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Computational access to the logarithmically scale-dependent Hamiltonian eigenstate picture for
hadrons in the space of virtual quark and gluon states in the canonical front form of QCD is
impeded by the small-x divergences stronger than logarithmic. We propose introducing a gluon mass
parameter and an auxiliary color-octet scalar field to regulate and break through this barrier, using
the renormalization group procedure for effective particles (RGPEP) [1] in the limit of the gluon
mass parameter going to zero at the end of a calculation. At that point the auxiliary field decouples
from the finessed effective constituent dynamics, as required in the gauge theory. The same method
yields cancellation of the quadratic ultraviolet transverse divergences in the self-interactions. We
explain how this approach works in virtual quark and gluon scattering amplitudes and in Hamiltonian
eigenvalue problems for bound states. We focus the discussion on the case of heavy quarkonia [2],
where one obtains rotationally symmetric effective interactions at small interquark distances, akin to
harmonic oscillator potential, and only globally colorless states having finite masses in the limit of the
gluon mass going to zero. Previously [3], it was suggested that the QCD vacuum effects, such as in
the QCD sum rules [4] and due to the instantons [5], can manifest themselves effectively through the
front form counterterms to the small-x regularization singularities. We advance the hypothesis that
the corresponding effective interaction terms can instead appear in the finite renormalization-group
evolution when the scale parameter is lowered towards Aqcp in the RGPEP scheme.
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In [2], Egs. (B18)-(B20), I have the small denominator term
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which is integrable with measure d>q.

Nordsieck small energy photons

Rephrase connection between scattering and bound-state cancellation of 1/z2, ¢f. Eq. (74)) for the
scattering amplitude, and Egs. and .

Precise derivation of the logarithmically scale-dependent Hamiltonian eigenstate picture for hadrons
in the space of virtual quark and gluon states of the canonical front form of QCD cannot be achieved
without first addressing the problem of smallz divergences stronger than logarithmic. We propose
to facilitate cancellation of these strong divergences using a mass parameter for gluons and an
auxiliary color-octet scalar field corresponding to the longitudinal polarization. The auxiliary field
decouples from the hadronic constituent dynamics in the limit of the gluon mass parameter going to
zero, as required in the gauge theory. The same method simultaneously facilitates cancellation of
the quadratic ultraviolet transverse divergences in the self-interactions. After explaining how this
approach works for virtual quark and gluon scattering amplitudes, we describe how it applies in the
Hamiltonian eigenvalue problems for bound states.

Saturation of gluons because small p* leads to large s?

Explanation of how Susskind’s vacuum freezing occurs, by making small-z gluons freeze into the
bound-state eigenvalue shape

E(Pt =0,PT = M) = M. In exact solution the eigenvalues do not depend on s and therefore do
not depend on Pt and Pt Precision of solving the RGPEP equation and the associated eigenvalue
problems is reflected by degree of independence of the eigenvalues from P*.

van der Waals forces?

Instead of seeking vacuum effects in reaction to the cutoff €, like Wilson et al., it is proposed
to work with mg, and approach the vacuum issues for finite size s of the effective quanta in the
limit my — 0, the parameter that can be used to describe confinement in the Fock space, including



the quantum gluon string formation mechanism. So, instead of studying vacuum effects through
regularization, study them using the RGPEP in the theory with my — 0. The point is that the
parameter mg regulates infrared singularities and the RGPEP can be used to take care of the
ultraviolet effects in the eigenvalue problems.

Small denominators are avoided in computation of Hs.

Rephrase deeply: Advance the hypothesis that the vacuum-like effects develop in the renormalized
small-z dynamics and can be found using the RGPEP by matching the parton dynamics [7 ], QCD
sum rules [ ], large momentum effective theory methods of lattice approach [d [I0], and including
vacuum effects in the parton picture [G].

Quarks and gluons with large p™ are little evolved in the RGPEP. They closely resemble partons
understood as quanta in canonical QCD. By comparison, quarks and gluons with small p™, on the
order of a hadron mass, are evolved a lot in the RGPEP towards the picture of the constituent
quarks. This means that the quanta with large p™, like in the parton model, interact nearly as in the
canonical QCD, while the interaction vertices of the quanta of small pT, such as in the rest frame of
a hadron, are tempered by relatively narrow form factors, include terms resembling potentials and
are expected to theoretically support the constituent quark models success in the classification of
hadrons.

Technical improvements: boost invariant f”, simple generator [H s, H], no need for counterterm

0(qgiuon), confinement for mgy — 0.
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II. INTRODUCTION

For precise application to the physics of hadron constituents, the Hamiltonian of QCD needs to be constructed as
an operator acting in the space of states of virtual quarks and gluons in a definite form of dynamics. Among the
forms identified in [11], the commonly known way of describing the evolution of physical systems using time s of some
observer, is called the instant form (IF). The name originates from the space-time hyperplane corresponding to one
value of s, an instant. The less familiar form, in which an observer describes the system evolution from one value of
2t =t + 2 to another, is called the front form (FF). The name comes from the fact that a space-time hyperplane
corresponding to one value of T is swept by the front of a plane wave of light moving against the z-axis. The choice of
the FF of dynamics for describing how quarks and gluons form hadrons stems from the desire to describe the hadrons
in any state of motion, such as being at rest in a laboratory or moving with a speed nearly equal to the speed of light
after leaving an accelerator. In the IF, boosting hadrons is associated with complex dynamical effects because the
quantum generators of boosts involve interactions. In the FF, there are 3 independent Lorentz transformations that are
free from interaction effects and the dynamics is invariant with respect to them. This feature suggests a simplification
of the task of relating the observed parton structure of fast moving hadrons and their spectroscopic classification at
rest in terms of states of 3 quarks or a quark-antiquark pair [12]. Besides offering a way to approach the quantum
boost problem for bound states, the FF Hamiltonian of QCD naturally provides the eigenvalue equations determining
how the physical hadrons, represented by the eigenstates, are built from the quanta of quark and gluon fields.

However, the canonical FF Hamiltonian of QCD is a singular operator. One needs to identify a computational
path that leads from the canonical theory to the finite solutions of the bound-state eigenvalue problems. Asymptotic
freedom suggests that the binding mechanism for hadronic constituents involves logarithms of their relative momenta.
But to reliably compute the logarithmic effects in bound-state dynamics, one first needs to find a way to control the
functions more singular than the logarithms. This paper proposes a way to do so. The difficulty to overcome is that
the FF of the theory involves singular functions of two different kinds of variables.

In particular, the constituent momenta measured along the z-axis greatly differ from the the momenta in directions
perpendicular to that axis. Consequently, the FF Hamiltonians do not possess any explicit three-dimensional rotation
symmetry that the IF Hamiltonians have. Instead of the three-dimensional momenta, say p, one works with the
transverse momenta of quanta, denoted by p~ = (p', p?), and the longitudinal momenta, denoted by p* = p° + p>.
The corresponding boost-invariant variables of two kinds are the quanta relative transverse momenta k+ = p+ — 2P+
and the ratios x = p*/P*, where P denotes the total momentum of the quanta involved in a Hamiltonian interaction
term. Divergences occur due to k+ going to oo or 0 and due to z going to 0 or 1. For example, there are singular



functions that behave as 1/z2 or 1/x. Reliable treatment of Inx when x — 0 requires a Hamiltonian renormalization
procedure for the divergences in z and k* [3]. The first step of any such procedure is to regulate the diverging terms.

Regularization of the Hamiltonian terms can be arranged by limiting the values of k- and z. Suppose one does it
for the transverse and longitudinal coordinates separately. In that case, the ultraviolet divergences associated with the
longitudinal and transverse directions pile up on each other, which leads to a complex renormalization procedure. One
can correlate the regularization cutoffs on k1 and z by limiting the total invariant-mass squared, denoted by M?, of
the quanta involved in an interaction term. Each of the quanta contributes to M? via Pt times

kLQ + m2
Em =K -k = 3
Pt 3)
with m being a mass assigned to a quantum in the free part of the Hamiltonian. Limiting M by a cutoff from above,
say A, one simultaneously limits |k*| from above and prevents = from approaching 0 because m?/x is limited. The
role of a mass parameter as regulator is of interest because mass does not distinguish any direction in the space of
four-momenta. The issue with gluons, however, is that they are massless, as befits gauge bosons. For them,

12
P = P (4)

T

Small z is not limited from below by the upper limit on the invariant mass M when k' is correspondingly small.
Therefore, the ultraviolet renormalization procedure is interfered with by the infrared issues of the theory. Namely,
the small-z region belongs to the ultraviolet regime when k' is sizable and it also contributes to the infrared regime
when &+ is small. This is where the gluon mass parameter, mg, can be introduced as a regulator disentangling these
regimes. Replacement of k12 in Eq. by k+2 + mg makes small z correspond to the ultraviolet regime even if k=
vanishes. But a gluon mass term the canonical FF Hamiltonian of QCD for the regularization purposes, the resulting
virtual quark and gluon transition amplitudes involve integrals of, in essence,

2
my 1

kL2 +m2 22 '

(5)

The small-z singularity is associated with a function of the transverse momentum. The singularity strengthens when &+
decreases. We propose to counter this gluon mass effect by adding quanta of an auxiliary scalar octet field ¢ = ¢*T* to
the dynamics. These quanta correspond to the longitudinally polarized gluons. In the limit mg — 0, the longitudinal
quanta decouple from the theory when my — 0. Such decoupling is know in case of the FF of QED [13| [I4], but as far
as the author knows has not been taken advantage of in the FF Hamiltonian of QCD as it is done in this paper.

Since the paper is focused on the use of gluon mass for the purpose of regularization and renormalization of the FF
Hamiltonian of QCD, it does not report on or directly refer to most of the rich literature on the FF formulation of
quantum field theory (QFT) and its applications. The literature can be traced following [3] [8], [T5H22].

In Sec.[d]]. . . Paper outline:

IIT. BARE HAMILTONIAN
Canonical FF Hamiltonian of QCD is derived [15, [I6] from the Lagrangian density

ﬁQCD :@(iﬁfgﬁfm)d)f%TrGwG’“’, (6)

where the sum over quark flavors is assumed but not indicated. The derivation is recalled below for it is used later to
explain our procedure for dealing with the small-x divergences caused by gluons.

A. FF Hamiltonian of QCD

By minimizing action described by Lqcp of Eq. @, one obtains equations

(i —gh—m)p =0, (7)
0aG*P +ig[As, G+ 37 = 0, (8)
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where the quark current is J;Zﬂ = —giﬁT‘W% In the gauge AT = 0, Eq. relates the field ¥ = A_1 to the fields
Yy = Ay and AL, where Ay = 1 *y 0y%. Namely,

1
1/}— = Za+[ (Zal gAJ_) + ﬂm]w-" : (9)
Similarly, Eq. (8) with 8 = +, provides the constraint
- 20t 7+
AT = a+A —l-ﬁ(J +J5) (10)
with J§' = —ig[0"# A+, A+]®. Inversion of 072 is a remote analog of inverting Laplasian in the Poisson equation

to obtaln the Coulomb potential in the IF of Hamiltonian dynamics. Generally, inversion of the derivative 0T is
understood here in terms of the inverse of momentum in the Fourier transform. Field modes constant in =~ will not
appear in the regulated theory, see below. When the coupling constant g is set to 0, the constraints simplify to the
constraint equations for free particles,

1
Ypo = o (ati0* + Bm) by | (11)
_ 20+ |
Ay = o —A (12)
One uses these equations to define the fields
Vr = Yy +po (13)
Ap = (A;,A+:o,Ai) . (14)

Canonical formula for the FF Hamiltonian of QCD expressed in terms of the fields 1y and Ay, is provided by the
component P~ of the total four-momentum carried by the quark and gluon fields. Thus, P~ is an integral of Noether’s
energy-momentum tensor-density component +— over the front,

Hgep = / Taep » (15)
F
where [, = [d*z(z). The Noether tensor is
0Lqcp
THY = QCD gry — ghv . 1
QCD 0 9"x — 9" Lacp (16)

The sum extends over all fields x in Lgep with AT = 0. The Hamiltonian reads
H = [ dztda™
QCcp = x—dx~ Hqep (17)

where the integrated density is, ¢f. [23],

+ 12 2
- (_6 +m ) 1 a "
HQCD = ¢fT¢f + —AfuﬁLQAa,U‘ (Ja.u + J,(Zilf)
1 v
+ 59U Ay 6+Af¢f_ ~ 9P [Ap, Ap, )0 [AY, AY]
1 a a a a
— 2(J+—|—JA}F)8+2(JA}‘+J¢}L), (18)
with currents
Joli = =g Ty (19)
JZ‘} = ig[a”Aﬁ,,Az’c]“. (20)

These currents depend on the fields AL and ¢ only, since they include explicit solutions for ¢ and Ay . They differ
from the currents

Tyt = —gyTiy'y (21)
T = iglAa, G (22)



B. Gluon mass and auxiliary field

The gluon mass term and the associated term for the auxiliary octet scalar field ¢ = ¢*T*, are added to the density
Hqcep of Eq. to form the amended density,

Mgy 1 a a 1 a a a 1 a a
Haoép = Hacp - §m521Aqufu t35¢ (=012 +mg)¢" +myo 87(%? +J57) (23)

The gluon mass parameter m, and field ¢ introduced in Eq. suffice for the purpose of regulating the gluon
dynamics, see Sec. When m, is set to 0, the amended density becomes equal to the canonical Hqcp of Eq.
plus a density for a decoupled, free massless field ¢. The latter one can be ignored. Thus the limit my, — 0 recovers
the canonical FF Hamiltonian of QCD.

In Eq. , the mass term for the gluon field A involves only the constrained field A; of Eq. . The kinetic term
for the field ¢ has the standard form for scalar bosons. The coupling of ¢ to the quark current is similar in structure,
besides the color factors, to the couplings introduced in massive QED [13] 24} 25]. The auxiliary field ¢ couples to the
color current of gluons. However, it does not couple directly to itself, despite that it carries color. Our scheme differs
from the generalized Stueckelberg formalism for massive Yang-Mills fields, in which additional constraints are imposed
to eliminate terms inversely proportional to the gauge-boson mass parameter [26]. Such additional constraints are not
needed here.

The Fourier modes of the field ¢ with momentum p couple to the color currents proportionally to m,/p*. This
ratio diverges for p™ — 0. Precisely such coupling yields the cancellation of the severe small-z divergences due to the
assignment of mass m, to the transverse gluos, see Sec.

The density Hg(qu can also be derived from the Lagrangian density

my 1 a a
EQéD = Lqcp + B (mgAu + 0uo )2 , (24)

proceeding in parallel to Sec. using gauge AT = 0. The term added to Lqcp in Eq. is not gauge invariant,
as the regularization purpose it serves is not. Since the field ¢ is assumed very weakly coupled to gluons and since
color is confined, any physical effects due to that field, if it existed, would be hard to detect. In principle, ¢ might
contribute to the gravitational effects.

Quark fields ¥ obey the same equations in the case of L’géD as in the case of Lqcp, for the added term does not
depend on the fermion fields. Therefore, the constraint on ¢_ is the same as in QCD with m, = 0, Eq. @D Keeping
AT =0, variation of A~ yields the constraint

2 2m
A” = A7 + ﬁ(ﬂf +J )+ a—qu , (25)
which differs from the canonical Eq. by the last term only, given the identities J} = J{, and J| = J |, that
follow from ™2 = 0. The field ¢ obeys

O¢ +myd, A" = 0. (26)
The constraint Eq. implies
1
9, A" = a—Jr(J;{ + J;j) +myg (27)
m
(O+m))ep = —a—j(JjJrJJ). (28)

The latter equation exhibits the so-called “longitudinal” or “good” currents [27] as the only sources of the field ¢. The
amended Hamiltonian density ’Hg%D is obtained by evaluating P~ that follows from the energy-momentum tensor

density implied by EgéD.

C. Quantum Hamiltonian

The Hamiltonian,

Hyln = / d*atdz™ HOLp (29)
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where the density Hg'éD is a function of fields ¥y, Ay, and ¢, given in Eq. , is turned into a quantum operator
ﬁgéD by replacing the fields at 2™ = 0 with operators,

3 2
>0 / P} [tpr Xcbpoce ™ 4+ vpoXedfpee™| (30)

Yy =
c=1o0=1
8 2 4 ‘
A? = ZZ/[p] [ggchdpace_pr +€g;Tcd;UC61pw]w+:0 ) (31)
c=1o0=1
~ 8 . .
6= / vl [-z’TCdpsce‘W+¢TcaLBCeWL+_O . (32)
c=1 -

In this notation, ¢ refers to colors of SU(3) and o denotes spin projections on z-axis. Momentum integration measure
reads [p] = dpTd?pt/[2pT (27)3] with pt > 0, pt = (p!,p?), pxr = p~ 2t /2 + pta~/2 — ptat. The quark spinors, u,,
Upo, and gluon polarization vectors, e, are given in [16], App. A. Flavors of quarks are kept in mind. The creation
and annihilation operators, B, Z;T, J, aﬁ, a,a’, will be commonly referred to as particle operators. They are assumed to

satisfy the anti-commutation relations for fermions and commutation relations for bosons,

{l;pacu I;I)’o"c’} = {dpaca Ci;’a’c’} = |:dpo't:7 &:J’o"c’:| = 2p+ (27’(’)363 (p _ p/)(SUU,éCCI . (33)

Other commutators or anti-commutators vanish. Fermion operators commute with the boson operators. By definition,
the annihilation operators b, d, a produce 0 when they act on the vacuum state, denoted by |0). Products of particle
operators in all terms of the Hamiltonian H, olp are normal-ordered according to the pattern afb’d'dba. The
normal-ordering is indicated by double dots. Thus,

iy = / Patde  HEs (g, Ag,d) (34)

This Hamiltonian is singular and requires regularization as a part of the renormalization procedure described in next
sections. The normal ordering will be always present but not indicated. Hats will be omitted to farther simplify the
notation.

IV. REGULARIZATION

Regulating the Hamiltonian of Eq. begins with limiting from below the range of momentum p™ labeling creation
and annihilation operators in the quantum fields in Eqs. , and . The lower bound on p* is denoted by
€™ > 0. This lower bound is set to be smaller than any p* in any physical process.

A. Particle momenta and cutoff ¢t

To introduce the cutoff et, we define the integrals over the momenta that label creation and annihilation operators
in Egs. , and as limits of discrete sums. The continuous notation is meant to correspond to the discrete
momentum spacing that is too small to notice in physical applications. Care needs to be exercised because there
are two limits to consider in discussion of physical processes, a large-volume limit and a long-time limit, cf. [28]. We
introduce a large cuboid extending from —2L to 2L in = and from —L to L in 2! and z2. The cuboid is assumed
large enough to easily contain all processes of physical interest. These processes are meant to develop over front “time”
2T much shorter than 4L.

