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Introduction

The heavy quark is relatively static state in comparison with the light quark.

messsssmm)  Heavy quark effective theory (HQET) is applicable.

q Q The internal dynamics is determined by the light quark.

msmm——)  Scale p~Agycp gives ag(p) » 1

my < AQOD < mq The nonperturbative contribution is dominant to describe the heavy-light mesons!

Nonperturbative structure instanton affects to construct the heavy-light composite particles.



QCD partition function from the instanton vacuum

*  QCD partition function from the instanton vacuum[1] can be rewritten as

Zoep ~ / DIfermion] exp (—Sq — So + / d%hu/\ZAH,i[wT ,w]h,)
+

Nig
Sing ~ Z/ [+, k.0, y]H \/M (k) My (Lg) ek (kg )b (1) (@) ()0 (ws — 0)67 ) ()

[2] Diakonov et al, Phys. Lett. B 226, 372 (1989)

M, (k) = MF?(k)
*  After Fierz transformation and color-orientation integral for N = 1 case, the interaction action is

7. g4 g4
Suo =g /d kid'kad'pid*ps 5

am (k1 — ko + p1 — p2) F (k1) F (k) T (Py — p2) > (¢ (ky)Tih(p1)) (R (p2)Tith(k2)),

1

where I'; = (1, V55 Yy VYuY5s cru,,,/\/i) indicate the Dirac matrices.

[1] Ki-Hoon Hong etal, Phys. Rev. D 110 (2024) 11, 114044



Half nonlocal vs nonlocal

*  The effective action can be induced from QCD action for 1 light quark and 1 heavy quark (N = 1 + 1)

A7 A7 g4 14
.0 = ngd k1d*kod prd®po 5@

(a2 (k1 — k2 + p1 — po) F(k1) F (k) To (8 — §2) Y (07 (k1)Tih(p1)) (R (p2) Tt (ka)),

(]

*  Above action has a non-local property of light quark sector from the instanton form factor F (k)

* Inthe case of the heavy quark sector, T, plays the role of nonlocal sturcture

Heavy quark static state

i= 5~ P2 To(0) = 1.4392 : Half nonlocal

To(@) = [ dre 714 (7)

T (_,) B AN 2 mr
T TVNAMG T 2 \
: Nonlocal
p=1/3fm

NV =(200MeV)®* Keep the momentum dependence
AMg =67.5MeV




Why do we need non-local?

In the half nonlocal model, we obtained the overestimated leading order and next-leading order of
physical quantities

Ex) Decay constants, Isgur-Wise function, and 1/m,, correction of heavy-meson mass

Because of the insufficient wavefunction for describing the heavy-meson composite
OPEralor: ¢, (v, p) oc F(p)q' (p)T'rhu(ps — p)

1.0

Each Feynman vertex function has the wavefunction




Nonlocal effective action for heavy meson

- " " . _1
After integration over heavy and Ilgh‘t quark fields I Sy
5@ _ [ AP EREK gy (751 (F = ) = g*(2m)*6@) (% — Ry (P, )| (P, )
eff ' (271_)4 (271-)6 AN Q ACE ACIS]

. dp
Hi(Papq) = N(:/ 27?_4 Fg(pq) trD [Sq(pq)FiSh(P - pq)r(]

BSEfromEoM Ty — K Heavy meson field: @:(P,k) ~ (k) j %fﬁ(P — k)T F(k)q(k)

- 3! — — — —
o(F) = 8 [ G B (= FOMGA. ol

K(k— K E47T/ drr2io(|lk — K'|r (:os2L
(F =Ry =i [ arrio R By cost Tl

K has a rotational symmetry — Legendre polynomial

oL 2+ 1
K(F 1) = Y 25Kk ) Peost),  Kilkk) = [
1=0 T

1 -

anP () K (Vi + 2 zkw) ok, ) = di(k)Pi(p)
=0




BSE Solution

_ F2(py)[2iM (py) + 20 - py] v -py +iA

T kP dE / / W,
o1(k) = 52/0 @T)QKIUC: KUK, A) i (K') Ulpg: A) = 2+ M2(p,) (v-pg)? + A2

To solve the BSE, the wavefunction must satisfy the following two conditions:

1. Pole condition: S;' =1 — G7 (T (iAy)|¢r) =0 GIE-1|6) = a2, G = g2/a?
= Yp(iAy)

2. Compositeness condition: (Taylor expansion around P, = iAv, = iA)

25f

St =1-G¥p(v-P) = —GiXp(ih)(v- P — i) = —2i(v- P —iA))

20,

-~ -~
[[
= o

b2

Here A is a residual mass of the heavy meson in HQET B
pr = mou + Av Almost on-shell in A < m,

