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Quantum Chromodynamics

Instanton vacuum

QCD vacuum
chiral symmetry &
its spontaneous br.

Effective Chiral Action

Chiral Quark-(Soliton)
Model

Structure of hadrons

Confronting with experiments
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Experiments & Theories

« Elastic scattering === Form factors

« DI scattering == Parton distributions
« DVCS & HEMP === GPDs

 Hadronic reactions===  Coupling constants

 Weak decays = Weak coupling
consts. —

* New spectroscopy Quantum Nr.&
masses

Accelerators: Spring-8, JLAB, MAMI, ELSA,
GSI (FAIR: PANDA), COSY, J-PARC, LHC......

HIM, Feb. 23, 2009



From QCD to An effective theory

QCD Lagrangian

1 ~ L ~ UL N . g ;
EQC‘-D — _rjg Tiu A + Z Q,Uf(z;z’) + /4 — -m,f)/z;;f, f=u,d, s---
7

flavor (T S
my [MeV] [ 5 10 180

50-100 MeV from ChPT

Running coupling constant == Non-perturbative in low-energy regime
47 1

3 Q2 | B B2 Q2

- 111F+%111 1+EIHF

(@) =

By =11—(2/3)N;, 3y =102 — (38/3)N;
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From QCD to An effective theory

Light quark systems: QCD in the Chiral limit, i.e. Quark masses 2> 0

1 a auyv —
Loco = 4ngqu T +y(lyto,+ Ay

% Global Symmetries:
SU(2): = ( ”]

Wy

(v,
SUR): v =]y,
U”SJ
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From QCD to An effective theory

Light quark systems: QCD in the Chiral limit, i.e. Quark masses 2> 0

1 a auyv —
I_QCD — 492 GyVG g +W(I7/ﬂaﬂ T A)W

Global Symmetries:

Requires all current
quark masses to be
equal in order to be

exactly fulfilled

Requires all current
quark masses to be
zero in order to be

exactly fulfilled

HIM, Feb. 23, 2009



From QCD to An effective theory

General wisdom about QCD

Vector: v >y ' = exp(+%a’*r’*)w

vy =z/7exp<—%a’*r’*>

-Irred. Representations
- Octet

-Decuplet

- Antidecuplet...

LQCD(Wf’A)_) L (v, %)

HIM, Feb. 23, 2009

Axial Vector: v —>y'= exp(+%aA7Ay5)w

- - - i
voy'= '//eXp(+§aATA75)

- Chiral symmetry

-No multiplets

-Spontaneous breakdown of chiral symmetry
-dynamically generated quark mass m—>M
-dynamical mass M~(350-400) MeV
-Massless Goldstone Bosons (pions)

- Chiral quark condensate



From QCD to An effective theory

Chiral symmetry and its spontaneous breaking

Banks-Casher theorem  —> Zero-mode spectrum v(0)

det(iV-+im) = exp E /_ Z dAv(A) In(A? + m2)]

m—0

_ 1 [ m
= ——= [ A
=g [ g
I ignm(0)
= —psigni(

This zero mode can be realized
from the instanton vacuum
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Simplest effective chiral Lagrangian

Vector: v —>y'=Vy V= exp(+laA7A)

vy =y V! L= L. Leﬁ — @Z(iyﬂaﬂ -M )l//

y =y =y A vy > y'y' =y ARy =y
Vector: v - y'=Vy U— U=VUV* _
= o = — (i
y—>y'=y V7 L= Lo Ly = w(ly ay — MU)y

Axial wv-oy'=Ay U->U'= AUAY

Chiral Quark Model (ChQM):

Ly =p/(iy"0, - MUy () = exp(-7*7*(x)

T

Any model that has SCSB must have this kind of a form!!!

HIM, Feb. 23, 2009



Eff. Chiral Action from the instanton vacuum

Derivation of ChQM from QCD via Extended by
Instantons by Diakonov and Petrov v M.Musakhanov,HChK, M.Siddikov

LMlnk (|6 MU)W I—Euk T(I6+IMU)W
non-local M (from instantons):
Z= j DU j Dy/TDgyexp{I d*X[y " (X)iow(X) +

i (d li (d s gty () MU 0 M (k)

2rr) 27[)

Model-dependent,
gauge-dependent

Dynamical quark mass
(Constituent quark mass)
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Eff. Chiral Action from the instanton vacuum

Effective QCD action via instanton

Instanton induced partition function (instanton ensemble)
Z= /wa exp / B S b i Ny N
; i VY VAL

t'Hooft 2Nf-interaction

Vi, = [dod(y /dUH{ [ {mot o)) s [2roras0)]

o 17 it
(2 0(ky + o+ ey, — b — o — Iy, Ui}fUﬁ‘;fe 1€ [V pagi, (kf) fﬁf”(zf)]} .