The discrete plane-wave momenta in the quark and gluon fields are defined using the periodic boundary conditions
on the cuboid walls at 27 = 0,

pn=cn,n = (nt,n' n?), (35)

where € = /L, nT is a natural number while n! and n? are integers. The number n* is positive because a free particle
of positive mass and finite energy £ has p™ = E 4 p* > 0 no matter how fast and in what direction the particle moves.
The assumption is that, in the absence of interaction, the theory describes the energy of free particles, which we
consider to be the field quanta, see e.g., [29], p. 297. Since the box can be arbitrarily large, € can be arbitrarily small.
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Suppose one sets an ultraviolet cutoff A on the particle energy [30H33],
En = (py +p,)/2<A, (36)
where p, = (pt2 + p?)/p;}. Such cutoff implies that
A-A, < pf<A+A,, (37)

with A, = /A2 —pl2 — ;2. Thus, p} > e, where e = (u? + p;-2)/(2A) > 0 for A > p? > €2. Thus, the energy
cutoff implies that the momentum p; for particles with positive masses is separated by the positive gap e from zero.
In the infrared box limit, L — oo, and the ultraviolet cutoff limit, A — oo, the question of which quantity is greater, €
or et, has an answer depending on the order of limits,

& _plp

This formula relates the ratio €' /e to the ratio of the number of the particle Compton wavelengths that fit in the cube
edge and the number of free particles at rest whose total energy equals the cutoff A. We assume that the infrared
limit L — oo is taken first for a fixed mass p. In that case, €™ > €. In the field expansions, the sum over momenta p,,
involves p;l separated from 0 by the gap 1?/(2A). Therefore, the integrals in Eqs. , , and (32), do not extend
down to pt = 0. Consequently, the Hamiltonian HgéD does not contain any terms that are made only of creation or
only of annihilation operators. Such terms would imply that a natural multiple of ¢ equals 0.

The largest value of pT allowed in the operator labels in Eqs. , and , say @71, is assumed large enough
to consider all physical processes of interest. Since every physical process is characterized by some conserved value of
its total plus momentum, say P+, and since the plus momentum of each participating field quantum is smaller than
P+, it is sufficient to assume that QT is finite but greater than the total PT in any process of physical interest.

B. The weak-coupling issue of vacuum

The Hamiltonian of Eq. is normal-ordered and, according to Sec. all its terms contain at least one
annihilation operator. Such terms annihilate the bare vacuum state, denoted by |0). Therefore, the state |0) is an
eigenstate of H with an eigenvalue 0. It is also an eigenstate with eigenvalue 0 of the normal-ordered operators P+
and P+, which makes it a candidate for the theory vacuum state.

The issue is that the interactions can cause formation of Hamiltonian eigenstates with eigenvalues smaller than 0, for
any finite eigenvalues of Pt and P*. But when the regulated interaction terms are made arbitrarily small, by making
the bare coupling constant g arbitrarily small, all eigenstates with positive P must have eigenvalues P~ greater than
0. It has to be so because all the quanta of the regulated theory are assigned masses squared greater than 0. Therefore,
all quanta necessarily contribute only positive amounts to the total value of free P~. The interaction energy is too
small to cancel that free positive P~ when g tends to 0. Hadrons are then considered to be states obtained by acting
with the creation operators on |0).

The situation changes when the coupling constant is increased and the Hamiltonian develops negative eigenvalues
due to the interactions. Such eigenvalues would invalidate the assumption that the eigenstate |0) of eigenvalue 0 is the
theory’s ground state. Therefore, we assume that no such strong binding effect occurs in QCD with physically justified
values of the coupling constant and masses of the quanta. The issue becomes whether the squares of masses in the
renormalized effective-particle FF kinetic energies, including the adjustment of the mass-squared counterterms to be
discussed later, are large enough to prevent interactions from generating negative eigenvalues P~ for bound states of
quarks and gluons. The author does not know any example of such negative eigenvalues in any realistic theory.

C. Regulating interaction terms

Interaction terms in H(SL(%D do not converge as functions of the particle momenta. Such interactions cause arbitrarily

large changes of momenta and produce diverging transition amplitudes. The pertinent measure of momentum is p—,
an eigenvalue of the free part of the Hamiltonian, obtained from HgéD by setting the bare coupling constant g to 0.
The free part is denoted by Hy,

2 12 2 3 12 2
p+m P 4+m
iy = Y [0 Wb + i) + 3 [ (39)
o=1 o=1
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It results from the first two density terms on the right-hand side of Eq. and from the terms second and third on
the right-hand side of Eq. . Quanta of the auxiliary gluon field ¢ are accounted for by summing over 3 instead of
only 2 polarizations. The interaction part of HgléD is denoted by Hy,

Hyép = Hyp+Hip . (40)

With all annihilation operators commonly denoted by a, the structure of H; reads

H =Y H;, (41)

[H /[pm}a;m] [ﬂ /[qn]aqn] Sc.a hi(ﬁ) ‘j) > (42)

where ¢; and a; are the numbers of creation and annihilation operators in the term 4, respectively. The coefficient
h;(p,q) depends on the set of created particles’ quantum numbers, p, which includes p,, with m = 1,...,¢;, and
the set of annihilated particles’ quantum numbers, ¢, which includes ¢, with n =1, ..., a;. Canonical coefficients h;
are proportional to the coupling constant g or its square. The symbol d., stands for the §-function that secures
conservation of the total kinematic momentum of quanta involved in a term,

dca = 2(2m)%8 (pF —pg) 6% (br —pr) . (43)

where the subscripts ¢ and a refer to quanta created and annihilated by a term, respectively,

C; @i
Pec = Z Pm s Pa = an . (44)
m=1 n=1

Our regularization scheme sets a limit on the magnitude of change of the particle momenta that the interaction terms
can cause. We first describe the regularization of the interaction terms that are linear in g and then of the terms that
are quadratic in g.

H;

1. Terms linear in g

Regularization of terms linear in g amounts to inserting in them regulating factors f ;,
T(@.q) = f54T(P,0) (45)
where, using notation of Eq. (44)),

fra = e~lr e =Pl — o= Ir (ME-MO)/pI)* (46)

with M2 = p? and M2 = p2. The specific form of Ipq» Ea. 1} is chosen to match the solutions of the homogeneous
renormalization group equations for Hamiltonians, described n Sec. [V}

The insertion of regulating factors in terms linear in g, is illustrated below using the three-gluon interaction term.
The term originates from the density term —Ji’} %, for transverse gluons in Eq. . Before regularization, the
canonical term reads

8 2
Hps =g Y. > /[123] alabaz Yio3 8123 + h.c. | (47)

c1,¢2,¢3=101,02,03=1
where
- £C1C2Cs3 * ok * * * *
Y123 = ’Lf 1e263 [8182 Egkﬁlg —£1€3 5214512/.’1?2 — E9E3 Elk‘lg/(I}l] . (48)

The symbols € denote the gluon polarization four-vectors. The three-gluon vertex function Y23 grows proportionally to
ki5, the relative transverse momentum of the created gluons 1 and 2, ki5 = zopi — 71py, o1 = pi"/pg', To = p;/pg' =
1 — 1, ki, = 0. This growth leads to the ultraviolet transverse divergences in transition amplitudes. The vertex also
grows as 1/x1 or 1/xo when a1 or x5 tend to 0, which leads to the small- divergences. Additional complexity results
from the ratios kis/z; and kiy/z2. For example, a term with an infrared k* may become ultraviolet when z — 0.
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We use the gluon mass parameter m, to untangle the mixture of ultraviolet and infrared divergences. The regulated
three-gluon interaction term reads

2
H23 =g Z /[123] a{a;ag Y123 512,3 f{273 + h.c. 3 (49)

01,02,03=1
where

flag = ol (Miy=m3)/p{]? (50)

The invariant mass M only depends on the relative motion variables of gluons 1 and 2 , * = x; and k+ = k5,

kL2 4+ mg

2 _
Mz = x(1—x)

(51)
When the invariant mass is finite and r — 0, the regulating factor f{, 3 tends to 1. When the invariant mass diverges
and 7 is fixed, the factor tends to 0. The regulating suppression of the vertex occurs when M?, exceeds the magnitude
of pgr /7 or, for |k*| smaller than mg, when  decreases below rmg / p3+. The presence of m, guarantees that Mo — oo
when z — 0. Thus the small-z gluon divergences are turned into ultraviolet divergences. Without mg, the region of
small x would not be regulated by the factor f, 5, for one could have k+ ~ 2% with o > 1/2. The non-locality of
vertices regulated using factors fi, 5 is analyzed in [34} [35].

All terms linear in ¢ in the Hamiltonian HgéD are regulated using factors f7 ; as in the above example. Such terms
contain two creation operators, one for a quantum of some mass mi and another one for a quantum of some mass mso,
and an annihilation operator for some quantum of mass ms, in correspondence to aJ{, a; and a3 in Eq. l) One uses

the invariant mass of quanta 1 and 2, squared,

ki +mi  kiz +m3
M%Q _ N2 1, M2 2 (52)
x1 T2
The regulating factor is
flag = e~ lr (M3 —m3)/p31* (53)
2. Terms quadratic in g

Regularization of the canonical terms proportional to g2 concerns products of four fields. There are two kinds
of them. One kind results from the constraint Egs. @ and . These terms involve an inverse of 8. They are
traditionally called seagulls. The other kind originates from the square of G**" in the Lagrangian density. Both kinds
are treated in the same way, described below using the example of a seagull.

Constraint Egs. and relate gauge field component A~ to 1/0%2 acting on the color current J. The latter
involves products of two fields. Therefore, when a color current is multiplied by the constrained A~, the resulting
density term is of the form J(1/072).J. Each J can be though of as creating or annihilating a gedanken gluon that
carries the momentum associated with 1/072. The imagined gluon together with the current .J form a vertex that is
regulated by the factor f{, 3 in the same way as the three-gluon vertex is in Eq. . In the fermion seagulls, the
gedanken quantum is a fermion rather than a boson. In the Hamiltonian term due to the product of commutators,
g*[A?, AT])¢[A) A7), each commutator is treated as a current, even though the inverse of 9% is absent.

The rgularization of terms proportional to g2 is illustrated using the gluon seagull term

1 -1
- g2, .1 a a a a

Hy = [do et SO} + I35 U85 + 5 (54)
originating from the last density term in Eq. . It involves four terms, each of which is a product of four fields. All
these products are regulated according to the same rule. It suffices to describe one product. We describe in detail the

regularization of the term that involves only quark and antiquark operators,

1 1
Hjy,g, = /dm‘dle fJ;;*

2 VS (i0+)2 J@%Jfr ’ (55)
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The current at 27 =0 is

T@ = 0 2 T [

C1,C2 01,02

X I:aplo'lbl;la'lcl zp1z+vplaldp101Cle—zp1w]
X ’Y+ [upszszzazcze lpzx—’—vpzdzd;zazczeszx] : (56)
The spinor products are
ﬂ1’Y+U2 - 617+02 =2 pfp; 501702 ) (57)
w1y vy = v1yTue = —24/pipd G0y 0 - (58)

Hence the normal-ordered, regulated current is
= =03 3 e [l 2eles () (59)
C1,C2 01,02

where the bracket,

{ Y = bibzei(pﬁm)z [91—2ff,2(1_2) =+ 92—1f§,1(2—1)} 01,0

_ delei(Pz—pl)m [82_1f571 2-1) t 91_2']“{,2(172)} 0oy ,00

— deT z(p1+p2)fl’f (1+2)5_01 o2

- d1b2eﬂ(pl+p2 mf12,(1+2)5—01,02 ) (60)
carries the superscript r to indicate the insertion of the regulating factors. The gedanken gluon is assigned the mass

myg for evaluating its minus momentum. The Heaviside’s -function 6;_; = 0(p; — pj) Thus the regulated quark
seagull is

Hy ,, = /dgrd%:L { J”(za{r) J“*] (61)
— 1 - g2,.L . |. yat . 1 . ojat . " .
= 3 /da: a2t [ e } e [ o } ;o (62)

The colon, a symbol for the normal-ordering, is dropped below. For the purpose of illustration of Eq. . We display
details of the term that transforms a quark-antiquark pair into another such pair.

rqq 1 é e
HJ,f(jw = 592 Z T12T34/[1234] ca{ }4y PiDs P3P (63)
1234
where one sums over the color superscripts ¢ from 1 to 8, and

-2

{1} b1d1d3b2 91—2f{,2(1—2)501,02 W93—4f§,4(3—4)503704
3 4

+ bldldsba 021 f5 12-1)001,00 T3 04-3[1304-3)003,04
(ps —pi)
. 2
+ bldbdsbs f2,142)0-01.0 Wr 1012 534, 344)0-03.04 - (64)

3. Fully regulated bare Hamiltonian

Fully regulated QCD Hamiltonian with the gluon mass m, and field ¢, denoted by HQCD, reads

ot = [ datde Wi (6r.45,9). (65)
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where
Holp = Maep — %mﬁA?uA?#
+ %qﬁ“(—é)u-i-m;)qﬁa [mqu“ (Jg;+J;})y , (66)
and
bop = LT gy a0ty [+ AL

v e foa | - Lo g e ane)
9 f fla+ fYr 4 fus Af, o f

1

a a 1
- {(J e

e (Jor + J;;;)] . (67)

The regularization brackets [ |" embrace all interaction terms. The regularization brackets may be omitted to simplify
notation.

V. GLUON MASS AND SMALL z IN SCATTERING AMPLITUDES

Insertion of a mass term for gluons in the FF Hamiltonian of QCD leads to severe small-z dlvergences due to inverse
of 072, see, e.g., [3], Sec. IX A. In contrast, the Hamiltonian HQ of Eq. , with density HQCD given in Eq. 7

leads to the cancellation of these singularities despite that my > 0. The reason is that HQCS includes also a kinetic
term for a color octet of scalar fields of the same mass and an interaction term that couples that octet field to the
“good” color currents of quarks and transverse gluons, proportionally to the gluon mass.

A. Severe small-z singularity
To identify the source of the gluon severe small-z divergences, the current-gluon coupling term, i.e., the Hamiltonian

term resulting from the third density term on the right-hand side of Eq. (67]), is separated into its transverse and
longitudinal parts,

(T TEAS, = (T TEAY — ST+ TEHAY (68)

Only the longitudinal part involves the inverse of . Using Eq. for A‘}_ and integrating by parts, the Hamiltonian
density of Eq. for fields that vanish at large distances is transformed to the equivalent form

pa(E0 e m?) L s

Habp = Vr——5g7 Y+ 54 J(—aﬂ+m§)Afﬂ
G TEDAT + *921/’ff4f7 Ty
1 2 1

= 9 1AL AJAL AR - (Jﬁ +J47) 5 Ay + 755)
+ 7¢a(_6J_2_’_m2)¢a
+ (0T A+ mye") o () (69)

The superscripts j and k take only two values, 1 and 2, for the front transverse directions. The only terms leading to
1/072, or 1/2? for gluons, are

Hi

(0F A +myo”) +77J,«, (70)

1 a a
Hyo = —iﬂJf@ﬁJf» (71)
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where nJ§ = J;ﬁ —&-JZJJZ. The four-vector 1 has components = = 2, 7 = 0, and - = 0. The term H; is proportional
to g and the term H 5 to g2. Integration of these two densities over the front yields the Hamiltonian terms denoted
by Hyi and H,o, respectively. Regularization factors in these terms are introduced according to the rules described in
the previous section. The gluon severe small-z singularities occur due to H, o and square of H;;. It is shown in the
next section that they cancel out in the transition amplitudes for quarks and gluons despite the presence of the mass
parameter my.

B. Cancellation of 1/2? in scattering amplitudes

Scattering of quarks and gluons in the femtouniverse [36] is described assuming that in the first approximation they
propagate as free. Interactions are accounted for using an expansion in a series of powers of the coupling constant g.
Our discussion begins with the small-z divergences in the second-order scattering matrix operator [28],

1 1 1 2
T = HY G — +i€H§ '+ H1® . (72)

Symbols H}l) and H}z) denote the Hamiltonian terms of order g and g2, respectively. P~ denotes the initial-state
eigenvalue of the free Hamiltonian H.

Consider the quark-antiquark scattering in which a pair ¢¢ turns into ¢’¢’. Dropping the overall momentum
conservation d-function, using j, and jg to denote the quark currents, which are free from the gluon mall-x singularities,
denoting the four-momentum transfer from the quark to the antiquark by k =¢—¢ = ¢ — q, k™ > 0, and omitting i,
one obtains the transition amplitude on-shell of total P~ in the form

<q/(.7/|T(2)‘QQ> = janaﬁjq’ﬁ , (73)

1 anf
af  _ - a _*f 77 77
T = ) > e+ . (74)

The first term on the right-hand side of Eq. comes from the exchange of gluons between the quarks. The second
term, proportional to n®n®, is contributed by the seagull term, or H o corresponding to the density H o in Eq. .
Both, the exchange and seagull contributions diverge as 1/k*2 when k* — 0. The sum over gluon polarizations

extends from 1 to 3 because it includes the contribution of the longitudinal gluons described by the field operator ¢ in
Eq. .
3
Yo clocin = =g+ (k§n® £ 0 kg) /KT mon [k (75)

o=1

The first two terms above come from the transverse gluons, with k; = k12/k*, and the third term comes from the
longitudinal gluons. So, the amplitude is

—gP L 118
I~ T(2) D = joa g i 76
(71T qq) = jq w2 Jap (76)
where
% = (k§n® +nk) kT + min™n® K72 + (K — m2) non® [k . (77)

The quark and anti-quark currents in Eq. are conserved, ko, ji = ko jg = 0. The formula k§ = k% + (kg — k7 )n/2
implies

o’ = g™y’ , (78)
II = (kg —k7)/kT+m2/k*?+ (K —m}) /KT . (79)

The key result is that II vanishes. The terms ~ 1/22 cancel out completely. The regularization factors f” do not
interfere with the cancellation because they are the same in the gluon exchange and the seagull term. The resulting
scattering amplitude has the co-variant form of Eq. with TI*# = 0. Moreover, the amplitude is free from any
small-z singularity, not only the severe 1/z2. An alternative way of stating this result is that the diagrammatic rule
(R8) of perturbative QCD in App. A of [16], continues to be valid even though the gluons are assigned the mass m,.
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In order to extend the above reasoning to the transition amplitudes between intermediate states that are off-shell of
total P~, we first note that the severe gluon singularities appear in perturbative calculations due to the operator

1
Tsin ular — H 71—[ H ’ 80
gul +1P——Hf+ze +1+ o (80)

which sums the exchange of a gluon between two color currents and the seagull. The divergences occur in the coefficients
of the tensor n“n?, contracted with the quark or gluon currents. The sum over transverse polarizations of the exchanged
gluon contributes k-2 /k*2, as dictated by H,;. The intermediate quanta of field ¢ contribute m§ /kT2, also dictated

by H.;. Since the eigenvalues k™ of Hy for the quanta of fields A and ¢ are the same, k; = (k+2 + mz)/k"’, the most
singular contribution to the transition amplitude due to k™ — 0, takes the form

. kJ_Q/k+2+m£27/k.+2 1 .
et (P~ —Q- —k,) k2|72

<Tsingular> - (81)

where the second term in the bracket, 1/k*2 | comes from H . The sum of eigenvalues of H ¢ for other quanta in the
same intermediate state, in which the exchanged gluons appear, is denoted by @Q~. Symbols j; and j, stand for the
contractions of the quark or gluon currents with 1. The three-momentum conservation J-function and ie are omitted.
The term k+2/k*2 in the numerator in Eq. is provided by the transverse gluons and the term mg/k+2 by the
longitudinal ones. The inverse of k*2 would produce the severe singularity for & — 0 if the free Hamiltonian H
would include the mass m, for transverse gluons and the longitudinal gluons were absent. When their contribution is
included,

. Q™ - P~ 1
J1 — — J2 7 -
R = Q) = (W2 md) ™ &

<Tqingular> = (82)

The divergence ~ 1/k*2 for k* — 0 cancels out despite that mg > 0. At the same time, mg > 0 regulates the infrared
divergence due to k+ — 0 when kT — 0.

