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Motivation

e Connection between QCD & Structure of hadrons

= Hadron wave functions

|[Hadron) = |qqq) + |qqq 9) + |aqq 99) + laqq a@) + |qaqqd g) + ...

= Relativistic properties of hadrons in QCD
(Poincaré inv., confinement, asymptotic freedom, ...)

SRl

e Lagrangian — Hamiltonian — solve the bound state problem
Locp —  Hoebp — HQCD|¢> = E|1,ZJ>

e However, Hocp is divergent! — Renormalization
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The method of calculation
RGPEP

1
Consider only gluon fields Ly = §trF“”FW

1. Canonical Hamiltonian Use front-form dynamics:

o Lym — Ty, — Hym = Hym(x)dx, AT =0
x+T=0
KT =k 4k, Kk =k"—k, k' =(k"K"); z=k"/P"
2. Regularization

e UV and small-x cutoffs: /d:)ﬂdl—@l — /dk+dliL7”5 (x)ra(sh)
}iil%ra(x) =1, AliﬁmoorA(:c) =1
rs(x) = 2°0(z — €), ra(z) = exp(—k2/A?)
3. Renormalization
ahlo) =1lg) — af|0) =lg,) Ho(ao) = Hi(ar)
Size parameters for gluons introduced by RGPEP equation

d
aHt = [gtﬁ‘lt}, atZUtaouj, t=S4=1/)\4



The initial Hamiltonian

RGPEP
Hynm = Hpz2 + Hps + Hpa + Hipga2
kLQ t
Hy> = Z/[k}FGkUCakUC s
oc
Hus = Z/[123] S(p! —p) Fas(3,1) [9Y123 alafas + g Yihs aéazal] )
123
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- rcicac * % * * 1 * * 1
Y103 = if€1°2°3 |eleg - €3k —€]€3 - egk—— —€5€3 -1 h— |,
x2/3 T1/3
}')55 &

93\1 &
DryaaTrd + VTTTY 3
£ S

& >,

BN



The initial Hamiltonian
RGPEP

}137A4 = }1;42 ‘F }1;43 ‘F }1;44 ‘F }1i1§644]2

2
- g _
Hpa = > /[1234]5(1"T 2 1 [=A4 1234a1a;a§a4+XA4 1234“1“;“3“4
1234

—*
+E 4 1234‘11‘13‘12‘11]

Hpgaa2z = > /[1234] 5" —p)g” [(E[aAA]2 123401 abalas + h.c.)
1234

xS
o

Tt
+X1944]2 123491 ‘12‘13‘14]

%
Y

In front form: &t >0

= b, wez o, wmesas, alebelal, weseser,

no particle production out of the vacuum.



Renormalization group procedure

— Solve the RGPEP equation

Ht(at) = Ho(ao)
d t
—He =[G, Hi) at = Usaoldy
dt
G = [Hy, Hp

— Initial condition: Hi—o = H g2 + H 3 + H g4 + H{ 4542 + counterterms.
Counterterms are such that the UV-cutoff A is removed entirely.
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— Solve perturbatively up to order g% and extract the Hamiltonian running
coupling

Hy = E4+g%024+gYa11 + gYi2e+9° X201 +9%Z31: +9°Z130+9° Yiors + 65 Yiios
P ~gxgxg g ~gxg

S. D. Gtazek, Acta Phys. Polon. B 43, 1843 (2012).



Solve perturbatively up to order ¢

Extract the Hamiltonian running coupling

— Solve order by order up to g°

Hy = E+¢2i? +gYo1r + gVi2e +9° Xoot +9°Es1¢+9°E13t +9° Viors + 9° Yiioe

1st order terms ~ g

o

3

3rd-order terms ~ g

S OSSN




The Hamiltonian running coupling

— From three-gluon interaction term in the effective Hamiltonian
H, s = Z/[123] 5(p" —p) fi2e gYi(z1,Kkin,0) azlaIQGts + H.c.
123

—  Extract the running coupling from the three-gluon vertex in lim Y;
K12 —00

Y: = gYu+¢3Vsi+...,

> [128] 5042 3) frae FaGor,witz, o) afafas
123

Y:



The Hamiltonian running coupling

— From three-gluon interaction term in the effective Hamiltonian

H, s = Z/[123] g(zﬂL —p) fiot gY}(ml,an,a) azlaIQGtg + H.c.
123
—  Extract the running coupling from the three-gluon vertex in lim Y;
K12 —00
Vi = gYiu+g*Va+...,
Vi = 3 [123 50 +23) fin Vilar,wts.o) ofalas
123
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Asymptotic freedom result



The Hamiltonian running coupling

— From three-gluon interaction term in the effective Hamiltonian

H, s = Z/[123] g(pwL —p) fiot gY}(ml,an,a) azlazzats + H.c.
123
—  Extract the running coupling from the three-gluon vertex in lim Y;
K12 —00
Vi = gYiu+g*Va+...,
Vi = 3 [123 50 +23) fin Vilar,wts.o) ofalas
123
3
90 A 4
= = — ——=N;111In — | A=1/t
gx go 2872 ¢ n o /
d 11N,
A— = S = - :
o9 Bogi Bo 182

Asymptotic freedom result identical to
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Identical result obtained using other generator G; in
S. D. Gtlazek, Phys. Rev. D 63, 116006 (2001)



Summary and Conclusions

e We derived the 3rd-order effective Hamiltonian for gluons from solving
the RGPEP equations perturbatively.

e We have extracted the Hamiltonian running coupling — asymptotic
freedom.

e Universality:

e Hamiltonian g) resembles the one obtained from other formalism or
renormalization schemes.

e Hamiltonian g, identical to the one obtained using a different RGPEP
generator Gi.

e 4th-order terms are necessary to pose any physical eigenvalue problem
(e.g. glueball) that includes the running of the coupling.



Additional slides



RGPEP details

Hi(ar) = Ho(ao)
d T
EHt = [Gi, Hi] as = Usaold,
t
gt = [Hf, HPt]
Ht(ao) = Z Z Ct(i1, ,Zn) agil c o Q0gy,
Nn=2 11,i2,...,in

Hpi(ao) = Z Z Ct(t1y ey in) ( Zp1k> aoZl"'aOin,

n=2 11,i2,...,in

t
U = Texp(—/ dTgT>
0

Initial condition: Hi=o0 = Ha2 + H a3 + H a4 + Hjsp4)2 + counterterms.
Counterterms are such that the UV-cutoff A is removed entirely.



The Hamiltonian running coupling

Other regularizations?

— counterterms removed cutoff-A dependence entirely
rs removes small-x divergences but a finite regularization dependence

remains

9 A
= go— DN, [11 4 h(z0)] In = |
g 90 = gz Ve 11+ h(zo)] In "

a) r5(2) = /(@ +3), b)rs(z) = 0z —08), ¢ rs(z) = 2"0(z—e),

1— g — x2 (1 —x0)? — 20
a h(zg) =123+ ——————Inzg+ ————In(1 —xo
) (o) (1 —20)(1 — 2z0) z0(1 — 2z0) ( )
b) h(zo) = 121n min(zo,1 — z0) ,

) h(zo) = 0.

Identical result obtained in S. D. Gtazek, Phys. Rev. D 63, 116006 (2001).with other

generator Gy .
The G: used in the present work leads to simpler equations.

)



The Hamiltonian running coupling
Other regularizations?
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