d(p): instanton distribution, U: Color orientation, x: coordinate

HIM, Feb. 23, 2009



Eff. Chiral Action from the instanton vacuum

Momentum-dependent quark mass
M(k) induced via quark-instaton

Fourier transform of the zero mode solution — F(k) Diakonov & Petrov

Flkp) = 2t | I(O) K1 (t) — L (£) Ko(t) — %Il(t)Kl(t)

k
t==£
0.4 T T
0.3
02
.\}E
= 0.1
0.0 Lattice data from
P.O. Bowman et al., Nucl. Phys. Proc. Suppl.
01 | l l 128, 23 (2004)

0 1 2 3 4
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From lattice QCD: After cooling

Chu et al., PRL 70, 225 (1993)

Instantons
(d)

-0.001

Anti-instantons
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Low-energy effective QCD partition function

Efffective Low-energy Partition function from the instanton
vacuum

d*edl
(27)®

Z = f DrA / Dyt Dipexp f d‘lx{gb}(x)i@wf () +i f !t [ () M (1)

[vhat (U052 + U =22 Y wee ]}
Ul(z) = (exp 'éﬂA(m))\A))f.

g

This partition function is our starting point!

There is basically no free parameter:
A QCD=280 MeV

5o~ 048/A ST 035 fn,
1

— J'_I-II'\T _Z
R = (L—) ~ 1.35/Ays ~ 0.95fm  p/R=1/3

HIM, Feb. 23, 2009



Effective chiral action

Effective Chiral Lagrangian and LECs
Seg = —NTrIn(iP + i1/ M (i0)U /M (i0))

Derivative expansions

\\\ //
. /7
Weinberg term Gasser-Leutwyler terms

HIM, Feb. 23, 2009 H.A. Choi and HChK, PRD 69, 054004 (2004)



Effective chiral action

Weinberg Lagrangian

O(p?)

ReS ) [r] — ReS'2[0] = / d L

@ _ F2 / pugyt Fy /2t i
s :T<DUDHU> —|—I<XU—|—XU>

1 / 1 /
— 4N, M? — kMM + ZK*M 2}
/ (2m)* (k2 + MQ)Q { 2 T3

HIM, Feb. 23, 2009 H.A. Choi and HChK, PRD 69, 054004 (2004)



Effective chiral action

Gasser-Leutwyler Lagrangian

O(p*)

£(4) — Ll <L[JJL;L>2 + LQ (L/LLLL’>2 + L‘?) (LPLL,LLLVLV>

o [, =2L; (large N, limit : Gasser &Leutwyler )
e 2[5+ L3 0 (with constant M, 2L, + L3 = 0)

2

2L L a
A= 22t hs A:—S—Q—I—O(’mi)
Lo a,g
M, < 665[1 + 0.44A + 0.33&2 —+ O(AS)]M(—)V M.Polyakov and Vereshagin,

Hep-ph/0104287

HIM, Feb. 23, 2009 H.A. Choi and HChK, PRD 69, 054004 (2004)



Effective chiral action

Gasser-Leutwyler Lagrangian

Mp(MeV)  A(MeV)  Ly(x1073)  Lo(x1073)  Lg(x10 )
local xQM 350 1905.5 0.79 1.58 —3.17
DP 350 611.7 0.82 1.63 —3.09
Dipole 350 611.2 0.82 1.63 —2.97
Gaussian 350 627.4 0.81 1.62 —2.88

GL 0.94 0.3 1.7+ 0.7 —4.4+£25

Bijnens 0.6 = 0.2 1.2+0.4 —3.6 £1.3
Arriola 0.96 1.95 —5.21
VMD 1.1 2.2 —5.5
Holdom(1) 0.97 1.95 —4.20
Holdom(2) 0.90 1.80 —3.90
Bolokhov et al. 0.63 1.25 2.50
Alfaro et al. 0.45 0.9 —1.8

HIM, Feb. 23, 2009 H.A. Choi and HChK, PRD 69, 054004 (2004)



Effective chiral action

Gasser-Leutwyler Lagrangian

Ratio A and the upper limit of Mo\ _ (2Ly+ Ls)/Ls

9Lo + L3(x107 %) A < Mg (MeV)

local xQM 0 0 665
DP 1.67 —0.103 637.2
Dipole 0.29 —0.178 619.9
Gaussian 0.387 —0.243 606.9
Arriola —1.31 0.672 960.7
VMD —1.1 0.5 866.2
Holdom(1) —0.3 0.154 715.3
Holdom(2) —0.3 0.167 720.
Bolokhov et al. 0 0 665
Alfaro et al. 0 0 665