The same mechanism works to all orders of perturbation theory. Our demonstration begins with Eq. (70). Every
numerator term associated with propagation of a transverse gluon, (k*/k%)2, is accompanied by a term due to the
propagation of a longitudinal gluon, (my/k*)?. The transverse-gluon exchange and the longitudinal-gluon exchange
involve the same denominator factor with the same value of the gluon k. The exchange extending over one intermediate
state always appears in addition to a contribution of the Hamiltonian term H,;. Therefore, the cancellation in
exchanges extending over one intermediate state occurs as described above. The cancellation holds no matter how
many additional interactions precede or follow the exchange. When the gluon exchange extends over more than one
intermediate state, the contribution of Ho is absent. However, in that case, the gluon &k, appears in more than one
denominator. The additional denominators provide additional powers of k™ in the numerator, which eliminate the
severe singularity 1/k72.

C. Small z in self-interactions

In the amplitudes discussed in Sec. [V B| the severe small-z divergences of the gluon exchange and seagull terms
cancel each other. But in the quark and gluon self-interactions, schematically illustrated in Fig. [I} the normal-ordered
seagulls do not contribute. The second-order self-interaction sketched in Fig. [I| requires a counterterm. Including the

FIG. 1: Self-interaction of particle of type 1 via emission and absorption of particle of type 2.
2
1 1

counterterm, the self-interaction reads

5(2) 1 @

P (0'[Ha _HfH+1|P> + (Ip) o (83)

®'Ip) W
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where the counterterm contribution is denoted by C(?). The factor (p’|p) accounts for the state normalization. We
obtain

(2) 1
Eq _ g2OF dl‘ d2k E + 40_(2) r2 (84)
ot ot 20273 | D a ag.p
N = 4k + (1 - oc)mz]/ac2 + 2kt + 22m?) /(1 — ), (85)
D =a(1-2)p"(P"=Q —p; —1,) . (86)

where 401(12) stands for the integrand of the counterterm. z is the fraction of the quark momentum p*, carried by

the emitted gluon, ranging between 0 and 1. k+ = p;- — xp*. For N colors of quarks, Cr = (N? — 1)(2N). The
squared regularization-factor, f;;q, comes from the double action of the Hamiltonian term H,;. The severe small-x
singularities are contained in

2 _
2:z(,ys)ing gch / dx d?k+ |: 4pg /(E

pt pt 2(2m)3

— — + 40_(2) r2 )
r(P~ = Q™ —pg —pg) ! 190
In our notation, p, denotes the free four-momentum of a quark of mass m, after emitting and before absorbing a gluon.

pg denotes the free four momentum of the gluon, of mass m,. It is visible that to counter the singularity ~ 1 /2%, one
needs the counterterm integrand

(87)

o = 1/2%. (88)

Inclusion of the less singular terms than 4p /z, shows that the small-x divergence 1/2% and the ultraviolet quadratic

transverse divergence in E,(JQ) /pT are simultaneously countered by the counterterm whose integrand is
2 2
o = 1/2* +1/2(1 — 2)] . (89)
Similarly, the second-order transverse-gluon self-interaction reads,

(2

2 27,1
nging _ 29 Ca / dxd*k E + 0_(2) r2 (90)
pt pt 2(27)® | D g 99,9
1 1 1 1

N — kJ.? 2 1 - I 2| = - 1
( +my) +x2+(1_x)2 Mg |3 +96(1—37;) ’ (91)
D = z(1—a2)p*(P™ - Q") — (k**+m2) . (92)

For N colors C4 = N. It is visible that the counterterm integrand

1 1

(2) — 14—

Oy + 22 + 1—2)2° (93)

removes the severe divergences of type 1/2% for z — 0. Inclusion of 1 in Eq. , secures simultaneous cancellation
of the ultraviolet quadratic transverse divergence. The gluon self-interaction due to the intermediate quark pairs
does not involve divergences ~ 1/z%. The self-interaction of longitudinal gluons is free from such divergences as
well. The remaining singularities are only logarithmic, as promised. In orders higher than second, the one-particle
irreducible self-interactions require more complex expressions for the counterterms. Self-interactions in the renormalized
bound-state eigenvalue problems of the Hamiltonian Hgég are discussed in the following sections.

VI. HAMILTONIAN EIGENVALUE PROBLEM

Eigenstates of the Hamiltonian H, gég of Eq. represent hadrons of QCD in the limit of lifting the regularization,
r — 0 and my — 0. The eigenstates are the combinations

h) = Zwim, (94)

where [i) are the basis states obtained by acting on the state |0) with products of creation operators introduced
in Egs. , and . To describe a hadron, one needs to compute the relevant eigenvalue of the matrix
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HZL 9" = <z|Hgé];| j) and evaluate the corresponding set of coefficients v;. Analytic calculations appear not feasible
because of the matrix complexity. To use computers, one needs to overcome several difficulties.

The Hamiltonian matrix has infinite size. One must replace it by some equivalent finite matrix. To begin with,
one could limit the momenta and number of quarks and gluons in the basis states. However, setting such limits is
not straightforward because the matrix elements H:;L 9" diverge as functions of the momenta, e.g., see Eq. for
kt — oo or £ — 0. The diverging matrix elements dominate the dynamics. They need to be dealt with first thing to
gain a computational access to the finite quantities of physical interest [3], 37, [38], including the issue of explaining the
relativistic quantum-binding mechanism for quarks and gluons. The singular interactions can change the number of
quanta. Therefore, the states with quarks and gluons in fast relative motion are degenerate with states of less rapid
but more numerous quanta. Traces of these complexities appear in QCD phenomenology. For example, applications of
the parton model suggest that the gluon distribution in proton grows for small x and requires some mechanism of
saturation. Eventually, one needs a method of estimating the accuracy of a computation.

To overcome the difficulties mentioned above, the QCD bound-state eigenvalue problems are formulated not in
terms of the canonical creation and annihilation operators introduced in Egs. , and . Instead of b, d,
and a, commonly denoted below by ¢, one uses operators bs, ds, and as, denoted by ¢s. The latter are called the
operators for effective particles. The parameter s can be thought about as a size of the particles. The canonical
operators ¢ correspond to the point-like quanta, ¢ = gs—9. When s ~ 1/m, where m is a hadron mass, the effective
particles are meant to correspond to the constituent quarks and gluons. Evaluation of the QCD Hamiltonian in terms
of operators g5 is carried out using the renormalization group procedure for effective particles (RGPEP) [1I]. The
procedure is designed to rewrite the canonical FF of QCD bound-state eigenvalue equations in an equivalent way
using the effective particles, whereby the singular canonical interactions are replaced by the smoothed ones, which
depend on the parameter s and do not create the eigenstate components with unlimited numbers and momenta of the
constituents. To describe how the gluon mass m, and field ¢ contribute to the effective bound-state dynamics, we
need to recall the elements of the RGPEP.

A. Elements of the RGPEP

Quantum numbers of the phenomenological constituent quarks [I2] are the same as those of the bare quarks in
the canonical QCD, with the exception of the mass parameters. Therefore, the RGPEP for QCD assumes that the
effective particles are unitarily related to the bare particles,

g = UlqUs , (95)

and the quantum numbers of g5 and ¢ are the same. The Hamiltonian remains unchanged. Consequently, the products
of operators ¢s in the Hamiltonian have different coefficients, say c,, from the coefficients ¢ of the corresponding
products of operators ¢, but

Hcs,qs) = H(e,q) - (96)

The renormalized expressions for the coefficients cg, are obtained by solving a first-order differential equation in s,
called here the RGPEP equation, see Eq. below. The initial condition at s = 0 is provided by the canonical
coefficients, ¢, including the modifications resulting from the counterterms determined while solving the RGPEP
equation, according to the rules of the similarity renormalization group procedure (SRG) [39, [40]. Computation of the
coefficients c; is carried out using the operator

H = H(637Q) = usH(C&QS)usT > (97)
whose structure implies
H = [G,H] , (98)

where prime denotes the derivative d/ds?; the differentiation with respect to s> will be needed for dimensional reasons.
The anti-Hermitian operator

G =uut (99)

is called the generator of the RGPEP transformation of the Hamiltonian. Whole class of generators can be considered [41],
42]. Hamiltonian operators we discuss have the form H = Hy + Hy, where H;y is given in Eq. . The anti-Hermitian
commutator [#;,H | can be used as a generator of a unitary transformation,

G = [MHpHi]. (100)
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Evolution in s with such generator tends to bring the matrix of H; to a band diagonal form in the basis of space of
states provided by the eigenstates of H¢. The width of the band decreases as s increases. With this generator, Eq.
takes the double-commutator form,

H = [[H.faHI]’H] ) (101)

developed by Wegner for Hamiltonians in condensed matter physics [43], see also [44H50]. The double commutator
structure implies that # fulfills the cluster decomposition principle [29], there are no disconnected interactions. Model
studies of the RGPEP equations with various generators show a need for alterations of the generator G of Eq.
when one seeks to achieve convergence of solutions for H obtained using the weak-coupling expansion [61,52]. Here we
are concerned with the lowest orders of the expansion and no need arises for altering Eqgs. and ( -

B. Renormalized effective eigenvalue problem

Assuming a solution for H as a function of s is available, the QCD Hamiltonian is obtained in the form
H, = H(cs,qs) = UI[H = H(cs,q0)]Us . (102)
The eigenvalue problem for hadrons as bound states of effective quarks and gluons reads

Hyp) = P Jy), (103)
) = Zwi(sﬂm, (104)

where P~ is the eigenvalue. The basis states |i); are created by applying products of the creation operators gs to the
state |0). If one solved the RGPEP equation for Hy exactly and found exact eigenvalues and eigenstates of Hy, the
coefficients v;(s) and basis states |i)s would depend on s but the eigenvalues and corresponding eigenstates |¢) would
not [53]. Approximate calculations yield results varying with s. The magnitude of such variation indicates how large
the theoretical error of an approximate calculation may be. Another measure is provided by the accuracy of obeying
symmetries, such as the rotation symmetry.

VII. WEAK-COUPLING EXPANSION FOR H;

leen the initial condition at s = 0 in the form of the regulated Hamiltonian HQCS of Eq. , the differential
Eq. (101)) can be solved order-by-order in the expansion of the coefficients ¢, in series of powers of the coupling constant
g. Such expansion is valid when the coupling constant is made so small that all computed interaction terms are small.
But solutions for the coefficients ¢; may contain inverse powers or logarithms of the regularization parameter ». When
one lifts the regularization, taking the limit » — 0, such coefficients become infinite despite that s is finite and g small.
Consequently, the corresponding matrix elements of H; between the effective basis states of finite momenta diverge and
the eigenvalue problem is ill-defined. To formulate a soluble theory, the initial condition at s = 0, given by Hgé]; in
Eq. , needs to be modified by adding terms, called counterterms, determined by the condition that the divergences
in ¢4 are eliminated. Thus, the initial condltlon for solving the RGPEP equation is changed from HQCD of Eq. to

HEhe = / do™dat (Hoeh + o) - (105)

The subscript C indicates the inclusion of the counterterms, denoted by CQCD Perturbative solution of the RGPEP
equation for H,, including the counterterms in the initial condltlon at s = 0, becomes calculable order-by-order for
very small coupling constants, though the radius of convergence is not known. To describe hadrons, one needs to
extrapolate the weak-coupling expansion to the realistic values of the interaction strength [3]. The realistic magnitudes
ought to match the running interaction strength fitted to high-energy data within the same scheme. Outlines of the
entire procedure, using simple models, are available in [51H53].

A. Solutions of lowest orders

This section illustrates the weak-coupling approach to solving the RGPEP equation for terms up to the third order.
The second-order formulas are used later on to discuss the bound-state eigenvalue problems in QCD of heavy quarks
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including the mass my and field ¢. The third-order solution shows how the RGPEP computations proceed beyond the
second order, cf. [54].
In the series expansion of the operator H in powers of g,

H o= Hr+HD+HD + U1 +0(g") | (106)

where the terms H(™ are proportional to ¢”. The operator H(™) obeys the equation obtained by equating coefficients
of g" on both sides of Eq. (101)). For the terms of first 3 orders, besides HO =H £, the equations read

HY = HHf,H“)] | (107)
HE' = H%f ] }+HHf,H(1)},’H(1)} , (108)
HO = [, 1O ]+ ([, O] 1D+ [ [, O] 1@ (109)

In general, the derivative of H(™) only involves operators H*) with k < n, which facilitates solving for H order-by-order
to all orders.
The solution for terms of the 1st order reads

HO = fopHy) (110)
where the subscript 0 refers to the initial condition at s = 0, and

fin = e~ (sALR)? 7 (111)

ALr = pp — PR - (112)

The subscript L refers to the product of creation operators in a term in H, standing on its left-hand side, and the
subscript R refers to the product of annihilation operators in a term, standing on its right-hand side. Using the
notation introduced in Egs. - for an interaction term H,;, action of frr on any term in Eq. , and on any
other operator at any value of s, is defined by

finHy = [1‘1 / [pm]a;m] [H / [qn]aq"] b TP ) £ (113)

In words, the action of frr on H; implies insertion of the factor f;; in the integrand of 7—[ Correct for the d1ﬁe1ence
between f’ and f*: The first-order solution explains our earlier adoption of the factor f! . as a regulator in Egs.

and .) since p; = p, and p, = p, . Namely, the regularization factors match the 1st- order solution of the RGPEP
equation with s set to r.
The solution for terms of the second order, obtained using solutions for the first-order terms, reads

HO = frrHS + (for — foifir) Aorr HY HY (114)

The subscript I refers to the labels of the annihilation operators in fy, 17—[(()1), or to the labels of the creation operators
: (1)
in firHy .

Apr—Arg
ALir = . (115)
A7+ AT — Al
en the denominator in Ay rp vanishes, the difference of the form factors, frr — fr1 /IR, Vanishes, too.
When the d i in A ish he diff f the f f f frif ish
The solution for the third-order terms reads
H® = (fur — frrfir) ALir [AIJR 7'((()1) H(()l) 7—[(()1) + 7—[(()1) 7—[(()2)}
+ (frr — frifir) ALir {ALIJ HO H 1Y + 1 7—[61)}
— (fer — frifrofir) ALiir 7'[61) H(()l)Hél) ; (116)

where

Aprp = (Ars—Ayr)Arry + (Arr — Arr)Arsr (117)

AL+ AL+ AR — AR
Subscripts I and J refer to the intermediate configurations of the particle operators involved in the interaction terms.
Solutions for the Hamiltonian terms of orders higher than 3rd are obtained following the pattern shown by these

examples.
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B. Counterterms

Computation of the counterterms in the initial Hamiltonian, Hgélgc, is outlined above Eq. . It is illustrated
below in the case of the quark self-interaction, which contributes to the quark bound-state dynamics. The self-
interaction appears first in the second-order Hamiltonian in Eq. . The right-hand side contains a product of
two first-order terms, 7—[(1) 7—[(1) Consider the part of that product corresponding to Fig. |1} where a quark emits and
absorbes gluons. The part involves the product bT asbz by aTb Commuting by to the right of bT and as to the right of

a yields (5225 33, according to the commutation rules spec1ﬁed in Eq. . Integration [[123] results in the operator
C S e A bl, with the coefficient

2 271
g°Cr [ dxd°k
c = oF /2(27T)3 (fLr — fLIfIR) - (118)

The numerator N and denominator D are given in Eqgs. and ., cf- Eq. Integration variables z and k+
are defined below Eq. . The color factor Cr equals 4/ 3 for SU(3). The operators bT and b; correspond to the
same quark pj . Therefore Eq. 1) impllies frr = 1. In contrast, the four-momenta p, and ps3, corresponding to
the labels of the contracted quark and gluon operators 2 and 3, yield frr = fir = exp {—(s/p{)*[m? — (p2 + p3)*]*},
which results in

fuifir = exp{=2(sD/p{)?*/[z(1 —z)]*} . (119)

This factor vanishes for small z and large k. Therefore, the integrand involving fr;frr contributes a finite quantity
to the coefficient ¢1(s > 0) in the limit r» — 0.

The only source of severe small-z singularity in the coefficient ¢, is the term 4(k*? 4+ m2)/2? in the numerator N,
in the integrand with frz = 1. This term is also singular as a function of k&* — oco. Both singularities are regulated
by the factor qg p- When the regularization is lifted by going to the limit » — 0, the quark self-interaction diverges

to negative infinity proportionally to 1/r. But the solution for H® in Eq. contains also the term frr HO ,

where ’Héz) is the initial condition for solving the RGPEP equation. The initial condition can be set to contain a part

canceling the divergent dependence of the self-interaction on r. It is visible that the ired part amounts to the
89)

replacement of the integrand frL.rN/D by frLr[N/D + 40((12)], where a((lz) is given in Eq. (89)). This is how the RGPEP
explains the guess made in the scattering theory. The resulting integrand,

fLrIN/D +40l?] = —(4mi +2m2)/D , (120)

integrates in the limit r — 0 to a logarithmically divergent term,

st = 9O (Ery m3
—omyy, = n(vV2r,mi) +ve/2| . (121)

COE

Consequently, the Hamiltonian ’H(()Q) is further supplied with a mass-squared counterterm 6m% - The result of including
these quark self-interaction counterterms is that the quark masses appearing in the eigenvalue problems for effective
Hamiltonian matrices, such as in Eq. , are the ones introduced in Hy in Eq. . Similar analysis can be carried
out for the gluon self-interaction counterterms.

VIII. GLUON MASS AND SMALL z IN HEAVY QUARKONIA

To discuss the cancellation of gluon singularities ~ 1/22 in the QCD eigenvalue problems with mg > 0, we consider
the theory with only heavy quarks, i.e., the theory in which Aqcp of the RGPEP scheme is set to values much smaller
than the quark masses, cf. [2]. In such a theory, the running coupling constant for the parameter s < 1/m, where m is
the quark mass, can be made sufficiently small for using the weak-coupling expansion of Sec. [VII] to approximately
compute the Hamiltonian H; in Eq. .