-

At s-wave [ = 0 (D, B mesons), we get

Ag = 696 MeV, Go=1.92GeV /2

1&] [GeV]



Application

Feynman rules

Meson-quark-quark Feynman vertex : V;(p,, i = cos ) = \/LNLF(pq)qﬁg (Pg) P (1)L
: Py tiM(pg) 144
PrOpagatOFS . Sq(pq) = m. and Sj',,(pq) = m

Pseudoscalar D meson, Ly 144

) T ) Y5

| —i(D(’U’)|(,‘I‘,F‘ubv|B(’U)> =—¢&(w)Tr {75
A=<

(0l¢'T3h|®p) = — fpy/mpv 2
' ) P’ = (v-p)

C B(v) D)
1

(®p|hTO7 h|Dp)

mp =mq + Ao + ) VP
. 2mq Isgur-Wise function from B — D
Leading order of the decay constant f,, Kinetic term of 1/m,, corrections: 11 /2mq (Universal form factor at m -» co)
1 .
Ekin = h‘iDih
2mg o

Dy, =Dy —vu(v-D)



Results (Preliminary)

fp (leading order) 527 MeV 270 MeV 204 MeV (PDG)
A -1.6 GeV? -1.0 GeV? -0.3~0.5 GeV?
pz-g)= gy 1
0.94 +

= 0.88
% 0.82

HQET expectation:
0.76

E(v-v' ~1.58) = 0.5—0.6

1.0 1.1 1.2 1.3 1.4 1.5 1.6
vev' 10



Summary

*  We saw how to distinguish between half nonlocal and nonlocal from the form factor T,.
The momentum depedent T, gives the additional wavefunction.

« The wavefunction and residual mass of the pseudoscalar heavy-meson are induced from BSE with the
two conditions. Ag = 696 MeV

* Inthe instanton vacuum approach, it can be interpreted as the sum of Aycp = 284 MeV, M = 345
MeV (dynamical quark mass), and M, = 67.5 MeV (instanton contribution to the heavy quark mass).

« The present results fp, 4, of this nonlocal model are compared with the previous work (half nonlocal
model).

* Inthe next talk, Dr. Rakhimov will present the general Ny theory (half nonlocal) and the gluon operator
from the instanton vacuum.

11



Thank you for your attention!



Instanton vacuum

* It properly shows the QCD vacuum properties: vacuum-to-vacuum transition, topological structure.

*  Naturally, the instanton vacuum leads to the spontaneously chiral symmetry breaking, the light quark
moves while being continuously changed helicity by the instanton and anti-instanton.

*  This inifinite helicity hopping process generates the dynamical quark mass.

13



Heavy-light quark interaction

The light quark sector obviously gives the instanton vertex function

The heavy quark propagator must be generated by two-point correlation function

. A Ny A V I 1 —0) 0
w —% H /d/\i /Dﬁ'fTDw exp /d%: {t‘b}i@tﬁf + AL <H Vo, L]>} x| v, 9] <H T‘” sl (we —6)
- . . 7

+ . . This provides the interaction
. / DhDh kit exp ‘/d . {h" (9 - g ’\iA”i) h} : between heavy and light quarks
(key function)

A4 is determined by the saddle point approximation. (Appendix C.2.1) (Simple example in C.2.2)

From the Wilson line approach, one can reproduce the corresponding instanton effects on heavy quark

d’z. tr, (1 — Pexp ( /dTAzli( ))

AMg =

ZVN ) = 67.5MeV

z4,4=0

14



Heavy-light quark interaction (N =1 + 1)

QCD partition function can be rewritten as
Zoep ~ /D[fermion] exp (—Sq - 50 +[/ d*zhli) Z AH,:I:[wTa lb]fJ)
+

Ngf

S~ 3 [ gt y]H\/M () Mo (I b oy ()T ()0 s — 0)0 ) ()

After Fierz transformation and color-orientation integral for Ny = 1 case, the interaction action is

g _ / d4k‘1d4k‘2 d4p1d4p2 A]\JQ
m (2m)8  (2n)8 N/V

(2746 (ks — ks + p1 — p2) \/ My (k1) My (k)

(61 (k) k) (QL 1R+ (p2)

+ % > (W1 (k1)TiQ+ (p1)) (QL(I)Q)Fifgb(kz)) ] :

where I'; = (1, V55 Yy VYuY5s cru,,,/\/i) indicate the Dirac matrices.