HIM, Feb. 23, 2009 H.A. Choi and HChK, PRD 69, 054004 (2004)



Effective chiral action

» We also derived the effective weak
chiral Lagrangians ( AS=0,1,2)

M. Franz, HChK, K. Goeke, Nucl. Phys. B 562, 213 (1999)
M. Franz, HChK, K. Goeke, Nucl. Phys. A 699, 541 (2002)
H.J. Lee, C.H. Hyun, C.H. Lee, HChK, EPJCA45, 451(2006)

HIM, Feb. 23, 2009



QCD vacuum properties

Quark condensates

Order parameter for spontaneous chiral symmetry breaking (iq*q)

(G0 lélnzZ N f f+ilmy + Mp(k)|  F+imy
s =y omy ! 2m)4 k2 4 [my + My(k)]?2 k2 +m3

- 4.%'*/ Tk my + Me(k) — my
Ne | 1 .

27 )4 | k2 + [my + Mg(k)]? K24+ m3
_ 1 [°° - m
(Yip) = — F _Ood)\f/()‘)ﬁ L
= —Vsignm?(())

HIM, Feb. 23, 2009 S.i.Nam and HChK, Phys.Lett. B 647, 145 (2007)



QCD vacuum properties

Cluon condensate

Nonzero due to nonperturbative vacuum fluctuation
(G,G") s = 320°N/V  N/V = 200* MeV*

Saddle-point (self-consistent) equation

L A [P /L T —
S\ A (2m)t Tk + vmy + 'LMf(k)
N v V/ ﬁtr iMe(k)[—k —imyp — M (k)]
S @emr T B2 [my - My(k])?
N _ v / d'k Mg(k)[mys + My(k)]
v U (@2m)t B [my + Mg (k)P

From this constraint, M{(0)=M,=350 MeV in the chiral limit

HIM, Feb. 23, 2009 S.i.Nam and HChK, Phys.Lett. B 647, 145 (2007)



QCD vacuum properties

Numerical results

Quark condensate

200

130

16035010 0 200

With f(my)|without f(my)
(au)| —2533 —2543
(ss)| —1913 —2353

HIM, Feb. 23, 2009

Gluon condensate

260

éggﬁ— ’/,/ Without f(imy)

ool /

fan) e

=

< With f(my)

3

185t

32

S
Wy——=%0 10 10 200

With f(m)|without f(my)

(G G'),, /3272 200 2021
(G GM) /3272 1994 243%

S.i.Nam and HChK, Phys.Lett. B 647, 145 (2007)



QCD vacuum properties

Quark-gluon mixed condensate
Another order parameter: (pa™ G 0) = m2 ()
Related to (k,) of the pseudoscalar meson wf.

Color-flavor matrix convoluted with single instanton (singular gauge)

¢ (2 U) [/\%ubUT] G, (z' — 1)

8,02 [(
22 + p?)?

x,T T,T,
T ) — S,

Fi,u,v(;r) — (

Gluon field strength in terms of quark and instanton

- *\CJ[ T} I 77 T
Gl = 1 /d4 de G (2! Uy (x, U)

Quark-gluon Yukawa vertex — instanton-quark

HIM, Feb. 23, 2009 S.i.Nam and HChK, Phys.Lett. B 647, 145 (2007)



QCD vacuum properties

Quark-gluon mixed condensate

— 9 ‘\Tch / d4k1 d k2 \/J[f( ) 1If(kQ)C;(kl" kQ)i?\r(kla kQ)

(@0 G""q) 5 5 >
2m)t ) 2m) (k2 + [my 4+ My (k)|2][k2 + [my + My(ko))?]
Ko(t) [4Ko(t) /2 8 8
o _2 0 0
1

J_N"T(klj fig) —

2

m$ 0.08385 87
M(k) = MoF7(k)|4/1+ d; - — T

~ (0.198 GeV.

HIM, Feb. 23, 2009 S.i.Nam and HChK, Phys.Lett. B 647, 145 (2007)



QCD vacuum properties

Numerical results

Mixed condensate Ratio of condensates
500 -— 2.2 —
2 _ _
my = (G0 G"q) /(79)
AQORS T Without f(my) ) s
%' ___________ 2 0k ‘Without f(mf,),//
2 460
s
& 440
2
420 With f(m;)
W50 10 10 200 M5 10 0 20
my [MeV] my [MeV]
With f(my)|without f(my) <,EEO.,UJUG U> o ﬂ12</l;l/'>
(0G| —431° 4345 | p s 075
(50, GM's)|  —418° —483°

HIM, Feb. 28, 2009 S.i.Nam and HChK, Phys.Lett. B 647, 145 (2007)



QCD vacuum properties

Quark condensate with meson-loop corrections

o 16)Feff B 1TI‘< 1 i ) 1 (i4q

, _ _ 1 Ve VL
Y= 5 am 2 p+ipn(p) p+im * 2/ (2n)? (0li(e)

~Gq)., GeV?