A. Eigenvalue problem for the dominant component

According to Egs. (103)) and [104)), the quarkonium eigenstate of the Hamiltonian H has infinitely many components
with various numbers of the effective quarks, antiquarks, and gluons, cf. [53]. However, the interaction terms that
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change the number of effective particles include a small coupling constant and the vertex factors f®, which implies
that a quarkonium eigenstate of the lowest mass is dominated by its quark-antiquark component,

P) = / 125 (1,2) [12). | (122)

where [12), = bl d!,|0) and P indicates that |P) is an eigenstate of the operators P and P with the eigenvalues
Pt and P1, respectively. In other words, the matrix elements of the Hamiltonian H, between the effective quark-
antiquark basis states are assumed to form the central part of the window matrix whose eigenstates approximately
represent quarkonia in the theory, see Sec. 4.3 in [I]. The assumption of dominance of the two-body component is
successfully used in interpreting quarkonium data [12, 55HG1]. In our approach, the two-body component can, as a
first approximation, be described by solutions to the eigenvalue problem for the part of the operator Hy whose form is

Hoo = /[122’1’]s<12\H5|1’2’>5 bl dsobay . (123)

The integration includes summing over the discrete quantum numbers. Without losing generality, the wave function is
given the form

¥p(1,2) = Pto1ap thia(z1,kiy) (124)

where 015 p constrains the quarks to carry together Pt and P+, c¢f. Eq. . The relative momentum variables x; and
ki are defined as in the case of an interaction term in Eq. . The eigenvalue equation for the wave function reads

/[1’2’] SJI2(H U2 0p(1,2)) = Ep(1,2), (125)

where E(PT, P1) = (P12 + M?)/P* and M denotes the quarkonium mass, E(M,01) = M. In the leading order of
the weak-coupling expansion, H, = Hy + H. 5(2), where H §2) is obtained from H® of Eq. |i using Eq. l} Hence,

J12HO2Y, = (12| [Hf +H(2>} 12"y (126)

which allows one to directly obtain the interaction matrix elements ;(12|H, §2)|1’ 2}, from Eq. (114) for H®). The direct
relationship between matrix elements of Hy and H is a general feature of the RGPEP. Also, notice that there are no
first-order terms in Eq. (126)), corresponding to H® in Eq. (106)), because such terms change the number of quanta.

B. Hamiltonian matrix for dominant component
According to Eq. , the Hamiltonian matrix of Eq. reads
S(12|1H(1'2"), = (12 {Hf + forH® — furfir Anir HY H(()l)} 112"y, (127)
where
H® = 1P + AL HOHY (128)

In Eq. 1) the factor fr;frr suppresses all singularities generated by the product ’H(()l) ’H((]l). The factor frr does not

1
é ), are canceled

produce such suppression. Instead, the divergent quark self-interactions, resulting from Ay ;g ’Hél) H
by the self-interaction counterterms introduced in 7-[(()2), as described in Sec. [VIIB| But the gluon-exchange terms in
Arrr ’Hél) 7—[61) in Eq. 1) still diverge like 1/22, where  is the fraction carried by the exchanged gluon of the total

bound-state momentum PT. Similar divergence is contributed by the gluon seagull term in ?—[82).

C. Cancellation of 1/z? in bound states

We now describe how the singularities ~ 1/22 in terms Arrg 7—[(()1) ’Hf)l) and 'H((,z), both contained in 7—[&2), cancel
each other in the bound-state eigenvalue problem for the dominant component. The cancellation occurs despite that
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FIG. 2: Notation for the matrix elements (12| fr, RH$2)|1’ 2} involving two orderings of the gluon exchange and the

seagull term. Small circles with letter r symbolize the regularization factors f{ 1g 3 2 in the tensor h*” in Eq. 1

Ty > T Ty < Iy
D1 . Pv PT Pt
Pry /271/—171 PT-D1 Py
P2 Py D2 T DY
b1 ] Dy
D2 F D

myg is not zero. The matrix elements (12\fLR/H$2) 12") have the form ¢23j1,h* ja,, where § secures conservation of
the total momentum components PT and P+, j; and j, are the quark and anti-quark currents, respectively, and

WY = fur (@ Aprr 00" /a7 F S (129)

This formula is illustrated in Fig. [2] using diagrams. Besides the labels 1, 1, 2, and 2’, the notation includes labels 1,
1, 2, and 2, defined by the equations T = 1'0(p}, — pf) + 10(p7 — pl), L = 1" 0(p] — p})) + 10(p], — ), ete. We
introduce the momentum transfers,

Q1 = PT—P1, G2 =Pz D2, (130)

where p refers to a free fermion four-momentum, with masses my for the quark and ms for the antiquark. The squares
of these transfers, including mg, are denoted by

pr = my—qi, pp =my—q; . (131)

For components + and L, ¢ = ¢ = q. The minus components of ¢; and ¢ differ. In this notation, according to

Eq. (15),

1 1 1
A = —= | —+ ) . 132
br = 3 (m - (132)
The tensor d*¥ multiplying Ay ;g in Eq. (129
" = —g" (o1 + p2)/(2677) (133)

results from summing over 3 polarization states of the exchanged gluon, 2 transverse and 1 longitudinal. The latter is
contributed by the quanta of the auxiliary field ¢. The first term on the right-hand side of Eq. , —g"¥, leads to
the quark-antiquark Coulomb potential with the Breit-Fermi spin dependence. The potential is slightly altered by the
gluon mass parameter my. Therefore, when the magnitude of change of the relative momentum of the quarks, from
before to after the interaction, approaches my or tends to 0, the resulting potential resembles the Yukawa potential.
The long-distance Coulomb form is recovered when my — 0. The Coulomb term is altered also at large momentum
transfers by the factor frr [25, [62]. Tt is so because the effective particles of size s do not interact like the abstract
point-like particles would. The second term on the right-hand side of Eq. has the form obtained using the current
conservation for quarks, as described in the case of Eq. in Sec. The second term diverges due to the factor
1/q™2 when ¢t = 2PT tends to 0 as a result of z — 0. This divergence, and the similar one in the term ~ n#n" in the
bracket in Eq. cause the severe small-z divergence ~ 1/x2.
The terms ~ 1/2? in the tensor h*¥ sum up to

1 L1 U/
frr [4 (p1+ p2) (,01 + p2> - 1} = F1673.26 - (134)
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Using the identity p; — p2 = (M3, — M3,,,), one arrives at the expression

(M%2 _M%Q,)Z ntn” .. ,
Jur p1p2 4p+2 Fielae (135)

which means that the interaction is entirely free from the small-z divergences, as promised. Hence, it is not necessary
to introduce the counterterm identified in Eq. (36) of [2] in the heavy-quark QCD including the gluon mass m, but
not accounting for the third polarization state. The third polarization is here accounted for using the auxiliary field ¢.

Review of the small denominator issue, 20260309 10:49 pon Ekologiczna

Hr = fir 7'[(()2) + (frr — frLifir) ALir Hél)H(()l) (136)
HP = 55+ 6m® + 5, (137)
H; = 6%+ 6m® + frrSy, + (for — frifir) Arir 7'[51)7{51) (138)
Hr = 0%+ 06m® + furSyy + (for — frrfir) (ALirE + AprrE) (139)
E = E,+ B, (140)
Hp = 6S+6m* + (fur — foifir) Son + frifirSon + (fur — frrfir) (ALirS + ALirE) (141)
Hp = 6S+6m® + [fur — fuifir] [Syn + Avir(Ey + Epy)]
+ frifirSyn + (fir — frifir) ArirE (142)
Hr = 6S+6m® + (fur — frifir) [Syn + ArirEogy + ALrrEy)
+ frifirSyy + (fur — frifir) ALirE (143)
Hp = 6S+6m® + ApirE + (for — frifir) [Son + ALirEy, + ALirEy)
+ fLifirSyy — fLrfiRALIRE (144)
H; = {62 +om? + ALIRE}self +{fLRALIRE } selfinteraction plus Coulomb
+ (frr — frifir) (Syy + ALirEy,) finite cancellation
— frifir (ALirEy — Syy + ALIrY) (145)

So far I was going for the cancellation according to the sequence of equations
H;y = frr 7'[(()2) + (fer — foifir) Arir 7'[(()1)7'[(()1)
HP = 55 +6m® + S,
Hy = 0%+ 6m® + furSy, + (for — frifir) Arvir 7'[(()1)7'[(()1)
Hr = 0%+ 6m? + frrSy; + fLr(ALIRE + ALirE) — frrfir(ALirE + ArirE)
Hy = {65+ 0m?+ ALrS}

+ for (Son + ALirE) — frrfir(ALirE + ArirEg + ArirEyy) (150)
Hy = {05+ 06m?+ ALrS}

+ frr (Sm] + ALIREUVI + ALIREg) - JCLI]CIB’,(ALIRE + ALIREQ + ALIRE"”) (151)

= {65 +om* + ALIRZ}self +{fLrALIRE,}

+ fLr (Syy + ArirEny) — fLifir(ALirYE + ApirEg + ALrrEyy) (152)

H; = {52 +om? + ALIRZ}SQH +{fLrALIREs} o selfinteraction plus Coulomb
{(fLr) (Syn + ALIREnm) } gen finite cancellation
— frifirArLir (B + Ey + Eyy) (153)

+

For comparison
Hr = {05+ Sm? + ALIRE}self +{fLrALIRE,} selfinteraction plus Coulomb

+ (for — foifir) (Syn + ArirEy,) finite cancellation
— frifir (ALirEy — Syy + ALirY) (154)
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which is a spin-independent interaction kernel integrated with the measure d®k1/9, and the wave function 1o/ (Eygz)
in the 2-body eigenvalue equation. This term vanishes on shell of the free 2-body P~ and hence has no counterpart in
any classical approximation for the quarkonium dynamics. Its magnitude can be illustrated with the case of equal

quark masses, in which M3, — M2,,, = 4(k%, — l;%@). In the non-relativistic limit, py = py = (k12 — k1/2/)? for mg — 0.
The term is suppressed by the factor ~ K202/(2m)2 in comparison with the Coulomb term, where K = kq5 + ky/o/

and ¢ denotes the cosine of the angle between ¢ and K. Its quantitative role in the eigenvalue equation requires a
study. For example, it contributes to the quarkonium mass splittings between states with the same spins.

J121H, (12, = (12| {7—[ r+ forHe — fuifir Aok Hglmgn} 12’y (155)
H, = HP + A HOHY (156)

D. Finite effective particle interactions

1. H,: small-x divergences in the seagull and exchange, and the ultraviolet divergences in the quark self-interactions.

2. 7—[(()2): the seagull, the seagull counterterm, the counterterm to gluon xchange, the quark self-interaction
counterterms.

3. ALir ’H(()l) 7-[(()1) in H,: the gluon exchange, the quark self-interactions.

4. frifirArLir 7—[(()1)7{(()1): the finite gluon exchange between the quarks and the finite quark self-interactions,
depending on the gluon mass my.

The terms in H, are independent of the gluon mass my, — 0.

The terms in frrfrr ALIR 7—[(()1)7-[51) depend on mgy — 0 in a useful way.

1. Contribution of —frr fir ALIir 7—[(()1)7-[(()1) to Eq. |D

The last term in the 2-body Hamiltonian matrix in Eq. (127) is

Hopoay = —frrfir A HSOHS . (157)

It includes the effective self-interaction of quarks and an exchange of an effective gluon between them. These terms are
all finite because the vertex form factors prevent production of singular configurations from regular ones. But they do
depend on the gluon mass m,. The question is what happens in the limit my — 0.

The exchange terms

The exchange-term kernel has necessarily the form shared with the exchange term in Eq. (129)). To interpret these
interaction terms, I need the operator — fr;frr ALIr ’H(()l)’}-[(()l). Using Eqgs. and , I have

HyY = / d*atdz” [ Ful=T0f) + imgd” J;;;] (158)
= /dede_ [: ( $u timyg 8+q§ ) g Ty } (159)

and according to Eqgs. , , and , I insert

vy = ZZ / upaxc bpoce ™ P* + vpoXed el WL+:0 ; (160)

c=1o=1

Al; = ZZ/ GTcdpace_ipL EM*TCApacezW:]aﬁ-:O ’ (161)

c=1o=1

”Hm —ipz | pt ipx
img 8+¢ = Z/[p g Qpsce”"? +a;r)3ce"} . (162)

zt=0
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I can introduce the third polarization vector for the longitudinal gluons, by writing

AL = ii / [p] [eh, TClpgee™ " + elaT 0, 7] |, ehy = mgn®/p* . (163)
c=10=1
The current is
I = gl Ty (164)
= /[pp’] [ﬂpxzbzeimT"v“uPlxp/bp/efip,"” + ﬁpx;r)dpefimTq’y“vp/xp/dL,ei”,m} . (165)

The Hamiltonian term is
HY = 9/[1717/9] Oca f* (ap’Yuup’ XET Xy by — Uy Yt X;[)’TqXP d;fvdp’) (ehaq +ehal) - (166)
Consider only real polarization vectors for gluons; I sum over their polarization anyway.
HY =g / [P9') S S el XT X (ag + a})Blby — By yushvn Xh T (g + al)ddy | . (167)
So,
Honody = —f1f5 Aiagart ’Hél)Hél) (168)
involves the product 7—[(()1)7-[(()1) reading
g / [pp'q] Sc.a f" [ﬂpwsgupf ST (ag + ad)biby — Ty yuetiv, X1 T0 (ag + ag)didp'}
X g/[pp’q] bea fT {ﬂp’yﬂagup/ XI,qupr (aq + a:f])b;(,bp/ — Uy YuEhvp X;,qup (aq + afl)d;dp/} ) (169)

The gluon operators need to be contracted and only terms with bfb, dfd, and bfdtdb are kept. The products that
contribute are

9/[1919/!]] Oca f" [ﬂp'ﬁﬁg“p’ XPT X Dby ag = Uy yuclyvp XL’TqXP d;rzdp/aq}
X 9/[]717/51] dca f7 [%%55%' X;TqXp’ al;b;bp’ — Upr Y€l Up X;/TqXp al;d;;dp’] : (170)
The exchange terms between a quark and antiquark come from
g / [P ] Oc.a f7 [Tpypehiuy XHT X bibyag) g / [P ] Oc.a |7 [—@pfwef’;vp Xb T ai,dl,dp/]
N g/[pp/q] bea " :_@p%#% X;’TqXp d;rvdp’aq} g/[pp/q] dea f" [ﬁmﬁff“p/ XLTQXP’ agblbp/] - (A7
In the notation 123, the exchange terms read

g/[ll’?)] IRCYil U yuesur XJ{T?’Xl/ b{b1/a3:| g/[22’§>] 523_2, fr |:—’l_)2/’yﬂ€§’02 X;T5X2 agdldg/]

+ g / [22'3] 03003 f7 |~ D2 yuchive X5 T3 x2 d;dg,ag} g / [11'3] 6,50 f" [amggul, I3 x 1 agb{by] . (172)
Contraction of 3 with 3 yields the exchange terms
—g? [[11'3]) 6113 f7 Gryuehiuy x(T? 22/] 6. " Boeve b, T3 X2 bldidyb
g 113 UrYp€3ur X14 Xv [22'] d23.9/ f" Dy E5V2 Xord “X2 01050201/

— 92/[22/3] 52,2/3 fr ﬁgl’yuégvg X;/T3X2 /[11/] 513,1/ fr ﬂl'yysgul/ XIT?’XI’ b{d;dglbl/ . (173)
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Integration over 3 yields 512‘2/1//]9;‘ and 01_1/ in the first term and 67/_; in the second term.
-9’ Z/H?Qll'] Sr210 011 /pd fT wayuelur XIT xar f7 vayelv X, TPxa blddy by
3

- 922/[122/1/] 12172/ 01 _1/pf f7 Bayuehvs X;/T3X2 /[11/] 13,10 f7 Wyesuy X1 T3x1r bldbdaby .(174)
3

Denoting

Jp = Wypur , Jy = U202, (175)
I obtain
Hopody exch = —f1f5 Aiogor1 7'[(()1)7'[(()1) (176)

= G f1f5 Digarns Z/[m?'l'] S1210 011 /pd f7 wayuelur XIT xar f7 vayelva xb T3xa blddy by
3

+ G2 fifE Avagart Z/H??/ll] 12,172/ 01 —1/py " Doy X;T3X2 F ayeiur x{T3x 0 bldidoby
’ (177)
Introducing the color factor and sum over gluon polarization,
C = ZXJ{TB)Q/ X;,TSXQ , (178)
3
d" = —g" + (pgn” +n"py)/py (179)
(180)
and neglecting factors f” in the presence of the factors ft, I have
Hovoay = —f1f4 A12gor1 7'[(()1)7'[(()1) (181)
= g fifh Aiagarrs /[122/1/} C 01y /py jud™j, S19.1120 bldbdy by
+ PrifE Avagon / [122'1] C v -1 /pF jud"ju S12.12 bldidabys . (182)
The two terms can be written together as
Hopoay = —f1f5 Aigor1/ 7‘((()1)7{(()1) (183)
= 920/[122/1/] Fio 15 29 Drzgzv [Py Gud™ju b12100 bldidaby . (184)
Contribution of this term to the eigenvalue Eq. , ¢f. Eq. 7?), in the form
(12 oty xcn P} = [ (20 Kexen(12.21) P Bp, vz bl biy) (185)
with the kernel of dimension ﬁ,
Kexen(12,2'1) = ¢*Clo figjfé@ Arzgor1r /Dy jud™ ju Sro.12 (186)
gty =~ 3 (242 .
A" = —g" 0" (p1 + p2)/(27) (188)

The exchange interaction is finite for finite s despite that it includes the factor 1/¢*2. It is finite because of the

presence of mgy > 0 in the factors fltq T %2(]. Discussion of the 2-body eigenvalue equation in the limit m, — 0 requires

inclusion of the self-interaction terms, which also diverge in the limit m, — 0.



The self-interaction terms

The self-interactions are one-body operators which I reevaluate below.
Hopodys = [*fLIfIR Arrr ’Hél)?iél)} .

The products contributing are
g/[pp/q] dea f* [up'yue Upy XquXp’ aTb;r,bp/ — Uy Yu€hvp XL/TqXp afld;dp/}

X g/[pp/q] Oca f* [ﬂp'yﬂagup/ X;qup/ a};b;bp/ — Tpr Y€l Up XL/TqXp a:rld;;dp/] ,
but for the self-interaction count only

g / PP'q) bc.a f* [Gpypchuy XST X bibyay] / [P q) Oc.a f* [Up ety X5T 9% alblby]

+g / 0’ q] bc.a f! | ~Tprpehivn XL T dep/aq g / [pp'q] Oc.a f* [—%%8{;% Xh T a?,dfgdp/] :

Using the parallel with the exchange calculation in Eq. (173)), the notation in terms of 123 yields

g/[11'3] o1vs f* ul%&sul' XT3 b bl/as] 9/[22/3] 093,20 f' [ﬂﬂufg“?/ XT3 X a;bgbzf}

+ g/[22’3] bo.0r5 ! 7172/7“5‘3%2 X;T?’XQ d£d2/a3:| g/[ll'g] S50 1 [ vll'y#{—: vy Xl/T3X1 aTdelz]

Contraction of 3 with 3 and ignoring (—1)? for antiquarks,

9/[11/3] o113 f! {Ul’mggul’ X1T X1 bTby} g/[QQ/] O3, f* [ﬂzmsgw X£T3X2/ bgbz/}

+ 9/[22/3] S92 f! [172'%55112 X;TSX2 dgdz'} g/[lll] o131/ f! [171%6?,‘711 XI/TSXl d]idl/:| .

