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What are the instantons?
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Tunneling trajectories in a double-well potential Action density of YM instanton

(] Tunneling process in Minkowski space, pseudoparticle in Euclidean space

[ Classical solutions, self-dual
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J Topologically charged ~ 1.5 GeV
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The ensemble of instantons and anti-instantons
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[D.Diakonov, V.Petrov 1984; E.Shuryak, T.Schafer 1993 ] [Chu et al., 1994]



Motivation

(J  An analytical approach to non-perturbative QCD

(J Lead to the formation of gluon condensate, provide a mechanism of spontaneous symmetry
breaking, solution to U(1) problem

(J  Small packing parameter p*/R* ~ 0.01 — 0.03 to develop perturbation theory

[ Few number of input parameters and obtaining data without fitting



Quark observables 1n instanton vacuum

(J To compute an observable for a given configuration of instantons and anti-instantons, then

average over the ensemble

(J First, average over the ensemble, and obtain an effective theory written in terms of interacting

quarks only. Then, compute observables from this effective theory



Light quarks in ILM

(J In the 1-instanton background:
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O Spectrum contain zero & nonzero modes:  S¥(z,y) = —
m

%)

O p<<1/p :zero modes dominate, p = o© :free propagator

b0 ()86 ()

O Approximate Green’s function: S (z,y) ~ — -

+ SO(:Ea y)

O Action: exp(—AI [wf,w]) — exp (/ d4x'¢Tiéw) (z'm -V [wT,w])

0 In the background of N, I's & N_ I’s
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Light quarks in ILM

(] Partition function: Zocp = / Dy Dyt (exp (—A[pT,9]))

where (...) means averaging over I/ ensemble

[ Averaging over the ensemble = averaging over collective coordinates of each I & I

average-size one

/ DA — / H dzrdUrdpr deg(pr) — / H dzrdU; replace all (anti)instantons with
I | 1,1

. . large N, _
size dist. func.  deg(pr) =— d(pr — p) t’Hooft vertex

(J After averaging:
Ny
Z = / A\ dA_ / Dy Dyl exp (z / d'z Y " yhidys +ix @ i )
f=1

O N, — oo :saddle point A defines dynamical quark mass M (k).
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' Nf = 1: mass term Y ~ M(k)yT (k) yev(k)

Ny = 2: 4-fermion interaction NJL type fagranglan
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Instanton induced effective interaction

(] Diagrammatic interpretation:

aN; Ny

q q — 1 41
qu qu

form factor function /M(ks) attached each quark leg

[t’Hooft 1976; D.Diakonov, V.Petrov 1986; M.Nowak 1991;
R.Rapp, T.Schafer, E.Shuryak, M.Velkovysky 1999 and others]



Low energy QCD

J  QCD degrees of freedom with mas < 1/p : light quarks and pseudoscalar mesons

Z = / Dy Dy exp { /l Ylioy + ’\(let'l'J)T7i%)} Effective interaction between
| dynamically massive quarks and

. : A . o T W .
— / DTTADL@)DL&'T exp {/ 'Q)T (za +i1Me' ’“) a} massless pions

J Cutoffis 1/p M(k),MeV
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Heavy Quark Effective Theory

O Static HQET Lagrangian:  Luqet, = Q'iDoQ + O (rrz(_'21>

1+
2

J HQ symmetry: 1. Conservation of HQ spin Q=Q
2. In leading order on m 1 the results are the same for all HQ flavors

3 Infinitely HQ interacts 0" component of gauge fields (in Minkowski space)

1 HQ propagator: wa = (i0y + AO)—I

wa(Z, zo; &, x)) = —i0(zo — 2))0®)(Z — &) P exp (—z’g/ drA)(z, T)/\“)

/
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[papers by H.Georgi, M.Wise, N.Isgur and others]



Heavy quark propagator in an instanton ensemble

1 HQ propagator in instanton ensemble: @ = < (9—1 Y a I) >
I
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Heavy quark in an instanton ensemble
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[ In the ensemble of N/2 instantons and N/2 anti-instantons:

o -7 = S {@—ar) )+ 5 (@ —ap) )

) _ _ N _ T _ e
1 After averaging: w -6 = SN e (/ d*z(w —a;') ™! +/d421_(’u} —a;") 1)
. —4N =4
(1 Perturbative parameter: e N = Rch ~ 0.004