0.02 T~

Tl With meson-loop
i corrections
= Sp/S(r)
0.01 S~ p[5(p)]
q
o L
S e - G,
_______ A,
————————————— Gy
4'5] q >LO+."\/LO
-0.0 l l |
J 0.0735 0.05 0.073 0. m GeV

HIM, Feb. 23, 2009 HChK, M.Musakhanov, M.Siddikov, PLB 633, 701 (2006)



QCD vacuum properties

Magnetic susceptibility of QCD vacuum

Magnetic response of the QCD vacuum to the external EM field

Related to the normalization of photon light-cone W.F.

50_ I I I I I I I I I I I I I I I I I I I |

40}
30k

20}

Xr(ib i s)o [MeV]

10}

O T TR0 T T T 00 150 500
mys [MeV]

HIM, Feb. 23, 2009 HChK, M.Musakhanov, M.Siddikov, PLB 608, 95 (2005)



QCD vacuum properties

Magnetic susceptibility of QCD vacuum

with meson-loop corrections

0. ()5
—— — ylw U)LU
< O 01
= Imost Imearly decreased

STmes with meson-loop corrections
eff

6T ,,(z)

(MG) Z[d4xd4xl_[ (x—y)

XTY[(F(P)P%M(P))}, M(mﬂp)) (F(P)mﬂp))wn}

_0.0gl . ! . | , | , I
0.0 0.1 0.2 0.3 0.4

m?2 [GeV?]

T=0

HIM, Feb. 23, 2009 Goeke, Siddikov, Musakhanov, HChK, PRD, 76, 116007 (2007)



Mesonic properties

Meson electromagnetic form factors

Important physical quantity for understanding meson structure

(i + puFa(a?) =i [ d'a e (M| () M)
EM current for the pseudoscalar meson
M) = 37 e qp(a)ug(x)

flavor

Charge radius for the pseudoscalar meson

o @FM(QQ)]
(r*)em = —6 [ S

HIM, Feb. 23, 2009 SiNam and HChK, PRD 77, 094014 (2008)



Mesonic properties

Meson electromagnetic form factors

Numerical results for =+, K+ and K°

1.25 . T T T : . T T T T T 1.25
1.00 1.00r
0.75 0.751
E:Qi 0.50 N i“@ 0.50
* Local(a i = L J
~ 0os = 05 L Total
25F 1 25+ ocal 1
L Nonlocal(c) C
0.00 0.00 Nonlocal(b)
. _\\‘“*—-— ] T Nonlocal(¢)
Nonlocal(b)
70‘2%,0 0.2 0.4 0.6 0.8 1.0 70‘26‘0 0.2 0.4 0.6 0.8 1.0
Q2 [GeV] Q? [CeV]
1.25 T T T T . : T T : : . 0.5
1.00 o4l
L -
0.75 i z
— & 0.3F |
“‘Q, <& | K+
= 0.50 E F
< ] o 0.2
= ' o 2
0.25 ] 2T ) K
I T O E—— ¥
0.1r
0.00 1
Nonlocal(b)
003 04 06 08 1.0 000902 04 06 = 08 = 10
Q2 [GeV?] Q2 [GeV?]

HIM, Feb. 23, 2009 SiNam and HChK, PRD 77, 094014 (2008)



Pion EM form factor

Sudakov FF

Soft part: pion WF

HIM, Feb. 23, 2009
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Mesonic properties

How the quark and antiquark
carry the momentum fraction
of the mesons in |qg>

Leading-twist meson DAs

bolu) = e [ G B gy s ex [ig [ a4 ()] (=)ol P)

o 2T

HIM, Feb. 23, 2009



Mesonic properties

Leading-twist meson DAs

1 dz
| _ i(2u—1)z-P /| = R ’“A ,} B (P
Bolu) = s [ gee” Ola )i e g [ dAu() | an(=2)lo(P)

Two-particle twist-three meson DAs

2(P-n)(ms+my) [ dr _,
Pty = 2L 2 a) [ 0T ity 015 iy (—ri) M),
: ma, L v
,_ 6v2(mys +my) [ dr i(20—1)7
.-'g ) = — f v— ) P-i
i =GB [
< 01 (r)i(P — P Ayt~ ) M(P)),