Contractions of 2 with 1°, and 1 with 2’, produce
9/[11/3] o113 f! [ﬁlvusé‘uy XITSXP bﬂ g/[2/] Sr3 ft [ﬂlmsgw XJ{/T3X2' bzf}
+ 9/[22/3] d2.2:3 f* [772'%55112 X;T‘?’Xz d;} g/[ll] oz f* {171'%55112’ XI/T3X2' d1'} .
Integrations over 1’3 and 2’3 yield, replacing the second u by v

QZ/ [12]] /$3k31'] 012 /pf [ [ulw%ul' X% bﬂ f [ﬂl'%ﬁ?uw XL TP b2'}

31/

+ gQZ/ 21 /1‘3]€32/] 52 1//])2 t {’Ug/’yué“:;llz XQ/T X2 dq ft |:1_11/’}/V€§1)2/ X-il‘/TBXQ/ dll} .

32/
Sum over colors, integrations over 2’ and 1’, and rearrangement, produce

1
g*Cr E / /$3k31' szt W YpE U tryefug bl 1b1
1

31712/
1 _ _
+ 9°Cr Y / /$3/€32' — " vy yuehve vryevy dids .
32721/ P2
Sum over intermediate spins yields

1 , v
9°Cr > / /$3k31' e £ gruud™ jian biby
1

1172/

1 = v
+ ¢*Cr Z/ /$3k32f ] £ Frrand* jory dids .
2

221/

28

(189)

(190)

(191)

. (192)

(193)

(194)

(195)

(196)

(197)
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With this result for the product H(()I)H(()l), the self-interaction operator is

Hopodys = {_fLIfIRALIRH(l)’H(l)}Z (198)
’ Ad 191
— —g%Cy Z/ /x3k31, e 72 M biby
112/ Py =Py —P3
117 /Vduyi ’
- fcr Y [ [loshe] +2 vz dive gy (199)
22/1/ Do Py — Do — P3

The matrix element of quark self-interactions in the eigenvalue equation is

/ d 191
2CFZ/ /xgkgl, e par e d vy

(12|Hapoay s|Ps) = (12] |-

1172/ b1 =Py —DPs
191 d ’
— ¢*Cp Z/ /x3k32/ — 12 M de
2211/ D2 Py — Py —P3
X /[2 1] P+5P¢ 3 G (T, ki, )[112) (200)

Evaluation of the matrix element proceeds by

_ d 1, T APy -
(12[Haopoay | Ps) = *QQCFZ/ [z3k31/] o ]"275 ]1_1712_ *QQCFZ/ [z3ks2 ] +2 f3r AT B
1797 7p’7p3 271/ p2 7p2’7p3_
x (12] / [2'1] P+5P¢ 3 G1ra (T, ks ) 172) (201)
[ MYy, oy A Gory |
= —92CFZ/ z3ksy] +2 1 u —gQCFZ/ z3ksy | +2 3 ‘7_127]22
1797 7p1’7p3 271/ p2 7p2’7p3_
X Pfop, 12 ¢ (w1, kia) - (202)
The self-interaction factors preserve spin. The quark contribution of m; is multiplied by @;u; = 1 and the antiquark
contribution of —my is multiplied by vave = —1. Therefore, the self-interactions of the quark and antiquark differ only
by the mass.
b)) b ~
(12|Hobody 52| Pp) = (pi + pf) P(;_5P¢.12 b12(21, kiz) (203)
1 2

where for the quark or antiquark of mass m and momentum p the self-iteraction contribution reads

- ws
Y = fQQCF/[:Bk] em2° (0" —pg —py)* Ju _j — . (204)
pT(p~ — Dq *Pg)

Summary of the 2-body exchange and self-interaction terms

12/ ooty xcn Po) = [ (20 Kexen(12.21) P, var duw(av, i) (205)

with the kernel of dimension ﬁ,
Kexen(12,2'1) = ¢*C)o figjf%ég At2g21/ /g Jud™ ju S12.172 (206)
Arggerrr /Py = —% (pll‘f';) ) (207)

d" = —g" + 0" (p1 + p2)/(20)7) - (208)
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and
> by ~
(12|Habody 52| Pp) = (i + pf) P(;(Spd,.lz b1 (21, ki3) (209)
1 2

where for the quark of mass m and momentum p the self-iteraction contribution reads

- g
Y = —QQCF/[xk] em2 (0" —pg —py)? Ju _J — - (210)
pT(p~ —pg —pg)

The self-interaction X is positive and kernel Ky, is negative. Both diverge in the limit my, — 0, see below. The
question is if the divergences can cancel out in the eigenvalue equation.

Using total-momentum conservation in the eigenvalue equation

First 1 eliminate the total eigenstate momentum from everywhere except factors f* where it is stuck in ratio ¢/ Pd‘f.

I divide the matrix elements by the factor P;S Py.12 SO that the eigenvalue-side of the 2-body eigenvalue equation is
(P32 + M?)/P}, and

12| H. xch | P, 1 z
ftvogs 0bll6) L [laniba) K2k (12,21 Gua (o, ki) (211)
b OPy.12 A
<12|H2b0dyE|P¢> (27”1 Emz) 1
= = + ¢12($1,]€12) s (212)
Py op, 12 i P
where
. I 11
K2E,(12,21') = —g2Cyy e 0r 7P 7py ) om0y —pa =2y ) <+>
nl ) 2 2p1  2po
X G =" + 0" (o1 + p2)/(205°)] Jv (213)
92— _—_.—\2 T v v .
S = gQCF/[xk] e 20 ra =py) L [—g" + 00" p/pF?] jv - (214)
I use identities
_ _ _ —p _ _ _ —pP1 _ _ _ —pP2
P =P, —Py = —F Py =Pl —P, = —5 D, Py P, = —1 , (215)
q 9 p;- 1 1 g p;' 2 2 g p;r
to obtain
. (2Rt PLY P2 v v =
Koan(12,2'0) = —gClay ™07 SoE G [=g™ 40 n” (1 + p2)/(295™)] i (216)
o222 T 5 y )
S = gQCF/[xk} e 2Py L [—g" + 00" p/pF?] v - (217)
I introduce
Ym, = X0 +E0 (218)
T xk — xk
Ke)icch = Kexchg+Kexcz ’ (219)

where terms with superscript —g are the ones containing —g*" and terms with the superscript n are the ones containing
ntn”.
Analysis of the terms with —g"”
The terms with —g"” are

E;Lg E;lg 1 zk —
<+1 -+ +2> ¢12(1’1, kf_Q) -+ o>F \/[xl/kl/2l} Ke)fchg(]'Q’ 2/]_/) ¢1/2/ (1[,’1/7 kf?y) s (220)
P1 P2 P¢



where
Sn! = —g°Cr / [wk] €20 /Py %J‘J
z +2 + L
Kefchg(12 9/ 1) _ 920‘2) e~ (Pl+ﬁ2)/ ,021 P2 H]/L )
P1P2
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(221)

(222)

The products of quark currents are finite for quark states with finite invariant masses. The ps depend only on the
quark momenta. Large values of ps are exponentially suppressed. The issue is what happens when p get small, or

when ¢+ or z get small. I need to express p and p_j]‘ in terms of useful integration variables.

The case of X9

o ¢ -m
= pi(p™ —p; —py)/pd = = —p/pS

M2, —m? = p/x.

= p;‘/p'*' , kT = p;-—xpl .
In the quark-gluon rest frame,

p;:Engkz,p;r: .~k , E=E,+E,,
Eg /mg + kL2 + k=2 , Eq = /m?2 + kL2 + k=2 ,
dx d?k+ d*k 1 1
[wk] = —_— = _— JR— + J— .
2(2m)32(1 — x) 202m)3 \E, E,

The g"” terms contribute to the quark self-interaction

3 . .
S0 — _gch/;ii’f <1+1> o 2t/p (M= __Idu

(2m)3 E, E, Mgg —m?

The fermion and antifermion factors are the same,

3 i = " g + m)vuup = Up(—2g +4m)u, = —4pp, + 8m?
= —202m® — ¢®) + 8m? = 2¢* +4m* = —2(m? — ¢*) + 2m? + 4m®

= —2p+2m] +4m® = —2z(E*> — m?) 4 2m] + 4m?

Therefore,

So9 = _g2C /dgk L LY et omey 220 =) 4 2mg + dm?
m = 79N [ 5003 \E, | E, E? —m?

g9

The term with —2x(E? — m?) provides in the limit mg — 0 the angle dependent contribution,

20 = —2(E,+k*)/E — =2(k+k*)/E = —2k(1+4cos0)/E ,
implying
A3k 1 1 2 @2 22 2m?2 + 4m?
Y9 — _,2 I —20t/pT)(E*=m")" | _9L(] N/E+_—9
m gCF/2(27r)3 <Eg+Eq> e (1+cosf)/E + T
Integration over angle 6 eliminates the term with cosf. Therefore,
_ —g OF47T _ V22 _m2)2 2m2 —|—4m2
$9 = /k%lk ( + ) e~ 2/PT) (BT =mY) [—%/E—&- o

2 2 2
=g Crdr 1 —2(t/pT)2 (B2 —m?)? ng +4m
To2(2m)3 2 /deE " —2k/E + B2 _ ;2

(223)

(224)

(225)

(226)
(227)

(228)

(229)

(230)
(231)
(232)

(233)

(234)

(235)

(236)

(237)
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and, using the trick in Eq. (?7?),

2k = (E* —m?)/E , (238)
I get
2 2 2 2 2
_ —g°Cpdrm 1 EdE, o 9t/ 2 (B2 —m2)? Fc—m 2ms + 4m
N9 — z E? - /P (BT =m*)" | _ g 2
m 2(277')3 2 / F2 ( m ) e 2 + B2 —m2 s ( 39)
or, using v = E? — m?,
2 oo 2
_ —qg CF47T 1 du _9 +\2, 2 u
5= = [ — e 2 2m?2 + 4m? 240
" 2(2m)? 4/0 utm? © wtme M TAm (240)

which is finite when my — 0.

k —
The case of % f[acykl@] K.;Exchg(127 2/1/) ¢1/2/($1/, kf72/)
The kernel of Eq. (222)) involves spin dependence, which contributes to the result of integration with an unknown
eigenfunction. But we can assume that the wave function falls off exponentially for extreme quark momenta, because
the RGPEP factors force it to have such behavior. The integral to inspect is

1 1 ok —
Flexch = F /[ﬁ[’llkl/z/}Kefchg(12,2/1/) ¢1/2/($1/7kf72/) (241)
[ @
- 21/ k2] g2Cpgy e ¥ PiHeD) /ng” ! i-i- . iy bva (1, ki) jare (242)
P(;' [2) 2 \p1 | p2 11/ y K172 B

The gluon mass m, appears explicitly in p; and p» only,

1 2 2
pL = mz —q = mg + o~ [(mlk" — xlfkl) +m3 (zy — x1) ] , (243)
2
p2 = mf] o mg + |:($2//€J' - xgk’L) +m3 (vg — 1’2/)2:| (244)
T2 T2

The question is if the integral is finite for m, = 0. There is no issue for large ps, given the exponential damping. The
issue is what happens for small ps appearing in the denominator. For my — 0, using

Ty = x4+ 2, kig =k + ¢t (245)
I get
/) (0 = k) o16)
! 1+ 2/ ’
_ m3(2/72)% + (¢ + kipz/22)?
P2 = 1 : (247)
—z/x9

In the integration region where p; is small, z/z; is small and ¢* is close to the small vectors +zkis/z;. I neglect z/x;
in denominator. For small z, ¢ is short, since it is close to a short vector. The integral is

Iexch = 920‘2> /12 i /dqu ei(t/P;—)?(prrpg)/ZQ <1 —+ 1)
42m)3 )y, (@1 + 2) (22 — 2) o1 P2
X iy dve (@ + 2, kis + a7 ) jrop - (248)

In the small-p regions, the factor j1, ¢1o (21 + 2, kis + ¢+ )jora, is a finite 4 x 4 table of spin amplitudes. Consider
small p;. Substitute

o= zmy/xy ul = ¢t —zkb/xl ,u? = g2 —zk%Q/xl , (249)
2= ulai/mi, ¢" = u' + 2kl /o, ¢ = U+ 2k, a (250)
dzd?q = ﬂd?’u, pr~ %, (251)

ml
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Thus, for small pp, the essential form of the integral is

@2 1 &3
/ dz / d2q* -~ ﬁ—;‘ . (252)
.

Such integral is finite in the limit my, — 0. Its limiting value does not depend on mg. The only terms that are sensitive
to mg — 0 are the terms with n*n".

There is a strong argument for ¢? to never approach 0 if the momenta of fermions are limited and ¢;
itself is not 0. ¢ = p’ — p is a space-like four-vector that can be looked at in any frame. Let

12 2
p+m
p = [p+ 7p+,pL} , ¢ = [m,m,0"] . (253)

Then,

12 2 12 2 12 2
p—=+m p—=+m p—+m
¢ = (-0 =0 -m <p+ —m) —p? =p" o -m pee —ptm+m? —pt? (254)

12 2 12 2
= m?— mw —ptm+m? =m {2m — w —pﬂ = m(2m —2E) = —2m(E —m)  (255)
p p
=2
= —2m(E*—m?)/E+m) = —2mG*)(E+m) < ———d__ . (256)
/m2 +(T2
Hence ¢ approaches 0 from below only when ¢ approaches 0. For || < m,
¢ < ¢ (257)
for a particle kicked from rest. For |§| > m,
¢ < —mlq] . (258)
Analysis of the terms with 7n#n”
The terms with n#n” are
Y, | S 1 z
( +1 + _"_2) ¢12(I17kf_2) + —+/[zllkl/Q/]KefCZ(IQ,Q’ll) ¢1/2/(I’1/7kf72/) 3 (259)
Py b2 P¢,
where
o = ¢*Cp / lok] et 20 g (260)
PPg
xkn 11 2 —t%(p2+p3)/pF? (p1 +p2)2 S
K n(12,2'1") = —g°Cjyy e 17P2)/Pg iz I (261)
P102Pg

The currents 1 and j1 conserve spin and provide pt-dependent factors, jf j2+ =2 pfpf,2 pjp;. Therefore,

N1 = ¢2Cp / k] e=200 st 20 gyt (262)
PPg
KIEN(12,2'1) = —g2Cpgy et (PiteR) /" W /i pipspy - (263)
Simplifying,
S = 20 / [ok] &2/ @ (264)
Kiggn = K%0(12,2'1) = —g2Cpyy e Fite2)/p5" % N (265)

4p1p2rg
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with the potentially diverging terms, in the limit mg — 0,

2211 E?Vm 1 1 1
— +—| o(x1,ki2) + ¢ /[$1fk1'2/] Ki2or1r d(w17, kiigs) (266)
5\ Dy Py

where spin labels are dropped because they are conserved by the singular terms. The eigenvalue-equation terms are of

the form
1 1 1
»n — | K" = [¥"4+ — [ K" — | K" (¢ — . 267
ot pr [ K00 ( 5] >¢>+P¢+/ & - 9) (267)

The case of [ K" (¢ — ¢)

The first question is if the integral I = [ K" (¢/ — ¢) depends on m, when m, — 0. For fixed 21 and ki5, I change
variables according to

1'1/ = xl +Z k1/2/ - k 12 +q (268)

and obtain

2
I = —g CI2 / dz/d2 1 2(p3+03) /3 (p1 +02)2 4\/T 21 X272 (& — ) . (269)

4p1p2 2> L1 Ty
Using p1 = 1P + k, p1» = 1/ P + k' etc., and introducing
= \/MkL , (270)
according to Eq. , I get, following Eqgs. and ,
2, mi(z/21)® + (VIzlkt — kiye/21)?

= 271
P1 mg+ 1_1_2/:1:1 ’ ( 7 )
( (V/|z|kt + ki
py = m3+ m32(z/xz)? |2|kt + kisz/22)? (272)
1 —z/x9
Then,
2 (ma/21)?|2] + (k" = s.+/|2] kig/21)?
pr— 2
p1 = ml+|z| Ty : (273)
2 kJ_ R kJ_ 2
Py = mg + ‘Z| (mQ/mQ) |Z‘ + ( +s V |Z| 12/%2) (274)
1—2z/x9)

It is visible that p; and py are non-negative, they can be 0 only when my, = 0 and z = 0, and they both approach mg
plus terms that tend to 0 as |z|k*2 when z — 0 and |k*| > 0 is kept fixed. Consequently,

pr/l2l = my , milel/at+ s VIl /@0)” (275)
|| 1 +Z/331 ’
m2 2 + (k' + kizs.4/)7]

p2/|z| — _9 + m2|Z|/x2 + 128 |Z /xQ ) (276)
2| 1—2z/x

It is also visible that p; /|z| and p2/|z| behave for fixed z and large k* as k*2/(1+42z/x1) and k+2/(1—z/x5), respectively.
The range of integration over k2 is limited from above by a finite value when s is finite and z; and z;, are limited,
which is the case in the Hamiltonian matrix elements between effective 2-body states of finite invariant mass. Is the
inspection and conclusions below correct? I inspect the integral in Eq. ,

_ s oy 2 A TR
‘7 Clz / d7/‘7‘dzk /P (0222 (PLtp2)” AT T TaT & — o). (277)

4p1pa 22 Ty Lo
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The singularity for small z is changed from 1/2% to 1/|z|. But the difference ¢’ — ¢ is expandable in the Taylor series
and the leading terms are

O(a1, ki) — d(a1, kiz) = d(a1 + 2, kiz +¢F) — (w1, kiz) = 262 + a1 +O0(2%, 27, ¢7?) (278)
= 20, + V]z[kT o1 + O |22k *, 2|k ) = O(V]z]) (279)

which means that the integrand behaves as 1/4/|z|. The integral is finite for m, — 0. Therefore, in Eq. , repeated
here,

L/ / ,
S+ o | K¢ <E7+P K”></>+/K”d> ) (280)

b - b -

the second term on the right-hand side is finite and independent of m, in the limit m, — 0. The question of what
to do with 1/(p1p2) that leads to the 4th power of momentum transfer in denominator requires inclusion
of the RGPEP form factors. 20250906 20:24 sob San Dimas: the reasoning and conclusion are correct.

