breaks
chiral symmetry spontaneously

* Other application of chiral symmetry
vector mesons => Talk by Kaneko

Dec. 11-13, 2012 YITP workshop - Resonances

43