HIM, Feb. 23, 2009



Mesonic properties

MIAT NMIAZ
20— — T — — 20— — —— —
1.5F 1 1.5 ]
fg 1.0F 3{ 1.0r 1 .
& |2 ] Pion DA
= I ,'::ff n=1 \\:‘\ : 3 q
0.5 I ‘;}” ________ n=29 \‘\\ 1 0.5 |
[/ --n=3 4 ] -/ ]
i — - —Asyvmptotic i # — — —Asymptotic Ay
F -?j’ \:v‘ B r 4! \P 1
‘.f;'f I s &
S R R » Al I P B | L
Y00 0.25 0.50 075 roo 8o 0.25 0.50 0.75 1.00
u u
MIAT MIAZ
20— — T — — 20— — —— —
L5f AL
[ - /;X'I" - ~
+ P
s
o
s
= o) p Kaon DA
HH i Yy
L y ,-?”
L / ’,’/
I 74
05k o n=1
LSy e n =
L/ ----n=3
S — — —Asvmptotic
4’;.‘ T R T S R .
R 0.95 0.50 .
u u

HIM, Feb. 23, 2009 SiNam, HChK, A.Hosaka, M.Musakhanov,
Phys.Rev.D74,014019 (2006)



Mesonic properties

2ﬂ T T T T T T T T T T T T T T T T T T T
[ i - Il:Tﬂmllncal ]
Pion - ]
i - — —Asymptotic .
1.5F LT T ] .
- r: A . s T T TS "H,,t_: 7 ) :

05+

Of60 — 025 080 095 100

HIM, Feb. 23, 2009 SiNam and H.-Ch.Kim, Phys.Rev.D74, 076005 (2006)



Mesonic properties

Schmedding and Yakovlev scale: at 2.4 GeV

b CLEO Experiment: PRD 57, 33 (1998)

1-loop QCD evolution equation

©) S
A ) Ym’ /(280) ln[Ag/A CD] T /(20)
A = a (A, |2 ~ G (A .
(1) = an(fa) L(Az)] e llﬂ[Al/AQCD]]
. m+1 i
_ _3 |5, . 4y —
m 3 (m+ 1)(m + 2) ey M

HIM, Feb. 23, 2009 SiNam and H.-Ch.Kim, Phys.Rev.D74, 076005 (2006)



Mesonic properties

Gegenbauer parameter space (p = 2.4 GeV)

0.1
- aem— == ok =1
0.0¢a8 - n=2 " ~~._ O CZ
L o W n=23 ~ .
L "'"--..__
hY -
N ™~z
—0.1‘ \\\ \“\\\
~ ~
ay N .
N \
S . \
_042- ““-_‘- "
- \
~ . v
-~ [
"'h““- J
-h._‘_-‘_._.-‘- _'_..a,
—0.3F -—--
_06 L | ! l l L
.0 0.1 0.2 0.3 0.4
i
Gy

HIM, Feb. 23, 2009

SiNam and H.-Ch.Kim, Phys.Rev.D74, 076005 (2006)
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Mesonic properties

Kaon Semileptonic decay (Kg)
Decay process in terms of electroweak interaction
Flavor changing process for SU(3) symmetry breaking (s—d,u)

Useful in testing validity of models concerning low energy theorems

K+(pK) — ﬂ-o(pﬂ') l+(pl)yl(pv) : KlJ?rn
K°(pr) — 7 (pa) I (p0) mi(py) = Kpa,
Decay amplitude defined by

Gp .
TK—>£V'}T — Tg S1I11 QC [w'u(ph py)Fﬂ(qupﬂ-ﬂ

Cabbibo-Maskawa-Kobayashi (CMK) matrix element ~ siné.

HIM, Feb. 23, 2009 SiNam and HChK, PRD 75, 094011 (2007)



Mesonic properties

Vector and scalar form factors for decay (Kg)

Weak current and Flavor changing matrix element

w'(pr,pu) = a(pu)y" (1 —s)v(p), ) |

Fu(pr.pr) = (K (pr) |53 1m(pr)) = (K (pr) [0y A2 0|7 (pr))
— (pK +p’ﬂ')ﬂfl+(t) + (pK _ pﬂ')ﬂfﬂ—(t)a

where t indicates the momentum transfer by W-boson

Decay form factor in terms of scalar and vector form factors

r = M) PR = Pe) ) poce)

(px — pr)?

(m

FM(pKapﬂ') — f£+(t)(PK ‘*’pﬂ'),u, —

where the scalar form factor is defined by

Folt) = Fur (1) + [ !