Subtraction of wave function with the full kernel

The purpose of the subtraction is to reason in terms of the potential, which applies only in the non-relativistic
systems. In Eq. (216), repeated below,

420 2 2y, 42 =+ . v v -
K2k, (12,2'1) = —g*Clyy e " Pite2)/vg % Ju [=9" + 00" (pr + p2)/ (205%)] 4o (281)
the kernel can be written as
2 —9gHV moV ]
K2k, (12,2'1) = —g2Cyy et ited)/ng” (pfpz) i { g_ 1T ]jy . (282)
102 p1t P2 pg

In the non-relativistic limit, valid because the RGPEP form factors limit the quark relative momenta in the bound-state
rest frame, the current factors j reduce to 2m; and 2msy, preserving spin projections on the z-axis,

p1 = mi+2°mi/z} + ¢, pp = ml+2Pmi /a5 + ¢, pf = z2(my+my) (283)
_ m; _ _ 2 2 2 12 92 =2
ml—m7p1—p2—mg+2(m1+m2) +q —p—mg+q 5 (284)
q. = z(m1+ma), (285)
and the kernel becomes

Copm2 N2 -1 1
Kexch(1272/1/) = _920|2> € 247/ ) 4m1m2 |:(j,2+q2:| . (286)

z

The right-hand side of the eigenvalue equation is M2/ P;. The exchange interaction term can thus be written in the
non-relativistic limit as

1 1 zkm = -
F/KW—@ = pF w1 k] Ko (12,2'1) [¢1’2'(k+Q) —¢1’2'(k)} (287)
) )
2 3
9 C|2>/ ¢ (1 1\ aqq.2
B P{;r 2(2m)3 \my +m2 € dmyms
1 1 1 i - 4ad
“ |2 7 |29 9i0j¢12(k) + O(q" 0y 9) | (288)

where 9 denotes the gradient in k. This result matches Eqs. (67) in [2] and (95) in [63].
The case with (E" + 25 fK”)

The sum of integrals that multiply the wave function ¢12(z1, kis) is
2 2
S = g E(F /[Z‘k] e—2t2p2/P+2 4(1_‘7:) + CF /[Jﬁk} e—2t2P2/P+2 4( )
25 z pT "T
92Cpa)
+
Py

/[Lfl/k1/2/]67t2(p§+p§)/p-;2 (4p1 + p2) 4\/131.’[1/:]]2.%2/ (289)
PlP2$
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The range of integration variables is illustrated in Fig. [3| (20250824 09:10 nie Bukowina) I take advantage of Sec. ??,
beginning with Eq. (??). The antiquark, 2, self-interaction term and the corresponding exchange term in the considered

sum, using z = xy — 21, are g>(Cp or Cyy)/[2(27)%] times

e L Vded’kt e 41— 2)
mo T € 3
p2 (1 - x) €z
Ydxy d?k,, 1200242 (p1 + p2)?
Kﬁ _ 1’2 (P1+Pz)/p A\ /x1 21 ToXor
: P+ o LT Apipazt? P
In the integral K7, one can equally well integrate over xor = 1 — 1/, with dz1r = —dzo/, and

Udxy d?kiby, 2 dagrd? ki,
T Z1 T2 0 T1/Tor '

1 1 1
Ty = T3 — Ty = xT2, p; = x(—kiz) + kT,

The momenta in Kj are

xg = 220 = (1—x)x2, pj = p = k1,2, = (1—:5)(—1#2) —k*
The Jacobian is

(9(332/7 k/‘%/2l 5 k%/2/

ar, kL, k2) 2

Therefore,

/1 dry d?kiy, /w dxgr d?kiy, /1 dr d?k+ /1 dx d?k+
-4 = _ = = = .
e TUT 0 T1/ T 2 o (1 +x22)(1 — )22 o (z1+x22)(1 —2)

The integrals to compare are

Z” _ 1 /1 dzx de.L e_2t2pg/p:;2 4(1 — LE)
ma

E o z(1—2x) T ’
-1 L dx d%*k+ 20 2 2y, 42 (pl + pg)
KT = - —t*(p1+p3)/P 1— )
; i / o)) € e 4y/z1 (21 + w22)T2(1 — 2)20
Simplifying,
1 ! 25,1 —2t2p2/p? 4
ZZQ = T dr d“k (& P2/ Py ﬁ’
Kl = de k™ VTL ey (1) 4
P+$2 \/ (x1 + z22) (1 — ) dpipe  x?
In both integrals,
p;r = apy .
So,
| R R
2;7,12=+/ddke ps) o3/ =
27,1
KD = ded®h™ VBL by ieedyser (PLtp2)” 4
0 (z1+z20)(1 - :r) 4p1py 2

I have to work out ps in both integrals. In X, T have

2,.2 12
_ _ msx® + k
p2 = ml—(p2—p2)’ = m—pf(p; —py)+p;° = m§+721_x

(290)

(291)

(292)

(293)
(294)

(295)

(296)

(297)

(298)

(299)

(300)

(301)

(302)

(303)

(304)
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In K, I have
m3x? + k12
po = my = (2= px)* = mi+ = (305)
pr = mg—(pr—p1)° = mi —pf(py —p7) + 0y (306)
12 2 12 2
7+ m +m
= mg —zlp3 = (v2/z1)p]] {pl L s 1} +py” (307)
Dy by
kLQ +m2
2 1 1 12 2 L g1y2
= m2 - L by — k 308
my (30902/901){ (@1 /1) 12 ml] + (wkiz ) (308)
1 —a)kiy + k)% +m?
= mg — (222/71) {(( )k ) 1 kf‘f _ mﬂ + (xlez _ kJ_)Q . (309)
(z1/ /1)
m3:

—(xz2/z1) [1) —1] = —(zws/z1) (fl —1> = (zwa/x1)2/x1 = (22/71)222/ (21 +272)  (310)

(Il//xl 1/
2.2
- _ Tx ) (311)
x1(x1 + z29)
kL2
(z2a/21) | 22| +1 = 1 L 7 (312)
—(zxo/x =1-2x = .
2/ Xy 2x1 —+ xx0 xr1 + TX2
ki
1- »T)2 2 2 2 2
—(xxo/27) @ fon) 1 +2® = zao [z — (1 —2)*/2v] + 2% = zas [1/21 — (1 — 2)? /(21 + 222)] + 21313)
/71
— 1—2)? 2r1 —
_ $x2x1+xx2 z1( x) G o g x2x2+ T1 — 1T 41 (314)
x1 (1 + xX2) x1(x1 + 222)
_ 2 x% + 220129 — T1X20 + x% + xx129 _ x? . (315)
x1(x1 + 222) x1 (1 + 222)
ktkis:
(waafan) |2 20— 20 faa(1 - w) /oy + 1] 2 lay(l—a)tarton]  (316)
—(zxo/71) | ——%| — 22 = 2z [r2(l —2) /21 = —— (ol —2)+ 21 + 22
2/21 (v /71) 2 1 e 1 2
2
. (317)
r1 + Xxo
The result for p; is
R R BN WL R 2 ke —— (318)
= m:+m I v
1 9 1331(3:1 + zx29) T1 + Xy 12 x1(x1 + xX2) 1200 + 2o
or
z1(x1 + zx2)(p1 — mi) = m22?22 + k222 + kPa? - 2kt kL (319)

It looks right because of the simplicity.

2.2 2 1 142
o mizixs+ (r1k— — xkis)
p1 z1(x1 + z22) (320)
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I am sure this is a correct expression. 20250825 00:23 pon Bukowina — 20:36 pon Ekologiczna Now the integrals,
g*(Cr or C‘2>)/[2(27r)3]><

1
s = A [ gp ekt e2mieie A (321)
mo -+ 2 0
P2 Jo x
1 2
Kj = L[ a2t e i) /2 Vo (1 +p2)” 4 (322)
p3 Jo V(e +xz0)(1—2)  4pipe 22

9 m%:c2 + k12

P2 = mg —|— T 5 (323)
m3a2zl + (x1k+ — xkiy)?
o= m§+ 1 2 ( 1 12) ) (324)

1 (z1 + z22)
The question is how the sum,
Sy = 1, + K7, (325)

behaves in the limit mg — 0.
s sk sk sk sk sk ok sk ok ok

I may have an error in my logic in Eq. (??) etc.

S
g = — 0 4/pipipins (326)

+50 Ne /60 7,0 (pl + P2)2
Lexch = %4\/1@???;?; dpips (327)

Both terms involve the gluon spin singular factor 1/22. One can subtract and add 1,
2 2
(prtp2)® oy _ (p=p2)

+ 1. 328
4p1p2 4p1p2 (328)

The term +1 on the right-hand side leads to the same singularity that appears in the seagull. The
difference between p; and p; is

pr—p2 = 2y(MPy = Mby) ~y . (329)
In the limit y — 0 I have

dy?m? + A(xlt — ykt)?

2 2 12 1.1
pro= my+ oy — my + 4177 = 8yl~k~ /x (330)
dy®m3 + 4[(1 — )+ + yk*)?
_ 2 2 2 12 1.1
pa = my A2 ¢ = my + 41"+ 8yl~k~ /(1 —z) , (331)
In the quark-gluon rest frame,
p;:Eg+kZ,pq+: s~k , E=E,+FE,, (332)
Ey = \/m2+kL2+k%2 ) By = V/m? + k12 k22, (333)
do d*k* a3k 11
[ = [ s = [ 5o (5 &) o

There is another relation worth knowing and remembering. Namely,

G —a = (pr—p1)° = (p2 —p2)? (335)
= (prr —p1 —p2 +p2)(p1r — p1 +p2 — par) (336)
= (Prar — Pi2)(q1 + q2) - (337)
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But P9 and Pj5 differ only in their minus components, while qf = q; = zPng. Therefore,

1 M%/z/ - M%Q 22P+

2 2
— = , 338
ay — 4z 9 P]E 12 > (338)
which amounts to the universal relation
(1% - q% =z (M%/z' - Mf2) : (339)
Generally, I change the definitions of momentum transfers to
@ = Ppr—DPL, @2 =DP3—D2 - (340)
These momenta match the exchanged gluon momentum except for the minus component.
G -6 = (@ —@)(a+qe) = (pr—p—pz+p2) (@ + ) (341)
= (pr+p2—p1—p3)(01 +¢2) - (342)
okokokok ok ok ok kKK
Substitution k+ = /z ¢+ yields, with t, = t/p;', the sum in the form
g*(Cr or Clgy)/[2(2m)?] x
1 2
51 = — [ dudrqt e ti7E 2 |etiod _ etic v GRLON (343)
s Jo T V(1 +aze) (1 —2) 4doioz
2 2 12
my  msr+q
= = 4 344
g2 ,02/37 T 11—z ) ( )
m2  m2za2 + (z1g+ — /T kis)?
g 1L 19  kip)
= = 9 . 345
a1 pi/ z * 1 (z1 + 222) (345)
Because of the exponential factors, |¢*| is limited. The dominant behaviors of os near = 0 are the same,
m2
o = ¢ +q*?, (346)
m2
o1 = 79 +q+2. (347)

Therefore, for small x, the large square bracket vanishes and the small-x logarithmic divergence is actually absent. But
there is also a divergence due to a small ¢ in the denominator. Ide spac 20250826 wto 01:10 Ekologiczna.

20250901 16:42 pon San Dimas: I need to solve the small denominator problems but now I continue with evaluation
of S for a moment. I recall the option to write

(01 4 02)? (01 + 02)?
= 141 = —"+1. 348
40‘10’2 40’10‘2 + 40‘10’2 + ( )

The difference o1 — 05 vanishes for z — 0. Therefore, the integral with that difference is not diverging when z — 0,
which means I could set mg to zero in this term as far as small x is concerned. The remaining term of 1 contributes to
the difference involving the form factors and a factor with square roots that also tends to 1 for  — 0, which implies
the logarithmic small-x divergence is canceled.

20250901 17:30 pon San Dimas: To complete the thesis of the paper I need to do 2 things; explain what happens for
small denominators, which is the genuine infrared problem, and calculate how the gluon interacts with quarks in the
3-body component.

IX. INCLUSION OF QUARKONIUM COMPONENTS WITH EFFECTIVE GLUONS

Two-body component is coupled to the three-body states containing an effective gluon in addition to the quark pair,

|Q51Q52GSS> = 521d22al3|0>7 (349)
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FIG. 3: Effective gluon exchange and self-interaction terms in the two-body component of a heavy quarkonium with
the RGPEP vertex factors f1;frr represented by the black dots.

D1 _ _ _ P
Py /Ps D3 N WP 172/
— —Q—

P2 - J2%

and to the states with more effective gluons. States including additional quark-antiquark pairs are assumed so heavy
that they do not significantly contribute to the ground and low excited eigenstates. All these components correspond
to the basis states i), in Eq. , while their coeflicients 1;(s) are the eigenstate wave functions. Thus, the effective
eigenvalue problem differs qualitatively from the equations derived using the Tamm-Dancoff approximation [64H67].
Namely, the Hamiltonian H; is independent of the regularization parameter » — 0. Instead, the effective interaction
terms in H; include the vertex form factors f; ; computed according to Egs. (110 to . As a result, the eigenvalue
problem for H; does not require the so-called sector-dependent counterterms [66]. Nevertheless, the eigenstates have

components with different numbers of effective constituents. |¢)) can be written as
V) = |2)+(3) + ..., (350)

where dots indicate the components |n) with n > 3. The interaction that couples the component |3) to the component
|2), is proportional to the coupling constant. Therefore, the contribution of the component |3) to the dynamics of
component |2) is at least of order g2. The components |n) with n > 3 contribute terms of at least 4th order. When
the coupling constant ¢ is very small, the effective coupling constant g, is also very small, since the difference between
them is of the third order. Up to the 2nd order, the coupling constants g and g5 are the same.
Self-interactions: the same Eq. for quarks, and Eq. for gluons.
Seagulls: similar to Eq. for quarks but with different color factor, and a new seagull for gluon-quark interaction.
Terms f — ff: for qoark-antiquark interaction with different color factor, and new for the gluon-quark interaction
Seagull of quarks: These are new due to the instantaneous quarks

A. 2nd-order seagull interactions in the 3-body space

2025006 21:11 sob San Dimas - Start here tomorrow : In the 3-body space I have the 2nd-order interaction terms . .

2025007 12:18 nie San Dimas
The initial expression for the quark-gluon seagull term is given in Eq. repeated here

— 1 a a -1 a a
The quark-gluon seagull is only
— a -1 a
Hyyy = / do”d*a™ 3o Tif (352)

The seagull term structure in our notation is illustrated in Fig. 4] Using Eqgs. and ,

SIST = —g )Y xilT“xm/mez] 2/pivs {17, (353)

C1,C2 01,02

{ } = blbgeiwrp2)e {9172f1r,2(172) + 9271f§,1(271)} 01,09
- dgdlei(m_pl)x [9271f2r,1(271) + 9172f1r,2(172)} 001,05 - (354)
I dropped the pair creation and annihilation terms from [: { }:]". The gluon current is given in Eq. (20)), or

T = ig[or Ap,, AN, JGE = —iglot Af AF]" = —igfete(ioT A AG (355)
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Using Eq. , knowing that ™ is set to 0,

(0t A AG = Z/[lZ}pf {sfalbe*ip”—ell*aibeip””] [6%(1206*”’2””+8j*a£ceimz] . (356)
12

For the seagulls in the 3-body space, I only keep terms of the type afa. The gluon spin is conserved. Its spin
conservation is assured by the products

ei%er = —eley  or efert = —e1e} . (357)
Since components + of € are 0. Further,
(i@"‘AIJ’})A;L - Z/H?]Pf [aggcalgbe_iplxeimx —aigbaggceipl””e_i””’C . (358)

The current is normal-ordered and regulated, a la Eqgs. and . I can simplify notation, keeping 1 for quarks, 2
for antiquarks and 3 for gluons.

Jhy = —igfeteiot AYH) A (359)

— —igf“bCZ/[?B’] pa {a;,gcaggbe_i””eipyw — aggbag/aceip”e_ipy“} fé',;(g,g) . (360)
o

I change 3 <+ 3’ in the first term.
Jip = —igf? Y] / [33] [p;?azﬁacag/abe"’ps'wei”” —p?a@abag/gceime‘%ﬂ F5 353 - (361)

-

I change b <+ ¢ in the first term.
fo? - —igfabCZ/[?)?)/] [_p;aggbGS’ace_ip?’/xeipax —pgagabagrace”’”e_”’yw} faGog) - (362)

The result is

JZ"}Z — igfabCZ/[?)S'] [p;agobaglgce%p?”meimz +p;a;abaglgceiz’sme*i”?’“} f%n,;(g_;) (363)

o
— i S [ 133105 + ) dhgpavace™ I (364)

o

The seagull term, including both quarks and antiquarks, is

FIG. 4: Hamiltonian seagull interaction term of a gluon (3) and a quark (1), with a momentum transfer py.

P3 P3

P31 __p4 PS/]_/

P1 P’
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Hyyy = / du”d*x* igf* / 33 (p +p3,) afyaze e PP G0 fE s o

1
X e —
(p3 —1p3)?
> ( g) X]{TGXP /[11/] 2 pi&-pif—/ [b-{bllei(plipll)z _ d]{/dlei(l)y*l’l)z}
X Govay Fiiy (365)

Compacted, the gluon-quark seagull is

- (p5 +p3) 2¢/p D ,
Hyy = —42 / [33'11'] Oc.a dspins ST 111y f333-3) of —p1)? X1 i al az bl (366)

and the gluon-antiquark seagull is
(p3 +p3) 2/P3 D3

Hyy = +92/[33/22/] gc.a dspins f%yg(i,g) fg’g(g,@ (p; —p3) XQ/TGX Zfabc a3ba3/ dzdz/ . (367)

The wave-function color factor for the globally colorless 3-body states is
Citaay, = XIT%x2 - (368)

The color action of the quark seagull H,q, on the globally colorless 3-body states is described by
S S . 533/ s3’ 7’ 33/ S 3’ S as
AT f ™ LT = i T T, = LI T e = &5 (T, (369)

1 $33" pas3’ a 1 s3' ras3’ a
= =GP NAT e = S T e = G NexXiT e . (370)

2

which means multiplication by N/2. The color action of the antiquark seagull Hyz, on the same globally colorless
3-body states is described by

X;/Tsx2if833/ XITS/XT _ if833 XQ’TGXQ XJ{T?) Yo = Zf933 J{TBITSXQ _ f933 Zf3 sa X2 (371)
1 ’ ’ ’ ’ 1
A XIT%2 = — 3 L psss psa XIT%%:2 = — 5 Ne XIT‘?’Xz (372)

which means multiplication by —N/2. Including the sign factors in front of the operators, the net factor is the same in
both cases, —1/z%. The sign of the seagull term in the colorless 3-body states is the same as in the colorless 2-body
states. The strength is slightly increased from 4/3 to 3/2, by the factor 9/8.

20250908 21:27 pon San Dimas: Start tomorrow from checking what the gluon exchange does.

B. 2nd-order quark-gluon interactions through gluon exchange in the 3-body space

The interaction of a gluon with a quark or an antiquark in the 3-body space, proceeding through the exchange of a
gluon, results from the double action of the term —(Jys+J3") A%, in Hqep in Eq. and the term mg¢aai+(Jf‘Jfr+JfZ}')
in Eq. , using the currents

Joli = =g Ty s (373)
T = iglot Ag, AV (374)

The exchange term formula in our notation is illustrated in Fig. [5} The formula follows from #; and the renormalized
interaction Hamiltonian terms given in Eq. (114). The gluon exchange in the 3-body space is contained in

H® = frpHP + (frr — fuifir) Apir HEY HEY (375)
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FIG. 5: Hamiltonian interaction term of a gluon (3) with a quark (1) through the exchange of a gluon carrying the
momentum transfer py.