15



Heavy-light quark interaction (N =1 + 1)

« For N =1+ 1 (four fermion interaction), the heavy-light interaction term can be rewritten as

4 4 4 4
S0 = —g? [ TREECILDS ()i (ks — ks + p1 — p2) (01 F(p2) [0 (01D @s (k)] [ Q1 (k)i (p)|

(271-)16

= —ngd‘la: [q}FHQJr] [QLFHQ'I]

A My (p)

al) = FO() = [ Goze " F)ie) o) =\ 37
. N 2\ AMgM(0) N (200 MeV)?

= swE - (1 B E) on "ToUN, T T an,

* Bosonization process leads to the quark-meson interaction

Log = —1 (i@ +iM,(0))0 — hli(v - d)h + mi®l®; — GQLTF(9)y®; — GBI F(9)4'T,Q

G = gmg > 0, The positive G ensures the production of the composite particle composed of the heavy and light quarks.

16



Equivalent Lagrangian

Lo =~ +iM,(9))y — hli(v - )b + m2 B! ®; — GQL T F(9)y®; — GO F(9)yT,Q.

» The auxiliary field ® cannot be directly interpreted as a physical heavy meson field
(bosonization does not impose physical requirements.)

* To establish a proper meson field with the physical mass, renormalization is necessary.
Ken-ichi Shizuya, Phys. Rev. D, 21:2327, 1980.

» If the compositeness condition Z4 = 0 is satisfied, the kinetic term is allowed.

Renormalization transform:
h=+Zghg, ® =\/Zs®n,
G =22y 25" Cp,

Zgm3, =m3 4+ dm3,
With Kinetic:
. ; Lh o =— 10+ iMy(8))) — Zohli(v- 0)hg
Llg == (i@ +iM,(9)) — hli(v-d)h + 9,8!0,®; o s
N mi‘I’I‘I’i B G@IF(@)?@?TF.L-QJF B GQLT}F(@)?/}‘I& — + 230, P p,0,Pri + (Mg + 0mg )P, Pp
— Z6Gp® L, F ()Y TiQp  ®pi — ZoG QL TiF (9)Y
Our Lagrangian:
Lo = —PT(id + iM,(9))y — hli(v - d)h Lren =— o1 (i0 +iMy(9))¢ — Zghyi(v- O)hr
+mi®l®; — GQLTF(3)y®; — GBI F(8)yT:Q, E—) + (m3 g + 0m3) B!, B

- ZGGR(I)LgF(a)‘#ﬁFiQR+ - ZGGRQL+F1'F(‘:’))TL“"DRI' 17



Equivalent Lagrangian

To check the compositeness condition, let us start from
o = — U7 (i@ +iMy(9)) ¢ — hli(v- O
+3,010,0; +midl®, — GOIF(0)T:Q, — GQLTF(9)y®;
In mg — oo, the Kinetic and mass terms of & can be represented to zeroth-order of 1/m,, given as
Lig == (i@ +iM,(9) v = hli(v - 9)h ot = |
+65(—20- 0 = 20)bys — Godl, F(9)0Tih — Goh T3 F (D)o, vma

The effective coupling gF (p,) for the heavy-light quark vertex in momentum space suppresses the divergence (gF (pq) -
expansion parameter).

eyt with ¢t = ¢, o7 = ¢f

Py = mav = mqQu + pa = mou + Av = py, + pg = mou + k + py

Residual momentum is predicted around Aycp < mg
In the large m, limit, on-mass shell condition becomes P§ = m%, ~ m}

Quark-quark(four fermion) coupling picture LLe meson-quark coupling picture

> >O< Dl e

>(>_‘ < > ..... S res <

—F(pq) F(p})

O iG*F(pg) F(pl)
Q4 (v.pe —iMIT(iA) + O7(iA)

Q47 (v pp — i) — iG2TI7 (iA)

v2 72 1 /EGZ 1 —_ v2
Gr=03(1+ 5N ) = 2G5 18



Equivalent Lagrangian

2i 6’2 ,

a b
O =AQy —> G*=

* The Z4 = 0 has the following meanings: The fundamental bare field does not exist, meaning the physical particle field is always
a composite operator form.

*  Hence, the meson-quark Lagrangian is equivalent with
L=~ (i@ +iMy(9)) 3 — bl i(v - d)h
+ ¢ (=200 — 20) by — GOl F(O)¢TTih — GRIT; F(9) b

*  The compositeness condition gives A = 10 GeV, which is unexpected scale.