_ 2
mK mﬂ'

] fi(t)

HIM, Feb. 23, 2009 SiNam and HChK, PRD 75, 094011 (2007)



Mesonic properties

Low energy constamnts related to K

i || LI(M,) x 10% | source I';
1 044+03 | Kyy,om — 7rw 3/32
2 1.35 203 | Kpy, 7w — 7mw 3/16
3 —35+ 11| Key.mm — 7 0
4 —0.3 + 0.5 | Zweig rule 1/8
5 1.4 + 05| Fi : Fy 3/8
6 —0.2 + 0.3 | Zweig rule 11/144
7 —0.4 £+ 0.2 | Gell-Mann—-Okubo.Ls. Lg 0
8 0.9 &+ 0.3 | Mgo — Mg+, Ls, 5/48
(2ms — my, — mgq) @ (Mg — my,)
9 6.9 + 0.7 | ()7 1/4
10 —55+ 0.7 | 7 — evy — 1/4
11 —1/8
12 5/24

HIM, Feb. 23, 2009

SiNam and HChK, PRD 75, 094011 (2007)




Mesonic properties

Low energy constants related to K;;
Low energy constant L. in the large N, limit
B FﬂZ_ <T2>Kﬂ'
12
Low energy constant Ly in the large N, limit ~ Callam-Treiman Theorem

Ly

L. = 1.6~2.0x103 (exp)
Ly=6.7~7.4x103 (exp)

HIM, Feb. 23, 2009 SiNam and HChK, PRD 75, 094011 (2007)



Mesonic properties

Ratio of ¥,(t)/F,.(0) for K

1.20 _
Almost linear
e (CPLEAR experiment 2l _ ]

 15L --- Linear fit (PDG) ~ 1 | Well consistent with data

B I Quadratic fit (PDG) v +
S - e Our result 7 +++ l_,_ =0.0303 (00296 by PDG)
t /:’: +
= 1.10F
3 At

1.05F e

. 1 | 1 | I | I I
1’0{900 0.02 0.04 0.06 0.08 010 0.12

HIM, Feb. 23, 2009 SiNam and HChK, PRD 75, 094011 (2007)



Mesonic properties

Test of the low energy theorems

Ademollo-Gatto theorem

feo(mi —m3) = = T FJF,=1.08 (1.22 exp)
Fy 4, ,
o= Lt = (mi —m3) Ly ——> L =7.67x10* (1.45x10°%) Il
LB
Y 12 > L, =6.78x103 (6.9 ~ 7.4x1073)

HIM, Feb. 23, 2009 SiNam and HChK, PRD 75, 094011 (2007)



Instanton at finite density (u)

*» Considerable successes in the application of the instanton vacuum
* Extension of the instanton model to a system at finite pand T

% QCD phase structure: nontrivial QCD vacuum: instanton
at finite density

- Simple extension to the quark matter:

- Breakdown of the Lorentz invariance at finite temperature

> Future work!

- Instanton at finite temperature: Caloron with Polyakov line
- Very phenomenological approach such as the pNJL

- Using periodic conditions (Matsubara sum)

Focus on the basic QCD properties at finite quark-chemical potential, u

HIM, Feb. 23, 2009



Instanton at finite density (u)

Modified Dirac equation with p

i@ — g+ A O = N0 = (0,0,0, 1)
Instanton solution (singular gauge)
27]&“15%’1; Assumption:
A (x) = ey ;’ 2 1 %) No modification from

Zero-mode eqguation
i) —ifi + A 9 =0
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Instanton at finite density (u)

Quark propagator with the Fourier transformed zero-mode solution,

1
5= iD— if + M0, ) Mpp) = Molp + i) 2% (p, )

Va(p, ) = 8'0;{(11 — 1t = ipa) [(2pa + ipq) F2(p, ) + i(Ip] — p1g — ipa) 2 (p, )]

(|7 + g + ipa) [(2ps + 1) FiL(p. 1) — i(1D] + piq + ipa) Fy (p, )] }

_2/\

apmgﬁ%nﬂ U] — ptg — ipa) F (o) + QU1+ ) (7] + 1y + ipa) B (p. o)

208 = 151 = g = i02) = sy ) 2+ 07 = ]| P2 )

+ _2(@ + 1g)(IP] + 1+ ipy) + H(Mq + ipa) [p3 + (1ol + ;LQ)Q]} 2 (p, ,u)}, (23)
pe o= Il(zi)KO(Zi)z IO(Zi)Kl(Zi)! = Il(zilf;l(zi)

a:pﬁu\MMi
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Instanton at finite density (u)

Schwinger-Dyson-Gorkov equation (N;=2, N_=3)
G.W.Carter and D.Diakonov,PRD60,016004 (1999)

Z(p) = 1—=G(p)A(p. ) Mo, L O O
G(p) = Z(p)¥*(p) Mo, .. O
F(p) = 2Z(=p)¥u(p, 1) V" (=p, p) A o o

Alp, ) = (p+1p)**(p, p),
B(p,p) = (0° + 1) 0ulp, )" (=p, i) + (0 4 i) " (p, 1) (p — i) (—ps 1)
— (p+ip) " (=p, p)(p — i), (p, ).