P3 b3 P3 b3
Ps Pa Py Ps P4 Pgy
b1 b b1 by

where we recognize analogs of the 2-body terms present in Egs. (127) and (??7). We identify the the 3-body-space
gluon exchange terms between a gluon and a quark in

HS = Hf + fLR [Eg sing + 5m52; In + Eqsing + 5m§ In + frfrHsggq + FrSsggq + FrSexch]
+ (fLr — frifir) Arir frH(()l) frH(()l) : (376)

Question: Do the divergences of gluon-quark seagull frrfr frHsgeq and gluon exchange in frr Arrr fT’H(()l) frHél)
cancel each other? Gluon-quark seagull operator is given in Eq. (366]). The gluon exchange interaction between a

gluon and a quark follows from the product 7—[61) ’H(()l), in which Hél) includes the following terms from Eq. ,

W = [ [z, e Loz 0] (377)

Integration by parts yields

HY = - /F (2 + 73 (A, + o) (378)

I called a file toolong on 20250912 16:00 in San Dimas and start from scratch evaluation of the interaction terms.
There are 4 terms to evaluate

Hypa = */ Ja”Af#, (379)

(l m 77 a
Hyp = / Tof -9 (380)
Haa = —/FJZI;A'}#, (381)

_ ap Mgy q
Hap = —/FJAf o ot . (382)

Reminder
Mgy _ ngnlt a __ Mgl —ipax t _ipazx
s o8 e " = /[4] - (a4ae +ay,e ) . (383)
Evaluation of H 4

Hya = /J;?Afuv (384)

~ T
= —gl“/(—g) /[124] 5c.a f |:U1X1b1 —+ leldﬂ ’70’}/'“ |:€ZT4(14 + EZ*T4QZ:| |:’U,2X2b2 —+ U2X2d; (385)

In the 3-body space, two terms count: quark or antiquark emitting and absorbing a gluon, while the pair creation or
annihilation are ignored as too far off shell.

Hypa = —/ o A% = g/[11'4] bca f [urx1b1]™ 7%y {EZT4G4+EZ*T4GH [u1:x1/b1/]
F

. i
+ g/[22'4](5c,af [vgfngd ,} v, {EZT4(L4+EZ*T4(LH [Ungd;} ) (386)
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Hya = 9/[11 4] 5caf1 14 AT X1 i yus (54 blbras+ef a4bTb1')

- g/[22/4] dc.a f3.04 Xb THX2 Ty (EZ dbdyas + €f* ald;dz') : (387)

Evaluation of H,4

Mgy ,q
Hoo = / Tl (388)
iF 117 0. n Mg i t i
= —guw(—g) [[124]6ca f [ulxlbl —l—leldl] vy ?T [a; +aZJ |:UQX2b2 +v2x2d2} (389)
4
Again, in the 3-body space, two terms count: quark or antiquark emitting and absorbing a gluon, while the pair
creation or annihilation are ignored as too far off shell.

a m a 1S r i — m
H'L/“lb = —/ ’L/JlfL 8‘9_’:_7#(25 = g/[ll 4]5 filh XIT4X1/ 'LL1’Y+’U,1/ p_f (bibl/ai—i—a:&bibl/)
4
. i m
_g / 229 8e.a f3 57 X5 T X2 B2y 0 p—j’ (oz;cz2,a;1 +a§d;d2/) . (390)
4

Below, I tend to omit regularization factors f7 ,, till I come to the final expression for the gluon-exchange
interaction between the gluon and quark in the 3- body space.

Evaluation of H 4

Haa = /J,i?Afuv (391)
(JICH = Z/[Sl] 63/ua3/a672’p3/z+€§/’ua§/aeip3/l’j| 5 (392)
3/

Iy = gliorAp,, AY]* = igfet(ior AY,) Ay (393)

= igfabCZ/[?)él] Py |:€3a3b67ip3 7€*aT e'? } [64a4667”’” +5Za1ceip“] (394)
34

Han = 7/ zgf“bCZ/334 egagpe” P3T 7€*aT e’ } [64a4ce*”’4z+52a166”’”]
33'4

X [p363/a3/a671p3’x +p3€§/a§/ eip?’/x:| (395)

= zgf“bCZ/ 334 ca [agagb—egja;b} {54a4c+54a4c} [pgegfagf +p353/a§, } . (396)
33/4

There are 8-2=6 terms to evaluate.
112 [ezasp] [e404c) [p353,a3, } + 121 [e3ass] {54a40} [p3esrasq] + 122 [e3a3p) [Eialc} [pgfs;,a;,a}
+ 211 [*53‘1;5} [e1a4c] [p3esragia] + 212 [—5§a£b} [4a4c] [pgsglag, } + 221 [ §a£b} [sjalc} [psesrasa] . (397)

Clean.
Haa = —igf™y / [33/4] 6,0 X , (398)
33/4
X = e3e4 p3ey agba4ca;§,a+€3€f{ P3E3/ agba];cag/a—i—sssj D3 agbaflca;[,a

— €4eq p3Ey aTba4Ca3/a — eleq p3Ey aTba4Ca§,a — £5€) D3Ey aTbaZCagfa . (399)
3 3 3
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Separate terms with 2 daggers and 1 dagger.

* T * t * T
X = e384 p3gy a3bQA4c3r, + E3E4 P3EY A3pAyg.A3/q — E3E4 P3EF 30403/
S tot . _— t . ot
+ €384 P3E3 A3b04.03, — €3€4 P3E3 Ogy04cly, — E3E4 P3EY Agp04.A3/q - (400)
check
_ * T * ok Tt
X = €364 P3€3 Q3pQ4cly, — €364 P3EY Q34,037
+ * T % * T T
£€3E4 P3E3’ A3pAy A3 €384 P3E3r G3pQ4cls/,
S tot « t
+ €36} P3€y 304,03, — €364 P3EY Qg,04c03/q - (401)
_X = g¥e* Tt _ * T
= E3E&4 P3E3r Q3,04.03q €3E4 P3E3r A3bpA4cl3/
+ e * I T * T
€3E4 P3E€3r Qg3 A4clszig, £3&4 P3E3" A3pAy.A3'q
* i * * Tt
+ €3E4 P3E3r A3, A4cQ3/q — €3E4 P3E3 A3pA4. A3/, - (402)
Arrange h.c.
X gret IR I . i
= E3&4 P3E3r Q304,03 €3E4 P3E3s G3pA4cl3/ g,
x £ i i « i
+ €364 P3E3 Q30403 — E3E4 P3EY A3p04.03/q
T tot « t
+ €36} P3EY A3y A5, — E3E4 P3EY (g A4cd3rq - (403)
Rewrite.
—X = et paey abal agy, + e Y al ageal, 4 eset * agpal al
= E3&4 P3E€3r Qg3,,Ay.A37q T E3E4 P3E3 AgpQ4clgr, T E3E4 P3E3r A3p04. 03/,
* T * T * T
— €384 P33 A3pA4c03, — €34 P3EY A3bA4.A37q — E3E4 P3EY  U3,(4cA37q - (404)
Notation.
Haa = g3 / (33/4) 6o 1 Zygra + hoc | (405)
3374
7 ok x P * w T * * Tt 406
334 = €364 P3Ey A304Q3 + E3E4 P3E3 A3Q40z + €3 P33 A3G4A3 - (406)

I change notation in the terms second and third to make them look like the first term. I rename Z33.4 to Y343/ including
ife3¢cs In the second term, I change 4 <+ 3/, and in the third term I change 3 <> 3’. The result is

Haa = g / [33/4) 0c.q Yauz + hoc. (407)
3374
Y3430 = ifc3c4c3’ 6;61 P3E3/ agalagl — ifcsc463' 6;53/ pgaz agag/a1+z’fc3c463/ 83/62 p3/€§ aglalag . (408)
Normal ordering.
Han = gy / (343 bc.0 Yaaz + hec. | (409)
343
Yasg = if0 (ehe] caps — ejey ipsteie eipy) abajag . (410)

crosscheck of Haa

Han = —/ z'gfabcz:/[343’} [63@31)6_”’” —ega;be”’”} [€4a4ce_ip4z —l—eZaLei”“}
F 343/
X {p3€3/a3/ae_ip3’m +p3€§/a;/aeip3lmj| (411)
= —igf“bcz /[343'] dea |:€3a3b — egagb} {54a4c + 52@10} {pg&gz@gxa +p35§,a§,a} ) (412)

343/



>
|

[63&31; — sgazﬂ,b} [54(146 + EZ(LZC} [p3€3/ag/a + p35§,a;a}

Clean check:

X = [53@3[, — sga;b] [£4a4c + 5Za£c} [pg&'g/ag/a + pgf;‘;,ag,a}

112 [63&3(,] [64(140] |:p3€§/a§/a] + 121 [63(13{,] [62&16] [pgé“glagla] + 122 [63(131)] {E‘Zalc} [pgs?;/a;,a}

211 {53@24 [e464c] [P3e3raga] — 212 [g’ga;b] [e4a4c] {pgzs;,a;,a] — 221 [Egagb} {51@16} [p3esrasa) -

= 112 53a3b€4a40p3£§,a§,a + 121 63(131;520,1017363/@3/@ + 122 EgangZalepg,E;/a;a

* * 1 * « t _* 7
— 211 63a3b€4a4cp353/a3/a—212 53a3b€4a4cp383,a3/a—221 €303,E4Q4.P3E3 A3/ g -

Move of operators and change of sign:

-X

« 1 « 1 « 1
— [E3a3b — e3a3b] [£4a4C + €4a4c] |:p353fa3/a + p3€zasg,

= —112 5364])36;/ a3ba4ca§,a — 121 EgEZnggl agbalcag/a — 122 Egé‘ng(‘:;/agbalca;a

+ 211 eiesapses a;ba4ca3/a + 212 eieqpsen a;ba@a;a + 221 eieipses agbajlcag/a .

Renaming color scripts a — ¢3/, b — ¢3, ¢ — ¢4:

Haa = g / (343 0c.q f24%" (—iX3437)

343/

; _ * T * T w T
—’LX343/ — —1|E303p —€3a3b:| [64&464-54(146] [p3€3/a3/a +p363,a3/a}

= —112 i e3e4 p3esy a3a4a;, — 121 7 e3e) pses agaiagf — 122 4 e3¢} pgag,agaiag,

+ 2114 €564 pses a§a4a3/ + 212 i €564 pseys a§a4a§, + 221 i e3¢} p3ey agalagf .
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(413)

(414)

(415)

(416)

(417)

(418)

(419)

(420)

(421)

All terms are always normal-ordered and the changes of order are meant to be under the sign of normal ordering.

Collecting h.c.

; ; * T * T * o f
—1 X343 = —1 |€3a3p —E3a3b:| [64a4c+€4a4c} [p383/a3/a +p363,a3,a}

= —112 i e3e4 €5/p3 a3a4a§, — 121 i ese) e3/ps agajlag/ — 1224 e3e} €5p3 a3a£a;,

+ 221 kel eyps ababas +212 i eheq ehips aéawé, +211 i eleq 3P abasas .

—iXs430 = 221 i €5e) €3/p3 a};alag/ + 212 i e5e4 €5/p3 aéﬂ)awé, — 122 4 e3e) €5ps agalag, + h.c. .

Han = QZ/[343/] Oca Zaag » Zaaz = [P (—iXaz)

343
Zsaz = 1f° eiey €3p3 agalagf + i f30% g3ey €33 a£a4a§, — g fescacy
I change notation 4 <+ 3’ in the second term and 3 <+ 3’ in the third one.

Zyay = if0% hel eypy abalay +if ¥ eley eips alagal —ifeeacs

= {f3% gie) e3P a;)ajlag/ — (6319 gies e4ps agag,/al g fecacy
In the third term, I also change 4 <+ 3 to have €} contracted with ps/. As a result,

2343/ = 7:f(3;;(34c3/ E;EI £3/P3 (],;(1,1(13/ — 7;']0("3(‘4(;3/ 5383/ 52])3 (1,.];(13/0,1 — 7:]0(:36463/

€3€) €3/P3 agaiag/ + h.c. .

€3/€) E3D3

E3E) EaPy

PO N
€3/E3 E4P3/

ag/ajla; + h.c.

ag/alag + h.c. .

ag/agajl + h.c. .

(422)

(423)
(424)
(425)

(426)

(427)
(428)

(429)

Normal ordering, harmless because f  reduces terms with normal-order commutators to zero modes, which are

eliminated in the regularization procedure, yields:

Z343r = ifS4S Yayz a§ala3f + h.c.

Yaa3 = €he) €3/p3 — €563 €4p3—Eges 4Py + hec. .

(430)
(431)



Result prior to the check:
__ s peczcqc * % * * * *
Yaagr = if9 (e3¢] e3p3 — €363 €3p3—E383 €1p31)
which is also

Yaugr = if94 [e3e) e3ps — €363 €3(p3 + p3r)]
= if [ehe} ey ps + Oogo, €4(P3+D3)]

Above black text is verified as correct
** new version check for ps + p3/

ewps = €4(p3r —pa) = €4ps -

- PC3C4C- * % * * * *
Yaag = if©% (e3e) exps — €56y €1p3—€3€3 €4p3) -
Now I use the usual relative momentum variables for components + and L,

Ys = xa/T3 , Y3 = w3/x3 , ka3 = ysps — yaps ,
Pa = Yapy +kaz , p3 = y3ps — ka3 .

In these variables,

e3p3 = e3(yaps — kaz) = —e3kuz
iy = el = e P - eiteh = 525 pd v - <ited
= &3t (yapy + kiz)/ya — €4 py = eikiz/ya = —€ikas/va
€4"py = %254&274&/1/4 — e py = ea(yapz+kaz) /ya — €4 py
= ted k) /ys = —eakaz/ya -
Yaug = if% (—eie) e3kag + ese3 €hkas/yateies €4 kag/ya) aéala;y .
Changing notation 3 <+ 4, one has to remember that k3 = —kus.
*#% old version verified as correct
eips = €4(p3 —pa) = €4p3r -
Yaay = ifey (e} exps — ehey eipy+eies hpy) alalas .
Now I use the usual relative momentum variables for components + and L,
Yo = xa/3 , Y3 = x3/T3 , kaz = Yysps — yaps ,
P4 = Yapy + kas , 3 = Ysps — ka3 .
In these variables,
e3p3 = e3(ysps — kaz) = —¢e3zrkaz ,
iy = %ei‘p?? —eitpy = %QEZLpi/yai — ety
= et (yapy + ki3)/ys — eipy = €5 kaz/ys = —eikas/ys ,
espy = %%?pé/yz —etpy = et (b — ki) ys — €3 vy
= —e5Tkiz)/ys = e3kas/ys -
Yau3 = if% (—ezey ey kag + €363 eikas/yateres e3kas/ys) a;alag/ .
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(432)

(433)
(434)
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Changing notation 3 <+ 4, one has to remember that ksqs = —ky3.
*okkok

In verified conclusion,

Haa = QZ/ [433] ajalas Yisy 0433 + hoc. , (455)
133/
Yigz = if“% (ee; exkaz — €jes e3kaz/ys — €33 €1kaz/ya) , (456)

which matches Egs. and ([48)). Also, changing notation 3 <+ 4, I obtain

Yaug = if% (ehe) €3/ps — €563 €4D3+E4E3 E3P3) agalagf , (457)
whose equivalent is
Yisy = if®% (eiel eypy — €hes e5py+eies e4ps) a}lagagz . (458)
Using
Eipy = %EZ’pgff —ePy = 265 Py /v — € Py (459)
= &3t (vapy +ki3)/ya — €5 py = el kiz/ya = —eikaz/ya (460)
Sy = 5255 PE fus — <5 pd = 5 (ysp — ki) v — 5o (461)
= —e3 ki) /ys = e3kas/ys (462)
one obtains
Yizy = if4 [ehey exkay — ey eikas/ys+esey (—eikas/ya)] ahalay (463)
or
Visy = ife (eieh eykus — ies hkas/ys—ehes ikas/ya) afalas . (464)

Blue text above is verified.
I check if a change in Eq. |D that leads to p:;r +p3+, agrees with the above blue and red results.

HAS = QZ/ 123 a (12(13 Y123 5123 +h c. ., (465)
123
}/'123 = f(l(z(S [5152 63]€12 - 6163 €2k12/l‘2 — E;Eg ETk’m/Jj]] (466)
Hys = QZ / 343'] %%a%’ Y343 0303 + hec. , (467)
343/
Yaag = if % [—ezeleakas + e3ey ikaz/ya + €€ e3ka3/ys] - verified (468)

Switch to momenta p,

kiz = (yspa — yap3) , (469)
Yaaz = if@% [—e3e) €3 (yspa — yaps) + €363 €1(Y3Pa — YaD3)/Ya + €163 €3(Y3pa — Yap3)/y3] (470)
= ifP4% [—eiel ey (—ps) + €583 €4(—Yaps)/ys + €1e3 €3(y3pa)/ys] (471)

= fN [e3e] €3 p3 — €363 €43 + £4€3 £3P4] (472)

= fe% [ehel e3P — €5€y 4Py + E4E3 €5D4] (473)

matching Eqgs. and (446) (remember 5ps = eips). In the sums and integrals of all terms, one can rename
summed and integrated variables in each term of Y independently. So, one can relabel 3 <+ 4 in the 3rd term. Creation
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operators retain their form, they only change order which is arbitrary anyway. Factor if<“’ changes sign. The
result is the same formula for H4s with

HAS = QZ /[343/] agalagf Y343/ 834.3/ + h.C. 5 (474)
343/
Yasy = if®% [ezeiesps —eze ex(ps +p3)] - (475)

When 4 corresponds to the exchanges gluon, the only divergent part of H 3 when y4 — 0 is

HYY =g / 343 alalas YN 343 + hec. (476)
343/
Yy = —ifec ehey ei(ps +py) - (477)

The divergence comes from €; . Now I can check the whole calculation of the gluon-quark interaction. The full
expression for H 4 = H s can be written in two equivalent forms.

C. Summary of the 3-transverse-gluons term

Equalities mean equivalence when all indices and momenta are fully summed and integrated, respectively.

N
%)
9;

Has = Haa = —/FJX‘}A?;“ (478)

HAA = HAs = gz /[343/] agalaB/ Y343/ 834.3/ +gZ/[3/43] a;,a4a3 Y3tl3’ 83/.43 (479)
343/ 3743

= gz /[343/] agalagl Y343/ 534.3/ —+ gz /[343/] aga4a3/ Y3>.;43 53_43/ s (480)
343/ 343/

Yaug = if [—eiel eskas + €563 e4kas/ya + exes e3kaz/ys) o kas = (yspsa —yaps) ,  (481)

Yagz = if4%s [e5e] eaps — €563 €4y + €4€3 €3D4] (482)

Yaay = if [e3e) ey ps — ezex e4(psr +p3)] (483)

}/3*;43 = ifc3c463/ [53/64 €§p3/ — 53/&‘; E4pP3 — 63/[—:; 54]93/] (484)

[ (485)

if34s [e3e4 €3p3 — €363 €4(P3 + p3r)] -

The identities above include the change 3 <+ 4 in the last terms of Y, and from e4ps = 0 after adding py4 to ps in the
product with £4. One can change notation under the sign of full sum and integral in each term separately.