(1 HQ propagator in the instanton ensemble:

_ 2‘]/Vthrc (/ d*zr0 (wr — 0)07' + (I — f)) + 0O ((V]jvy)

[D.Diakonov, V.Petrov, P.Pobylitsa 1989]
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Application of Pobylitsa equation

(1 Direct instanton contribution to HQ mass:

. N
AMdlr — /dSZ tr (1—P8Xp <Z/ drA (T))
0 + Vic 4.+
VN, Zi

(1 Instanton induced quark — anti-quark potential:

. N
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[D.Diakonov, V.Petrov, P.Pobylitsa 1989]



Heavy quark propagator in the presence of light quarks
1 QCD partition function:

Ny
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1 Heavy quark propagator:
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Heavy and light quarks interaction

O QCD partition function can be rewritten as

Zocp ~ / Difermions] exp <—Sq - S0 {/ d*z QTi) Z Ap [wT, ] Q}r [sources])
+

Ny
SQq ~ ;/d[&,k,l,%y] 1;[ VM k)M U)ok (kp)s () QT (2) (el (ws — 6)67 1) Q(y)

O Effective HQ & Ny light quarks interaction vertex

/ d[ky)d[l)d[p]6™ (Z kp—Y lp+ p) dU [U'U] ff’ [vtu],
XA/ M (k) (kg)ve /M (Up)s () QL(pl)‘mw-l(wi —0)0~"|p2) Q. (p2)
|
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After color integration leads to momentum
dependent ‘non-slashed’ term



Heavy and light quarks interaction
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0 Diagrammatic representation of the effective interaction:
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Heavy-light quark interaction

Q Nf =1 case:
S /d4k1d4k2 d4p1d4p2
Qq & 2m)8  (21)8

[wms (1= ax) G000 @ 000)
+8(—N]'V_—1) (1 - Nic) Z (VT (k1)TiQ(p1)) (QF (p2)Tito(k2))

7

AMyg
N/V

(2m)26W (ky — ko + p1 — p2) VM (k1) M (kz)

where T'; = (1, v5, Yu, 155 Our/V?2)
O Ny = 2 case, interaction terms:

Sqq ~ Csss(ulu)(d'd)(Q'Q) + Crrs(u'Tid)(d'Tiu)(Q1Q)
+Crsr(u'T;Q)(d'd)(Q'Tu) + Csrr(ulu) (d'T;Q)(QTT:d) +

O Applications you will see in Mr. KiHoon Hong’s talk (this workshop)



Heavy-light quark interaction

O In Ny = 2 case many-fermion vertices can be linearized introducing integration over boson
fileds

Z ~ /DU / D Dy / DQ'DQ exp {/ oy + QTO~1Q + iszTUszMQQTQ}
O Integrating out light quark fields leads to effective HQ & light mesons interaction
Sor ~ F2oTr [0,U8, U] AMoQ'Q .
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Heavy quarkonium light quark interaction

(]

Repeat the same procedure which was done for HQ propagator to obtain heavy QQ functional
Use perturbation theory over A = p*/R* (Pobylitsa type equation)

Write corresponding partition function and extract interaction action using saddle point method
50aq ™ / dkldQ" (k2)Q" (2) V (k2 — la, [y — L], wi, 1) Q(k1)Q() -+
FT{V(k, - bal, [Fy — 11,0,0)} = V()

Ny = 2 case do bosonization procedure to linearize multi-fermion vertex. Integrating out light quark fields

leads to heavy quarkonium and meson interaction

Soar ~ F2oTr [0,U8,U'] QTQ'VQQ



Conclusions and Future remarks

a

Instanton-induced multi light quark interaction is effective interaction of light quarks that a form factor ./ M (k)

attached each quark leg. In case of instanton induced heavy —light quark effective interaction heavy quarks also

get a form factor (\/m -instanton generated dynamical contribution to the mass).

Bosonization (integrating out light quark degrees of freedom) leads to heavy quark and light mesons effective
interaction.

Instantons generate heavy quarkonium light mesons effective interaction which is obtained through
bosonization of heavy quark — anti-quark and light quarks interaction

Develop the calculations to real world case (Nf = 3).

Develop to HQ and light diquark interaction.

Add flavor number to HQ (qu light and NfQ heavy quarks interaction).

Thanks for the attention