AM /d4p a(p, 1) () = 20A /d4p B(p, p)
Ne-1) rpttapuip "W TN 1) oyt 60, AT

g(p) =

a(p, i) = Alp, V> (p, i), B(p, ) = B(p, ) u(p, )b (—p, 1)

 [NJN.—1)]?
- 2
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My, A, and <ig*g> (N;=2)

1st order phase transition occurred at 1 ~ 320 MeV
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Metastable state (mixing of ¢ and A) ignored for simplicity here
chiral condensate with u

M (k, 1)
— 4N, / '
(iq' ) 27 )4 [ k+ip)?+ M2(k,pn)
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Magnetic susceptibility at finite p

QCD magnetic susceptibility with externally induced EM field

<'3'QTCTWQ>F _ -iequ, <,E'q"rq>c®4 Only for the NG phase!!]

Magnetic phase transition of the QCD vacuum
Effective chiral action with tensor source field T

Set| T, pt) = —=Spop, In 1D — ifh + M (D, p) + 0 - T

Evaluation of the matrix element

O' i 1 / ‘
p— Seff [T, }L] = <0"L_-’L’TO'“,, L‘|O>F = TI'Cf,}, [SO'#,,
01y T—0
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Magnetic susceptibility at finite p

4 AN (7)) — 72 h /=
\1\1<3q q) — AN / d p '*‘[(P) Iz M (p)}

Ve (i) = v it

p* + M2 (p))?
1AM (p) ]

dp
AN, /
' [ P RG)P

Breakdown of L01 entz invariance
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1st order magnetic phase transition at s,



Pion weak decay constant at finite p

Pion-to-vacuum transition matrix element

1AL () [7(P)) = iVEE 8" e P

Separation for the time and space components
(0[A%(z)|7°(P)) = iV2F26 " Pe " (0] Af(x)|7"(P)) = ivV2FL6™ Pye "

Effective chiral action with u

Se[m, 1] = —SpIn |id + i

Renormalized auxiliary pion field corresponding to the physical one

|

T = “
phy —
C“' ?'1

T
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Pion weak decay constant at finite p

Effective chiral action with axial-vector source

Sl 1, J&) = —Spln [z¢)+n e, M (D, J2,)Usy /M (i, T2, ]

Using the LSZ (Lehmann-Symanzik-Zimmermann) reduction formula

VAEE s = Ko [ O L4300 e
T O‘T[Ai(il?)ﬂ (0)]]0) eia=

ST om () or )

(O|T[A% () e (0)]0) = 2 gii)[:sg(b]?”] e 528, g1, T2,
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Pion weak decay constant at finite p

Analytic expression for the pion weak decay constant

 — E)M(E) + k,M(k — P)]

VM(k)M(k — P)[(F,
Fr(p) Py = C FO/(ZM) [ [ + A (E)H(E ) + U’%E—Pﬂ
(k)M (k)M (k — P), — M(k \/u \/U
k2 + M2 (k) ]

~
nonlocal cont.

k= (k. kq+ ip)
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Pion weak decay constant at finite p

Local contributions

4N, d*k 1 [ | ~ ~
LS _ c 2__k2 !_5 QkQ 12].|
w,L(H) C-rFO / (2?)4 (]CQ 4 M2)2 M 2 MM H 4M )
4N, d*k 1 i | ~ ~
£t _ c / 2_ 112 22 12]*
ﬂ';L(’J’) C:;‘Fo (2?)4 (kQ + M2)2 _M 2 MM M 4M y

Nonlocal contributions

FE () AN, / Th 1+ L - L - L2k2./\;ll./\;l”]
1) = — 5k — 5N - /
m,NL / (YIFO (2?)4 fe2 + MQ 2 2 KRy

Ffr,NL(H) = F;,NL(M)'

When the density switched off,

MQ/"&k M? = P MM MM + MM — kM
(

FL(0) =
=R oot | e k2 + M?
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Pion weak decay constant at finite p

Time component > Space component

N. [ d*% (SEIMM"  10k3M”
F;(ﬂ) ~ F§XP+;L2 exp/ 4MM - 4M
(2ﬁ)4 2 +M2 [k2+M2}2

N 'k 8kIM'?
t ~ [ 2 - a
Fo(p) = Fi(p) +p [ exp / (2m)4 [k2 + MgP] ﬂ

T

|
[
i
[
90 :
I
. ;
:;} |
© |
= 85 | 1
— |
[ ; Time <um—
I
30L F Space
I
|
|
= 1 ] 1 | I | L I
700 100 200 300 400

i [MeV]

