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Quantum ChromoDynamics

r

Locp = Z l/_/f(iD—mf)‘//f T ZFuzv
f

Not easy to solve

Millennium Problems of Clay math inst.

In order to celebrate mathematics in the new millennium, The Clay Mathematics
Institute of Cambridge, Massachusetts (CMI) has named seven Prize Problems. .
... The Board of Directors of CMI designated a $7 million prize fund for the
solution to these problems, with $1 million allocated to each. ....

Mass generation, Color confinement and
Spontaneous breakdown of chiral symmetry
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Strong interaction

Atoms ) ~500,000 eV Ey / Mass ~1/100000
Ep~1eV Perturbation works well
Nuclei my ~ 1,000 MeV Eiy / Mass ~1/100
o~
/,//,; Egy ~ 10 MeV Perturbation 1s NOT perfect
Hadrons E. ./ Mass ~ 30
. m, ~ 10 MeV
.
.-t E. . ~ 300 MeV .
Y Mass generation
(Light flavors)
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Bl A— O BRICXKS/NFOVUSH

SU(6)7 #— 7128 (+chiral meson) DEKIN~IR R

RREEDDE. BE. B - & - HES (F/DLY)
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Excitation energy (MeV)

Bl A— O BRICXKS/NFOVUSH

SU(6)7 #— 7128 (+chiral meson) DEKIN~IR R

IWRED N 4E. BE=. B - & - 59555 (F/DLb)

Takayama-Toki-Hosaka, PTP101 (1999) 1271-1283.
ek e uds baryons
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Magnetic moments of octet baryons

SU(3) SU(3) fit OM SU(6) Exp

D F+ % 256 279  2.793+0.000

n —§_D ~1.60 —1.86  —1.913+0.000

o F+ 133 2.56 279  2.458%0.010

5 ? 080 093  _

s~ —F+ 32 -0.97 -093 —1.160%0.025

A = 133 ~0.80 —0.93 —0.613+0.004
0 D

A = 1.38  1.61 +1.61+0.08

> —A 7z +

=" -;D  -160  -186  —1250£0014
- ;D — — — +

NovE —FT 0.97 0.93 0.651£0.003 .



gnEx / NN

grAx / (NN

[ attice calculation for mBB

Erkol-Takahashi-Oka,

Phys.Rev.D79:074509,2009.
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D/(F+D)=0.616 ~ 0.6
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Mass m = 15to 3.3 MeV Mass m=351to06.0 MeV Massm= lﬂﬁtgg MeV

m,/mg = 0.35 to 0.60 mg/mg = 17 to 22

C t
m=171.3 £ 1.1 = 1.2 GeV

m = 127129 Gev

b
_ +0.17
m = 420" 557 GeV

Strong interactionhME D I BE~HEMeV
=>BWI A —J TIEREW
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Heavy quark hadrons

Jonathan L. Rosner, e-Print: hep-ph/0606166,
AIP Cont. Proc. 870: 63-83, 2006

2.8 — =7(1530) 0" —
S 5 —
"~ 200 MeV g =(1320) E‘p i
B __~70 MeV _ -
24— (1190 2 e —
B - A, B i
2.2 — Baryon —

Splitting ~ 1/m M,
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2.2

2.0

1.8

Meson

o(770) K*(890)
< 640 MeV ~ 400 MeV
i
D* K(495)
n(140) ~ 150 MeV D
D - 7

Splitting S =0, 1
Baryon: LF(200) : HF(70)
Meson: LF(400) : HF(150)
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Exotic hadron resonances
O+, A(1405), ..., X(3872), Z+(4430), etc

Pentaquarks Hadronic molecule Tetraquarks

Quantum nembers Not easy to explain by
Matrix elements :> the conventional picture

Key question:
What multiquark configurations are possible?
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Exotic hadron resonances
O+, A(1405), ..., X(3872), Z+(4430), etc

Pentaquarks Hadronic molecule Tetraquarks

Quantum nembers Not easy to explain by
Matrix elements :> the conventional picture

Key question:
What multiquark configurations are possible?

Triquark Diquark Meson-baryon
— —~— _/ molecule
Colored correlation Colorless correlation
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Tri k, di k .
requark, QQUArS 1 attice study?

%——b Not easy

to separate

M Difficulties from

. color dependence

B

Hadronic Molecule (vs: s.p. excitation)

Model study?

@-—é} Easy to fall apart

Chracteristic
near threshold
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Example in Nuclear Physics

E [MeV]

N 12C 0,* Hoyle state '
e DE®
Exotic
vy

correlation
Ground state

Single particle like
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Charmonium

i ¥(48) or hybrid
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Hadronic Molecule

Hocg \

e Relatively large, 1 fm or larger

e Small momentum transfer

Basic input: Hadron-Hadron interaction
=> Hadron dynamics

@ V(H, h) e)

cf: NN force

Yukawa (1934)
Bonn (1984)

ANAZINTAFI VTR, 1 8FQCD
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X(3872) =1+ DD*HF?