»  The composite operator composed of light and heavy quark fields must be normalized.
m—) standard nonrelativistic normalization condition: (¢(v')|¢(v)) = (27)32ps/maed® (AT — AT) = (21)32046 ) (AT — AT)

*  The composite operator can be induced by the equation of motion

4 4
Buipo) = (ol (0) = VETigN | L2 @) 50 — k= ) P )T ) oo ==

»  The one-particle state |¢;(v)) of the heavy meson is defined as |¢p(v)) = ¢,,|0).

d
1;)6)4 tI'D (I)'U_jl (p‘l’)(I)U ?(pfp)

=2v,4(27)6% (Av" — Av)d;;

<¢1( !)|¢’J( )) (1+9) r _(qu_iM(pq))

20-(p—pg) +ie | p3+M(p,) } 19

ey P NPTI(IA) =1 (v po) = f ()i [FP

(27)



Residual mass and heavy-meson masses

Normalization condition

~ T T
h 2
12F s — N’II(A)
ey — — —ig?NGIII'(A) /2
“
~N
~N
-
11} \\\
N A ~ 262.8 MeV
~
1.0} \‘“l
~ \\
‘\\\
0.9 | _— T~
0.8 1 1 L 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5

A[GeV)]

Compositeness condition

G = gNGy

Only carries the dimension GeV'1/2

13 V.3.2: The black solid line depicts the normalization condition, while the
red dashed curve represents the renormalization condition with the function

Arisen by instanton effects

T~

me =mqg + My + AMg + A n———)

M, ~ 340 MeV, AMg ~ 68 MeV

mpg = 5.322 GeV

II(A) rescaled by the normalization constant A'(A). The point where these two
lines intersect determines the physical residual mass, A = 0.2628, GeV.

mp = 1.942GeV  (m. = 1.27GeV),

PDG values:
(pseudoscalar+vector)/2

1.867 4+ 2.010

5 = 1.940 GeV
2 .32
(my = 4.65 GeV), 5792;555 = 5.302 GeV
20



Heavy meson masses (Heavy-quark spin symmetry)

* To break the heavy quark spin symmetry, we need to consider 1/m corrections.

m 1 = 1.5 =
Ly = —n(iD)*h — —hS - Bh
2mg me

*  The second term gives spin-spin interaction term

1 1 - o o -
= T N = (h- U hlh: . .
dmaq (¢J|h JﬁuhG#V|¢J) 4mq (h; Sq|h'auwhlh; Sq){(g; SqlGuvla; Sq)

=22 95, .5 Ref.[1,2] have calculated the quark-gluon
Q" Pals .
operator from instanton vacuum.

300 =280 - 8y = J(J +1) — Sg(Sg +1) — Sy(S, +1)

—3/2 pseudoscalar
1/2 vector

[1] Maxim V. Polyakov et al, Phys. Lett. B, 387:841-847, 1996,
[2] Dmitri Diakonov et al, Nucl. Phys. B, 461:539-580, 1996 21



Weak decay constants fp and fpz

------ = _ZQNF(pq) Fz
The effective coupling constant gF (p,) in momentum space can be
used as the expansion parameter.
It presumes that the nonperturbative effects from the instanton vacuum
: modify the Feynman diagram.
------ — —igNF(p)) T fy the Feynman dizg
I'v = —vy.€,  For vector meson

I'p =ivs For pseudoscalar meson

22



Weak decay constants fp and fpz

The axial-vector and vector currents are givenas  J;' = h'v,7sq
J“f = ]’LT"/”C]

In the heavy quark limit, the heavy meson decay constants are defined as

(01 P)y = (0|hTv,v59| Py = fp/mpuy, (01JY V) = (0hTv,q|V) = ify/mye,

P 'y

2 )
Pq Q(z) = e7mave (1 - ﬁDL +0 (még)) h(zx)

1/m, corrections must be considered the following transforms:
6= (1= g [ Fo LY @)+ ) 16)

They gives the matrix elements of axial-vector and vector currents:

1

011V DV (P)(v)) = (0lht Y, (v5)alV (P)(v)) — mo

(O[AT Y, (y5) P Lg|V (P) () — i [ d*y(O|T {h',(75)q(0), K1iDT h(y) } [V (P)(v)) + - --

23



Weak decay constants fp and fpz

e Unlike the real QCD, the currents are not conserved because of large heavy quark mass limit.