HIM, Feb. 23, 2009



Pion weak decay constant at finite p

Comparison with the in-medium ChPT

K.Kirchbach and A.Wirzba, NPA616, 648 (1997)

[ 2¢ > !
F (o) = |1+ -,3;00”1 ﬂN:OO] Y

(Fx0)? (F=7)2m2
_ 2(c2 + ¢3)po 2inN Po -
F* = |1 1 —
ﬂ'(po) ] _’_ (F:}Xp)g ] [ (Fﬁxp)gﬂlg
cg < 0 and c3 > 0 FS/F'<0.5
>Critical p-wave
Comparison with the QCD sum rules contribution
my (MeV) Ds (GeV?)  f; e fs/ fr
139 -0.019  0.79 (0.77) 0.78 (0.57) /
159 -0.025  0.69 (0.63) 0.68 (0.37)

(H.c.Kim and M.Oka, NPA720, 386 (2003))
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Pion weak decay constant at finite p

GOR relation satisfied
within the present framework

(mEiFH? = 2m,(iq'q)*

Bt 200 300 400
i [MeV]
Changes of the pion properties with u
FZ F! My
=70 93 MeV 93 MeV [139.33 MeV
= pe =~ 320 MeV|[80.29 MeV|[82.96 MeV|[160.14 MeV
Modification 16% | 13% | 15% 1
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Pion EM form factor at finite p

(7 ()7, O™ (pi)) = (b5 + i)l (Q7)

F* local _ Z 863(} ;N’T.f; / o d_l A’- V JME)JMC(JMC A"bd -+ JME)A’-C&’-)
iy (pi - q+2m3) (2m)* [ 2(ki + M) (k2 + M2)
Mu V Mb-’ ubllrd + Aucl‘bd Abr A,'a-d + -’Ma. JM:: kbd + -’Mav’Mbkcd - -A/lr:u’/\/l c k‘c‘t.a'.)
(k2 + M2) (ki + M) (k2 + M?) ’
E* nonlocal Z 86?(}*'Nr"-‘- /OO {'4 k \/JME)JMC(\/JMCJME)({. vV M, JM(_‘.CL’-) (kbc - JME)JMC)
" - ) (

flavor

(2pi - q + M2) ] (27)7 (k2 + M2) (k2 + M2)

L Ma VMM MoMea — VMM (Mekiar + Mikae — Makve + Mo MyM.,)
(k2 + M2) (k2 + M2) (k2 + M2)

VMM |V MyMag =V Mo Mya| (ke + Mo M.,)

(k2 M2) (k2 + M2)

VMM, |V MM =V My Mea| (ki + f\/lu./\/lb)] - OV M,

2(k2 + M2)(k2 + M3) ’

flavor

+

Y O

+

v, rev. £o, £VVY




Pion EM form factor at finite p

- - Amendolia
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Pion EM form factor at finite p

Charge radius of the pion
o OEQ)
2\ * - . T
<7~ > T _6 aQQ

Q2=0
T p

mi( )

2 2
] ~ 0.45 fm” x C*(p,) [ d ]

mi( fg)

(1)) = (P (0))C" (1) [

Pion form factor with VMD

(Hc S
F*(QE) ~ - M C — fp’mr
T - %9 9 K2 p YN —
mis + Q= + il sm )
1/2
. 0.45fm* x C* ()]
m p(ﬂ-q) = mpy 5 3 : Modification of the rho meson mass
(r “(fq )
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Pion EM form factor at finite p

Charge radius of the pion

2.0

(7 (1)) [fn)

More than two times
increased

0.673 fm
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Pion EM form factor at finite p

Coupling constant C*

3.0

A
Almost two times
increased
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p meson mass dropping at finite p

1 Modification of the Width
has not been considered!

1.00

m,/m,
-
)
<t

0.90

0800 02 04 06 08 10
15/ Ho A O 192
) ~ 1 — o "B Slightly smaller than
my J1p Hatsuda & Lee, PRC 46, 34 (1992)
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Summary and outlook

The nonlocal chiral guark model from the instanton vacuum is shown to
be very successful in describing low-energy properties of mesons and
(baryons).

We extended the model to study the QCD vacuum and pion properties at
finite u :

« QCD magnetic susceptibility: 1st-order magnetic phase transition
* Pion weak decay constant at finite density: p-wave contribution?

* Pion EM form factors and p meson mass dropping (not complete!)

Perspectives

Systematic studies for nonperturbative hadron properties with u
Several works (effective chiral Lagrangian, LEC..) under progress

Extension to the finite T (Dyon with nontrivial holonomy, Caloron)
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Though this be madness,

pet there i8 method in it.
Hamlet Act 2, Scene 2

Thank you very much!