A=—J (B

Small phase space

D*D(3830) Ty ©(3879)

X(3872.3)

D°D™(3871.8)  Jhy p(3871.6)

Large phase space
A4 AE>? [=0, orisospin breaking

Br(X(3872) = x"n a’J 1)
Br(X(3872) = xt*mJ I)

10+x04+0.3
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Gammerman et al, ArXiv:0911.4407
Dynamically generated model ~ hadronic molecule

SO0 OK
SU(4) extension of
Chiral interaction

T(s)=V+VGH$s)Ts) a-parameter

This needs renormalization => Genuine state

Takizawa et al

ccbar + DD* coupled channel

Coreof /=0  Source of isospin violation
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Dynamically generated Resonances

Hadron-Hadron scatterings — Molecular state

Hyodo, Jido, Hosaka
Phys.Rev.C78:025203,2008. e-Print: arXiv:0803.2550 [nucl-th]

=EIRRE &
774 Z)VHAEFHZE&ER(C U cElELFRE

IBEEMICHESL U /o
J\ROVIBEER m— N 22

J\ROYERIREDERZHE S
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Example: Large-Nc

e F ~O(1

Rk 990 m~ O
qgbar @

FNEEIRRE EAMEE D

2F IR 1 BENEKRT D
qgbar O(N,")

B RIS A=
>TO<P< + >
I*)l/:\:_ =] N \ v/'\ + AN
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Determination of the T-matrix

Dispersion theory, N/D method
Solving the LS equation

T(s)=V +VGH$TWs)

Required conditions:

1. Renormalization of G => g-parameter

2. Natural @ J for molecular state

natura

3. Deviation of @ from a ; 1s absorbed 1n V

natura

Consider KN (A(1405)) system

Nov 27-28, 2009 AN = Ve oY i 35



Input V: WT interaction
L = tr(BiDB)

D,B= auB+B<augT§+aﬂggT ). B} S =exp(ip/2)

fr = é“‘% “109,9 - 9,99, B] ~ f‘;;ﬁM BB¢¢
Piont like
ETZ+% s+ , n_z+% - o
B=| 3 \Z/;Jr% n o=| 1 _%Jr% 0
- = _%A K K —%n
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Loop function

2M 1
G(s) NZJ 2 .. 2 2.
(27T) (P- ) —-M~ +ieq”—m” +1€

G 1s divergent for the contact interaction Vi,

2Mr LfT — M%?+s . m?
G(v/s) = (i )Q {a(p!} +1In 2 + = 95 In 2
«fﬂn s — (M7 —m®) +2v/57) — In(—s + (M2 — m?) + 2v/59)
Fin(s+ (MR —m?) +259)  —In(—s — (M} —m?) +2V50)]

a-parameter, subtraction constant is:
Arbitrary
Suitably chosen fo reproduce data =>a,,,,

Nov zr-25, 2zuuy H/\NNU TV TT ) 37



Determination of natural a

natural
T. Hyodo, D. Jido, A. Hosaka,
(1) Natural G Phys.Rev.C78:025203,2008;
arXiv:0803.2550 [nucl-th]
q Bound Scattering
> region region
\/; v < /'F' s
P—-gq — >
M M-~in Vs
d*q oM 1 1
G(s)~i ~
'[(27T)4 (P—q)* —M?>+ie g —m* +ie %’x/E—En
4 )
For M < \E <M-+m
G(/s)<0  Natural G
Nov 27-28,2009  \_ )
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(2) Boundary condition (matching)

T(s=M)=Vy;

G(s=u)=0 G(\@<o

10 \ [

N
| | | | | ]
\Sm =M s12 = M+m
5+

O Tl —
>
= Sk ; -
E : s-channel
10 : scattering region
: -
15
12 (7
220 L | | H P | |

400 600 800 . 1000 1200 1400
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When apheno 7 anatural

How to interpret the difference

2M T Mz m?—-—M:+s_  m?
G , _ T T
(s.a) (dm)? {a(0) +n 2T 2 "z
2M
G(\/E, apheno) = G(\/E, Anatural) + (4—)2 (apheno ~ Anatural )
T
= G(\/;’ Anatural )+ AA
1 1
T(\/E) pheno =

VWT_1 - G(\/;’ apheno) VWT_1 +AA - G(\/;’ anatural)
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Modify the interaction

—1 —1
Vnatuml = VWT +AA
= AaDFNER
2
Voturat (V5) = ————— = Vi +— [fs-¥)
natural VWT_l L AA WT 2f2 \/__Meﬁf
1672 f2
M.g =M+ — .
Ler Ir C'MrAa

e The deviation from the natural value (different a) 1s
absorbed into the interaction as a pole term
(1) of mass M, and (2) of higher order

* If Aa 1s small (close to natural), M . —> large
Aa 1s large (different from natural), M ~ M
Nov 27-28, 2009 VAN = D b o
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Coupled channel S=-1,1=0

Realistic case

1 | 1 | |
— |
RN |
| 1
N ' min{M;} | min{M+m}
|
o I :
g l .
(- [ [
S I I
S M |
I I
| |
| |
2= I: l
| |
L | L | |
300 1000 1200 1400 1600 1800
mass [MeV]
8i8j
Vnatural(\/g) ~ \/—
— Zeff
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‘e
L2
.
L2
L2
.
L2
L2
‘e
o

Vnatural (\/E)
1

B VWT_1+AA

1S a matrix equation.

Pole in 4 s are complex.

h q “““ ]
\J \/
gl g]
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Subtraction constants

TABLE I: Natural values and phenomenological values [43]
for the subtraction constants with the regularization scale p =

M;.
S=-1 KN T nA K=
A(1405)  @pheno.i —1.042 —0.7228 —1.107 —1.194
Gnatural.i —1.150 —0.6995 —1.212 —1.138
S=0 TN niN KA KX
(pheno,i 1.509 —0.2920 1.454 —2.813
N'(1535) Gnatural.i —0.3976 —1.239 —1.143 —1.138

For S =-1 (~A(1405)), a,peno and @,y are similar but
For S =0 (~N(1535)), they are very much different
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Poles

0 | | ! I |
20 o
_ 2ok N ] 3}:3 : N(1535) |
:E, z,” - A(1405) EIA
S 40+ |
~
E 60| * )
AF: 7Y A(1405)
80+ |
| |

l 1 l
1350 1400 1450 1500 1550 1600 1650
Re z [MeV]
A Dynamically generated (= Vy, + Natural G)

+ Phenomenological
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Natural schemed& @) &%
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