So, QCD matching is needed:

o . | 1
IV =37 o) ( gy - Loy 4 TX(A)(”)) Lo (_2)

B 2mg

s (1 4
Wilson coefficients: Cy(p9) =1+ s (o) (ln Lo 7) ,
T

o 3
c "
(O[TA| P(v)) =C1aFv, — QT;QQ (F{™ — F™ 0,
=C12Fpuy,
Cl2

OV |V (0)) =iCiaF Ve, — i (B B )e,

2?71,@
=iCiaFve, Appendix E.5

X V.1: The first column shows fp and fp in the present approach, which are in
comparison with recent results from lattice QCD and QCD sum rules. The last
column indicates PDG average values. The normalization point is used in the
range of uo = (0.6(T) — 1.4(7)) GeV and the matching scale u = mq.

| This work | Lattice QCD [96] | QCD sum rule [97] | PDG average [1]

fp[MeV] | 204.67%° 209.0(2.4) 190(15) 203.8(4.7)(0.6)(1.4)
f[MeV] | 1912130 192.0(4.3) 192729 190.0(1.3)

ma

Ca(g) = — 22slto) Cr2 = C1(po) — C2(po)

3

JYOIW = ply (y5)g, I D@ = i, (ys)g
O W =hi,(35)Pra, O =nlo(35)P.q,

Ty = [ty {3V 01 )ivt )

TV (), h.T(y)in_h(y)}

1t

[1] S. Navas et al. Review of particle physics. Phys. Rev. D, 110(3):030001, 2024.
[96] Y. Aoki et al. FLAG Review 2021. Eur. Phys. J. C, 82(10):869, 2022
[97] Ben Pullin et al, JHEP, 09:023, 2021.

24



Summary & Outlook

O The instanton contributions to the heavy and light quark systems are reviewed.

O Heavy-meson is the complicated nonperturbative QCD structure

— > Instanton well explained this nonperturbative effects.

O Instanton vacuum clearly traces the effective Lagrangian for Qq interaction (Nf = 1 + 1)
L=—4" (i@ +iM,(0) v — hli(v-9)h
+ &8 (=200 — 20) by — Gl F(8)9 Tih — GhiT, F(8)h¢s
« The model provides the weak decay constants, which agree nicely with other determinations (experiment,
lattice...) without any fitting parameters.

| [1] | Lattice QCD [4] | QCD sum rule [5] | PDG average [6]
fp [MeV] | 204.67%° 209.0(2.4) 190(15) 203.8(4.7)(0.6)(1.4)
f[MeV] | 1912130 192.0(4.3) 192120 190.0(1.3)

25



Summary & Outlook

QO The higher flavor number (N = 2 + 1) gives much more complicated interaction actions
S SA f dR M2(o AMoR®

< {(@'v) (wmm) (@) = (i) (vhmlr 5@+ ) (@)

— (y'y) (fb Va5 Q+) (Qiﬂ/ﬂs@bf ) + (p1r) (zb}ms [TA]§Q+) (inmszb-")
+ (W) (vf@s) (QLmsy’) - (W) (v)rnlr1iQ+ ) (@lvasy?)
= (
(

=/d72 lM2(0 AMgR?
x {[@')? + @hsw)? - @IT4e) - @TT4959)?] (Q1Q4)
1@ (vhes) (@hw!) - W) (siir ey ) (@v?)
+ (@) (v}5Q+ ) (Qlrse!) — (wir*e) (] *157Qx ) (@asv?)
+ (Whsy) (v1Q+) (Qrsy!) — (wirsw) (vhr 1@y ) (@hasv?)
+ (W) (v}Q+ ) (QLv!) — (Whrhyse) (whir - ) (@1v?)] }

viys¥) ($)sQ+ ) (Q1we?)
Plysrep) (l’z‘ﬂu’ﬁfs[ ]fQ+) (Qi'yﬂy’;g)}.

+

Q It will offer the following hadronic and leptonic decay process
Y= J/Y+ 7w,

BT 57Ty
Dt - Dt 470,
BT — ,u"'u . % % .
D* = DO 4+ xt, ¢ D™ and B* must be considered the
DY =71ty heavy-quark symmetry breaking.
B*t — Bt + 70,

Dt — ptu, ete.
B** — B + 1t ete.

26



Thank you for your attention



Instanton vacuum: condensate and dynamical quark mass

CD partition function - 1 " 2 (4 Classical background field
. : = [ DB exp{ ——— Tr F2,
QCDp Zqep / DB, GXP{ 242(M) / daTrEy,( )} / Quantum fluctuation
X / Dy Dy exp {/ d*ayT (iD(A) + im)'z/)} A— iy B
=Y A+ Z Af
I
« After regularization and integration over i and B fields
A reglniztion ad etion o ) Bk Det _ det (le =+ ?m)d?t(l@ =+ Tlnlfl) Det.. _ det(?lD =+ ?Ju—l )det(z@ + ’Lﬂ[)
- —, How = Qet (i + im)det (i) + iMy) — ME = det(id + iMy)det (i) + iM)
Gives quark zero modes Gives nonzero eigenvalues My is intermediate mass
» Inthe single instanton configuration, one can write the fermion propagator zero-mode eigenvalues A,~0
iPD|®n) = An|Pn)
Siny(z =) = (Ol ()3 (1)|0)
e vl / By solving Dirac
- *<‘” D(A;) +im y> Py ) 10 equation in Appendix C
RIS R R
%‘Iw, Sy = (i)' : free quark propagator

28



Instanton vacuum: condensate and dynamical quark mass

Using the fermion propagator, one can rewrite the effective partition function for N = N, + N_ instantons

(+) Y(—)

Ny N_
Y
. t. N N
Zqop = / Dy Dy exp ( / d“wfw“)wf) (w r’lN,) (V;\[lef)

ngj’:deH/

x (2m)%6™)

Includ

d'ky

4
e (k)

(2m)*
(Z kg —Zlf) [ﬂhmm (k) gm(if)] :

l

ing momentum conservation

L 2mpF (1)U UL €777 ¢,

For the simplest case Ny = 1, the effective action is obtained as

Np=1
Sefy =

Related to the gluon condensate

-+ 1mstanton

F(k): instanton form factor
V- anton vertes function

I antiimstanton

M =2 345 MeV with p = 1/3fm

Yyt

VT (k)[F — iM (k)] (k)

+: instanton
—: antiinstanton

1.0

F (k): instanton form factor
instanton vertex function

Instanton distance
1

200Mey — L0

 »R~
Phenomenological estimatiton: ~ (200 MeV)*> 0

29
QCD sum rule: Mikhail A. Shifman etal, Nucl. Phys. B, 147:385-447, 1979.
Lattice: M. C. Chu etal, Phys. Rev. D, 49:6039-6050, 1994.



QCD vacuum

* Not empty space! Complex medium filled with quantum fluctuations of both quark and
gluon fields. (Non-trivial vacuum)

» Non-zero condensates (quark condensate, gluon condensate)

(0|gql0) #0 (0[G}, G, 10) #0
* The Banks-Casher relation provides a deep connection between the chiral symmetry

breaking and the density of eigenvalues of the Dirac operator near zero.

D. Diakonov et al, Nucl. Phys. B,

p(0) =0  Unbroken symmetry, no dynamical mass Zrador 455, if’f,ﬁ;,,mg_ bart

Nucl. Phys., 33:477-575, 1994

p(0) #0  Spontaneously symmetry broken, dynamical mass (300~400 MeV)
: condensate mixes left — can explain hadron masses
and right-handed quarks

30



Heavy-light quark scattering

«  The momentum distribution of the light quark inside a heavy meson is dominated by the instanton form factor
F(pq).

 The average value of the effective coupling gF (p,) for the heavy-light quark vertex in momentum space
approaches zero ({(gF (pg)) = 0).

« Each external light-quark leg has one instanton form factor, and the light-quark propagator 2" order of form
factor Each vertex has one instanton form factor

« This ensures the convergence of infinite quark-quark and meson-quark loop sums.

—g*lajTsh][ATiq;]  Quark-quark coupling picture L! ¢ meson-quark coupling picture

MO Nl o
>OOL kDOl

oy !
b iG™F(pqg) F(py) o o f G, .
= G =G} —TI'(iA) ) = Z38
AQq 2(v-pe — i) — G217 (iA) <l+ 71 )) ¢

—F(pq) F(py)
(v-pa — NI (IA) + I17(ZA)

AaQq =



Heavy-light quark interaction (N =1 + 1)

d k1 d ks dpyd® AM
St = — / : 2;)8 2 gﬁ)f (2m) 18 (y — Ky + p1 — p2) \/ My (k) My (k2) N o
x| (@ ()e(k) (@ )@+ (p2)

+ % > (¥ (k)TiQ+ (p1)) (QL([)Z)Fifgb(kz)) ] ,

O HQ and Ny light quarks interaction:

an;

Q . Q@

q q — qQ

. Q .
qNy dNy \/m

V M}(lfﬁ)
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QCD vacuum

e Rich Topological Structure
o Multiple degenerate vacuum states (n-vacua)

o Charaterized by different winding numbers . topological properties of gauge field

o Classical transitions between forbidden by energy barrier
e (QCD vacuum topology structure make U(1) amomaly
o 1n'(958 MeV) meson much heavier than other pseudoscalar mesons (1, K, )

— Shows importance of nontrivial vacuum structure
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U(1) anomaly

Classically, QCD Lagrangian has U(1) A chiral symmetry (when massless limit)

Axial vector current:  j> = gy, 75g ———> 9*j, =0

Because of the quantization process (fermion path integrals), we need regularization
— cannot preserve all conservations

(gauge invariant and vector current conservation must be needed)

Adler-Bell-Jackiw anomaly  ({/(1) 4 symmetry is broken) , Axial vector meson 7" is not
Nambu-Goldstone boson

1

5 f ha, _ a Ta,pur
alu“j“ — 167T2 FEI/FG pveo pPT = 327T2 F,uI/F
AQs = 2N;Qr Qr is a topological charge, which must be integer numbers

because of the topological properties.

QCD vacuum’s topological properties solve the U(1) problem 9



Instanton contribution to light quark systems

*  What about higher N¢?

*  Partition function is more and more complicated

Ny
Z = f Dyt Dy exp f d4ngb}ia¢f+y}\,+f> +y§\,—fJ 4V N, f 'k M*k)
7 (2m)4 k2 + M2(k ’
AT (2mp)? N
G (VYU dtk dky, [odt dily, M(k) = ugF?(k) = UI(VW) (N) )
I, = (N) /217 T er / om)t T (2m)t ‘
2m)*  (2m)* ) (2m)*  (27)
X (2?1' 54 (Zklef)
f dU H\/M(kf (1) USF UL €01 s,5, [0} e, (k)61 ()]
qn; qn;
) Depicted the instanton vertex imposes the
@ %l pr— .
. yet dynamical quark mass to each quark legs
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QCD properties

Non-perturbative QCD (large distance)

Two important QCD properties

1.0 /
«  Asymptotic freedom (short distance):
0.8 Quarks and gluons behave as quasi-free particles.
06! «  Confinement (large distance):
S Quarks and gluons interact each other very strongly.
‘gj
0.4
0.2 a a
Aqep 1 10 100 1000
Q[GeV] .
as < 1 Perturbative QCD (short distance) We cannot see the single quark
36



Instanton vacuum

; . . 1 1
] Yang'M”IS action: s = —lgz fd4IF£,/Fﬁ;/ = 2 f(z4£t1F#l/FHl/ (_FMV = FSI‘/T /2)
1 - - 1 -
d4£ tr L, £ F 11)2 :FF v | 2 £ (‘{4‘1. b F o Fpu.
m n pvdp pv
QJ 2 ' 2g*
F,, = +F,, (anti)Selfduality  F,, = 5 Euvastas

1 Invariant under the gauge transformation :

Au(@) = U(@)Au(2)U (2) + iU(2)8,U () A,(@) = ig@)dug (@), gla) = it

T—00 T

1 Self(anti-self) duality condition gives a singular gauge instanton(anti-instanton) solution :

2
+ p°(x — z1)
Ai,#(mﬂ ZI) — 77;41;17-& (iU . ZI)Q [(.17 - 2132 n p2] e D“bFﬁV =0, D“bFﬁ,, =0
. Satisfying YM EOM
+: instanton
—: antiinstanton

na:ua = €apvd + 6au64u F 6au64u 37



Instanton Parameters

» The instanton size distribution is predicted by phenomenological, Lattice and variation method

[Millo Raffaele and Faccioli Pietro, Phys. Rev. D 84, 034504 (2011) ]

n(p); normalized

0.05

i
°
B

o
9
@

-
o
]

°
-3

%0

0.4 0.6
Instanton Size p(fm)

o~ 0.33fm

08

p : Instanton size

R : inter-instanton distance

Lattice : R~ 0.89fm, p =~ 0.36fm
Phenomological: R~ 1fm, p~ 0.33fm
variational : R~ 0.76fm, p~0.32fm

They are used as a packing parameter : ) = (%)4 ~ 0.01 —0.03

This value means that the interaction is small, which gives the
justification for using the semi-classical methods.
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What is QCD?

* Compare QED and QCD

Interaction
Lagrangian
Gauge Particle
Charge

Coupling constant

QCD

Strong interactions

3,3,N;
1 .
EQCD = 7§tr(FuVFMV) + Z Qa,f(lw - mf)l?ql}

a,b, f=1
Gluon

Color charge

Running coupoling constant o,

QED

Electromagnetic interactions
Lapp = — 3 Fu P + 5D — m)b
Photon
Electric charge

a~1/137
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What can we do from the interaction action?

L We need to obtain the interaction action for any V.

For Ny =1+ 1(from heavy quark), the color-orientation integral is given as

d*kyd*ky dipyd'p,

e o 454) (L. _ . ” Y (. = = i
f awueytiyeytih — 1 sagisagi 1 [AC]“i[,\f‘]i'z [A)22[A%)% % = "V"VI r "~ ry? (@2m)'8 (ks = ko +p1 = pa) VM (k)M (o) T (B = Py w2, 1)
i Vb Vi Yo, N2 %1 %3172 % 4(N3 1) gt e 17 i — x[w—_l l—W)(v-'(kx)w(kz))(Q'(Pl)Q(m))
1 a 1 gia 1 57 ay gas [ gi1 s 1 giz o I
= Nzo [5bf Gy (52-{51;';’ A s ) + o s (8l — —‘5“'51: R (1—K)‘;(w'<kl>r,o<m>) Q)T (k)

where I'; = (1, Y55 Vs VY5 U,Au/\/é)-

For Ny =2+ 1(from heavy quark)

d'z : 1
) _ Sd3rtr (s=!
Shy = )\ﬁf = ]dtldtzd Ttr.(Sy )§i (V- D(VZ =)

f wUpuiiuguup vl = ﬁrﬁ;‘ o1t 03207 83361 x [w{(uL(zm(z))(dL(z)di(zn - (k)L )} Q' @ 1)Q(E 2)
W{_ﬁl) (WI: VI V0% + B o 1)+ 2 0 1) (e ) ~ i (e (2)) @' )0 )
vz =y vz 1y Gndane NI VI VT PN R AL ~ (e D@ )) — (2@ @ )0 (2)) (@) )
g, vz = 1) Fikfarel NI VIS N N2 NP2 AL +(ul(:)Q(E, 1)) ((d;,-(zJui(zn(Q*(f, ) (2) - (d;,j(z)di(zn(cz*(izl)u’;(zn) }
. -2 (s DL ()0 1) — (L) AL () ) ) @1 1) ()
: - (0l (20 1) (2L (s (@' @ ) 4) - (Q*(f,mu;(z))w;(z)di(znﬂ

More complicated terms appear
So, we need to find the generalization form of the interaction action for any ;.



Normalization

I _ d4pq 2
(v-pa) = 1 (pg)trp TP

The standard nonrelativistic normalization condition is defined as
(p(V)|d(v)) = (27)32ps /mad® (AT — AT) = (27)%20,6) (AT — AD)

The composite operator can be induced by the equation of motion

®,4(ps) = (paalés (1) = VEaigN [ THEE (2m) 59 (p = k= ) F(py) 01 () b ()

The one-particle state |¢;(v)) of the heavy meson is defined as |¢p(v)) = ¢,,]0).

GWN60) = [ Bhupe,Go)ele) O

2m
= 204g° N?(2m)3 6% (Av' — Aw) (;
d*p
% [ G F )t (8,00 i (po — )T A g
( ) —Pq pﬁ + M?2(py) R
= 2v4g*N2TI(iA) (27) 383 (Av' — Av)dy; e - )

I 2k

= 20y(27m)3 6% (Av — Av)d;;, n———) o’ \CTI(iA) = 1 (b)

(1+4) = (B~ M)
v-(p—pg) +ie | p2+M(p,)

(27)
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Light-quark zero mode

1 Pobylitsa representation

Gamma matrices in Euclidean space

(0 —ig, (01 (1 0 c_
%"=y, 0 )0 T \10) TTlo -1 T =Tn

0y = o = g, T = g =, with v = (V)

Unitary transformation matrix
1 /1 -1
=57
The Dirac equation in chiral limit

L, = ip(z)P(z) — it UTULUTUYD D UU(z) = iy, Do
= —z'*ny,,gb =0.



Light-quark zero mode

A The zero-mode Dirac spinor is derived as

eale) = 0Nz e (] ) e

_ P _ k
¢>($) N 7T£C((IJ2 + p2)3/2 Fouriertransformatio; ¢(k) - 271—‘0{10 (_

27 p

¢1(2),., = ¢(x)z) (7}:6)63 >  ¢1(k), =

Fourier transformation k

(d  The rotational zero mode density functions

brlha)e ] () = § @) (ke 37) Uiy U e
1 F(k
el (bbes = g Crof T (Wbt 57) W U

k) F (k)

rlin)oe bl ) = = 2o CEREED (g, 10

k3k3

F(k)k, (7,

) B Ui, Ul
wf(kl)c’i"‘ﬁ}r (k2)ci = %( )2M (kl ﬂ%Q 75) 9 (UTT:U}')C’Ca

U

t=kp/2

d
— tg[fg(t)}'{o(t) —

Li(t) K1 (t)]
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Heavy quark propagator in an instanton ensemble

(1 HQ propagator in instanton ensemble: ; — <(91 - ZQI) _ >

[ Interms of single instanton propagators: 4 — ¢ + Z<w1 —0) + Z<w1 — 00wy —0) +---

w—0=>, @ +2 1t ®_@ 2 rtrrK @ @ @

+ 212 @ @ @ + 2 rI2KAL @ @ @ @

B GO ® D) + O
) ) ) additional 1/N, factor
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