Yius = {if4% [e5eh eyps — chey eipy + ehey eipa] 3 3} (486)
= (fPNY [e364 5Dy — €365 €43 + €4€5 €3/ 4] (487)

Changing notation 4 <+ 3’ under signs of full sums and integrals in the last term alone, one gets

Yiiug = if®4% [eyeqeipy — e3eh e4ap3 — €385 €4psy] (488)

= ifN [eyesespy — €363 €aps +p3)] - (489)

There was the error : confusion of p with k (490)

Yisgr = if49 (e)ey e3kus — e)es e3kas/ys — €363 1kas/ya) (491)
= (f10 (ehes e3pa — €€ 5Dy FESE €4P3) alagag/ . (492)

End of the summary of the 3-transverse-gluons term

Evaluation of H 44



a0

m
Hap = — /F Tl g (493)
JZ’} = 2/343 ,Lgfacgcs./ iz |:53a36 zpsz_e*afezpsw} |:63/(13/€7ip3’a:+E§,a.};,eip3/$} 7 (494)
343
Tadtgr = [T (e g alen) (495)
Hap = / /343 | igfecscs ph [535136 ipsz s*aTe’p?’ ] [53/(13/@*@3’“"+€§/a§,eip3’z}
F 343
« Mg'lp Gge” 2p4z+a1‘ ipa (496)
Pi
Calculation.
Hap = 2/343 c.q Bgfeiescs ;pg [53(13 53a§} [53/a3,+53,a3,} (a4+a4) . (497)
343/ 4

Again, there are 8 - 2 = 6 terms.

[Egag — Egazﬂ)} {53@3/ + 53,a3,} (a4 + a4) (498)

112 63(13763(1; 53/a3/+63,a§, (a4 a

+ Z)
1] P (5 o =t
+ 121 |eza3 — e5a4| |ezasz + 53/a3, (a4 + a4)
+ 122 [53@3 — aga};} |:€3'a3/ + Eg,a;} (d4 + d}l)
+ 211 |esas — e5al| |ezas + z—:}a; (d4 + &jl)
+ 212 |ezaz — 6;@; gsrasz + 5§/a§, (C~l4 + d}l)
+ 221 [53@3 — 53a3} |:€3'a31 + 53,a3,} (d4 + d}l} (499)
112 ezey a3a3/(~1j—1 + 121 6363/ aga;’,ch — 211 €§63/ a§a3/d4
— 221 e3¢l alalay — 212 eiey alazal + 122 e3¢ agal,al (500)
X = {53(13 - egag] [63/&3' + eg,ag,} <d4 + &Z) (501)
= 221 ejel, abal,ay — 212 eley alagal + 122 e3¢5 agzal @l — hec. . (502)
Normal ordering to dlagagl.
Hao = gmy 3 [1138150 2, 2 = foecss p3 L (i) + ke, (503)
433/
» p .
7 = fc403c3 % (7ZX) (504)
Py
2 2 2
= 221 f4%% 22 jeiel, akal g 4+ 212 fcacscy =3 iehey alalas — 122 fe1e3¢a 3 jegey, alalas . (505)
P4 Py by
Here, I am interested in terms that do not change the number of transverse gluons,
p+
Z — feests 2 (—iX) (506)
by
2 2
= 212]"646363/ % i€§€3/ &iagag/ — 122]"640363/ % 715363 diag,ag . (507)

Py Py



I change notation in the second term, 3 <+ 3'.

The final result reads

+
— f040303’pi
+
+
— f040303’pi
+

+ ot
_ f646303/ p3 +p3’ -
- +

er
— f040303/7i (_ZX)

yn

+
. - . P3r . -
ie3eg alagag/ — ]“403’03%r iczes alagagr

Py Py
+

fC4 c3cg/ &
+

icies alalasy + ieses el ahalas

Py 27

iezes dlagagf .
Dy

+ !
HA¢ - gng/433 c.a f040303/p3p7pg 5353/ alagag/ + h.c. ,

433’ 4

D. Summary of terms for gluon-quark interaction in the 3-body space

Integration symbols include sums.

HS

Hoa = = [ T3545,
F

_ ap Mgy q
Hyo = /le} o+ ¢

HA3 = HAA

Haiqa = Hps

Y343/
Y343/
Y343/
Y33

ap Mg
HA(i): /JAL)‘L' ag+/lf¢a

,/F(J JrJf‘p})( a mgnu

g/[11’4] dc.a fi1a ATy @y

/[22 4]6..

e i m
9/[11’4] Oc.a JT 13 AT iyt pf

)
(=

af594 Xb T2 T2ry,v2 (6

€y b1/a4 + 64 a4bTb1/>

doray + EZ* a4de2/> s

(b{blra;l + a:[lbibl/)

g/[22/21] dc.a f3.01 xb T X2 vyt

o (d;dgxa;qua:fld;dg/) ,
4

/JZ;}AM’
(]Z / 343 (]3 1(13/ Y343/ 634 3+ (]Z / 3 43 (13,(1403 Y343/ (53/ 43
3437 3743

(]Z/ 543 (1 (1_1(13/ Yglg/ 631 3/ +QZ/ 343 3(14(13/ Y3/4353 437

3437 3437

ife3as [—ehe) exkag + €563 €1kas/ya + €163 €5kas/ys]
ifeeeas’ [e3e) e3p3 — €363 €4p3 + €4€3 €3p4]
i f34Cs [e3e) €3p3 — €363 €4(p3r + p3)]

i f3CAS [e3re4 £3p3r — 3165 E4P3 — E3/€3 E4D3/]
* £C3C4qC
ife3As [e3re4 €3p3 — €363 54(293 +p3)]

gm92/433

433’ 4

Py + s ~
fc40303/u 5§€3, ala;,GS’ + h.C.,

= Hya +Hypp +Haa +Hag ,

, ka3 = (y3pa — yaps)

cons. # | .

ol

(508)
(509)
(510)

(511)

(512)

(513)

(514)



For gluon-quark interaction in the 3-body space, without gluon-antiquark interaction,

Hyq

Y33/

*
Yu3

Hag

Hypa + Hyo

+Han+Hag ,

g/[11'4] Oc.a [ 14 XA T @y (EZ bibrras +EZ*aZbIb1') ,

g / (14 eca f7 13 X T D1 iy ur

343/
Z‘szC4 Cgr 5

"
3E4 €3/P3
X
3

*

m
f (b{bl,aﬁa}lb{by) ,

4

QZ /[343/] U:];“I.a:s/ Y343/ 53443/ +QZ /[343/] “:];awzi' Y3ias 53.43' )

343/

* * * *
— e3e3 4Py + 1€ €3p4]

e3e, €3p3 — €363 €4 (D +p3)]

- pC3CeC * * 3
ifeeCs [ggey E3P3r — €3/E3 E4P3 — €3/E3 84]?3’]
: pC3Cyce * *

ifo304 [eq/ey €3D3 — E3E% 64(}73 +p3’)] ’

[
,ifc3c4c3/ [
[
[

gmy [ 433"

+ +
< + Da
(Sc.a Zf640303/ Ps +p3

Py

€3€3/ &Zagag/ + he. .

E. Exchange with 6;_;; using file “FirstLine20250927”

In conclusion from “FirstLine20250927”:

L1 =

Yizia =

S 191
92 E /[11/33/] 91_1/ 71?];1 3 XJ{T4X1/ ﬂl’}/,jul/ Z-ngC403/ Y131/3/ bj{bll agagl )
4
4

V[ % % * * * *
2e} [e3e) €3:p3 + €4es €3ps — €563 4Py -

L1 is the expression obtained for

L1 = 92/[11/4} 0114 XIT4X1/ U1y, U1 €y b];bl’(M /[34/3/} agai/ag/ Yaurz O34r 3

= 92/[11/4} o110461 1/ XIT4X1/ U1y, U1 €4

X /[34’3/] 0347303 _3 ifc?’c4/c3/ [E;Ei; £3'P3 — 6;53/ EI;pgl + 82/53/ E§p4/] b{b1/a4 a;al,ag,/ .

L3 = 92/[11/4] O1.104 X1T4X1/ a1y uy Zlf bib1 s mg/[4/33/] Oarz.z i foueacs

Exchange of ¢ with 6,_;, from Eq. (590)

Commuting and integration over 4.

4

L3 = 92/[11/433/] o114t -1 XA T 1 @y

S g/
= 92/[11/33/] 91_1/ 13'_"1_3

Pa

XIT 0 ay,u

The exchanges of A and ¢ work with Ay ;g of Eq. (631)),

1

—Arir =

Py

The exchanged gluon p, in

p-

1

1

p3 + 5
+

Dy

oot
mgn” < . . +
gj*? blbi 1y das ch“cdcglpgiﬁ €363 @
Dy Py
2,V
g N !’
e i (pi + pi) ehes blbw alag .
4

Exchange of A and ¢ with 6;_;, together with the seagull

three’

( N 1 )_ 1(1 1)
QPI p§+p; _Pt;ree pg’ +p;’ _Pt;lree 2 Pl pS ’

py = (pi*+ml)/pf,

€§€3/ dl,agag/

fay

92

(534)

(535)

(536)

(537)

. (538)

(539)

(540)

(541)

(542)
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is the largest denominator term when pj{ tends to 0. This implies

1 -1
fAL[R — —— . (543)
i pi?+mg
From Egs. (544]), , and (366)), Start here 20250928 20:29 nie San Dimas
S %Y e
Ll = 922/[11/33/] 01_1/ %XITAI)Q/ U1y, U1 7:]“36403/ Yi31/3/ b];blf a;)ag/ R (544)
1 4
Yisvg = 2¢ej [eiel €3 ps + €463 €5pa — €563 €4P3/] (545)
9 lons 513.1/3’ tna _ 527 v cacscqr (4 +y * T I
L3 = ¢g* [[11'33") 6011/ o X115 x1 @1y, urs o ife43 (p3 + p3,) €363 biby ajas (546)
4 4
- + +, - Y
JE / B311) bora Gy L3P 3p)f§””"1 T Ty ifeses e afblbyag | (547)
4

Regularization factors f7, T-1) f34 E-3)

of common factors yields

are omitted. Only the part with 6;_1, is taken from the seagull. Collection

5 19/
cr = 922/[11/33,] hv %XITALXV Typur if afblbiag . (548)
1

For the 3-body Hamiltonian, Eqs. (114]) or (375) imply

HP = frpHY + (fur — foifir) Ao HOHSD (549)

Only the terms with fr i involve the gluon severe small-z divergences. These divergences appear in the same way with
01_1 and with 6,_1. For 6#1_1/, I have the formula

1
H(z) — fLRCF |:+ALIR(L1 +L3)+LS . (550)
2

where Ly, L3, and L, denote the remaining factors of the lines 1, 2, and the seagull, respectively.

L, = ZZeZ [e5e) exps + €jes €3pa — €363 €4D3] (551)
4
m2,'7u
L3 - pi_Q (_1)c0101r(p;,r +p;,r/) 5353’ ) (552)
4
o+
P3 + Das
Ly = _[5spins = _5353’] % n” (_l)color . (553)
4

I need to see if the gluon severe small-x singularity 1/ pIQ cancels out. The only part of L; that counts is the third one,

LYY = —2ckes Z €y EaDs (554)
4
= —chex Y eher (s +ps)y - (555)
4

The equivalence is a consequence of €;ps = €3ps. The divergence originates solely from the minus component of €4. I
write

1
&= 5 ney +exr - (556)



o4

The transverse part does not involve small—pi. The singularity is contained in €, = 2eipt/ pj{. Therefore, the singular

part of L has the form

LY = —ejey > (piex/pi)(Erpi /pf)n" " (b3 + p3)y
4
12

. vt
= —eley ﬁn (p3 +13) -
4

All terms with singularity 1/p;? thus are

@) 12 2 , , Dy + 13
HE = fLrCF (04%) 1, + (5) ] + (), (e B
4

pi®+mg [

(557)

(558)

(559)

The curly bracket amounts to 0, which ends my struggle with massive gluons. 20250929 00:12 pon San Dimas

X. GLUON-QUARK INTERACTION DEPENDENCE ON my — 0 IN 3-BODY SPACE 20251002 10:12

The Hamiltonian terms to analyze are

SJ(123|H,[1'2'3"), = (123] {Hf + forHe — fLifir Arir Hgl)%f)”} 12'3")

", = HP + A HO DY

(560)

(561)

The terms that matter come only from — fr;frr Arrr ’Hél)?-[él). They are finite for finite mg. I consider gluon-quark
interaction and quark and gluon self-interactions. The self interactions are the same as for free particles. The

interactions include the RGPEP factors f?.

I consider two pairs of interaction terms. One pair is the interaction of quark 1 with gluon 3 involving 6;_1- and
quark 1 self-interaction. The other pair is the interaction of quark 1 with gluon 3 involving 6y/_; and the gluon

self-interaction. Color factors for these interaction terms are found in Egs. (562) to (560]).

FIG. 6: Interactions that depend logarithmically on m, in the 3-body space. In this figure, all vertices include factors
f* making all expressions finite but dependent on s, quark masses, m; and ms, and the gluon mass m,. The question

is what expressions one obtains in the limit mg — 0.

1 a3 11 3 11 b 1 1 b 1

A. Gluon-quark interaction in the 3-body space, new = 20251011 12:06 sob Ekologiczna

Color factors follow from the wave function

Citaay = XITx2 -

(562)



%)

e -3/2 The quark-gluon seagull H,,,, Eq. (366),

. . !’ ! 7; ’ ’
X'il'T4X1/Zf343 X1/T3 — 'Lf343 XIT4T3 X2 = §f343 Xi [T4,T3 ]X f343 f43 a X2 (563)
1 ’ ! 1 3
= -5 [ X% = — 5 Ne T = -5 XITBM = C%ﬁidy :
(564)

e -3/2 The antiquark-gluon seagull H,z,, Eq. (367))

. ’ ’ . . ’ ’ Z ’, ’ a a
iy Tha(=if ) ATy = —if** x2lT4xQ AT X = —if*™ AT T = o i X{T"xa (565)
’ 4 N 3
= f343 AT e = §f334f3 AT =~ X T = 5 Ciilay -
(566)

Multiplication by —N/2. The strength is negative and slightly increased from 4/3 to 3/2, by the factor 9/8.
¢ -3/2 Quark-gluon exchange of a gluon, from Eq. (544]),

S 1/ .
L1 Céggdy = 922/[11,33{} 611/ %XiTAle' Uy, ur ifS4S Yizyrg b{by agag/ , (567)
4
4
Y131/3/ = 28Z [€§<€Z E3/p3 + 5263/ E§p4 — 6;&‘3/ 5‘2])3/] , (568)
. 3
AT i x0T xa = =5 Ciiday - (569)

e -3/2 Antiquark-gluon exchange of a gluon, a la Eq. (544)), The same is then true for the gluon exchange between
an antiquark and a gluon.

e 4/3 Quark self-interaction is the same 4/3 for the quark and antiquark self-interactions.
e 4/3 Antiquark self-interaction.

e 3 for the gluon self-interaction is N = 3, see App. especially its part and Eq. . I remind myself
that in computing the term with f; g, after inclusion of the 2nd-order simultaneous counterterm to severe
small-z and quadratic ultraviolet divergences, the remaining divergence is only logarithmic, while the remaining
gluon self-interaction result is proportional to the gluon mass squared, mg. In the limit my — 0 the remaining,

logarithmic gluon self-interaction multiplied by mz tends to 0.
In the effective gluon self-interaction with factors f? instead of f7, there are no counterterms to include and the
entire gluon self-interaction needs to be accounted for. I need to compare factors in the gluon-exchange between

quark and gluon and the gluon self-interaction factors without any counterterms. The interaction is finite for
mg > 0.

e -1/6 Gluon exchange between the quark and antiquark.

AT T e b The = AT T The = X (I 7917+ 7977 (570)
S (@ fiapaqt 4 T3’T4T4) X (571)
=y (2 if*3'ere, T4 + T3 (N? — 1)/(2N)) X2 (572)
=y (;zf43 aj potbrb 4 T3 (N? — 1)/(2N)> X2 (573)
= xi (— % N&¥OTY 4 T3 (N? — 1) /(2N)> X2 (574)
= (5N 0/eM) AT = gy AT e 67

1 / 1
= s X7 = —¢ Ciidyy - (576)
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CQQexch - CQQseag = 71/6a C'C:,)chch = CQGscag = *3/2 , (577)
Cyy = Cx, = 4/3, Cx, =3 (578)
Vertex change from quark-gluon to quark or gluon self-interaction.
AT i X T — (579)
B. Gluon-quark interaction in the 3-body space, old
The seagull of Eq. (366] contributes
. (ps +p3) 24/p1PY
qug = _92/[33/11/] 604(1 6spins f{l(i*l) f§3(§73) T T 3 XITQLXl, ’LszCg/&L agb'{blla?)' 5 (580)
e s (p3 — p3)
The 2nd-order gluon-quark interaction contained in the gluon-exchange product
’H((JI)’H((JU = (Hypa+Hypp +Haa+Hag) Hopa + Hypp +Han +Hay) - (581)

The terms that count must be products that involve v only in one ’H(()l). This condition is satisfied only by the terms

(Hypa +Hypp) (Haa +Hag) + (Haa +Hag) (Hpa + Hyo) -
If there is ¢ in one factor, there must be ¢ in the other. This condition allows only for
HwAHAA + HAAHwA + 7{¢¢HA¢ + ’HA¢’H¢¢ .

Each of the Hamiltonian terms is a sum of two terms, in the forms

Hypa = (Hypa +Hyat)
Hyg = (Hya +Hyat) »
Haa = (Haatata + Haataa) >
Hag = (Haa+ Hazt) ,

where in each case the 2nd term is the h.c. of the first. The terms that count are

(Hwa + HwaT )(HAaTa*a + HAaTaa) + (HAaTaTa + HAaTaa)(Hwa + H't/)tﬂ)
+ (Hya + Hyat ) (Haa + Haar) + (Haa + Haar) Hypa + Hyat) -

The gluon exchange interaction results from contraction of a and a' that leaves behind a'a, just 4 terms.

HwaHAaTaTa + ’HAataa'HwaT + 'Hwa'HAat + HAanat .

I omit the regularization factors f7. I need to write all the contributing terms explicitly, as g2 times
/[11/4] 51,1/4 XIT4X1/ ﬂl'yl,ull EZ b{b1/a4 /[34/31] a;)ajyagz Y34/3/ 534/'3/

=+ /[343/] a§a4a3/ }/3:';43 53.43/ /[11/4/} 54/1,1/ X]{T4 X1/ ﬂl'y,,ull EZ/*allb'{bl’

141 & tpdy o 4o Mg g o raan & O i A
+ [11 4] 01.1/4 XlT X1 U1y uy p+ blbl/a4 Mg [4 33 ] 0433 1f p+ €3E3 Gy Q303
4 4/

(582)

< p3 +py ' = / m
+ mg/[433’} (53/_43 |:,L-f0403c3,3+3 5363/ aia;ﬂ,ag,/} /[11/4/] 54/1'1/ XIT4 X1/ ﬂl'y+u1/ J aLbJ{bll . (590)
p

+

by 47
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Start here The interaction between the quark (1) and gluon (3) via gluon exchange (4) is given by the formula g2 times

Hizexch = /[11'4] 01104 XIT4X1' U1y U1 €4 b];bl’ /[4/33/] dur3.3 Yarsy a4a1,a§a3//[34’3’] Yaurz: 034 30 amEaLag/

+ /[433/] 53/_43 Y4*33/ a; /[343/} (1; 5/3*43/ 53/_43 /[11/4/] 54/1.1/ XJ{T4,X1/ ﬂlfyyulf €Z/* Gg(]qdlbiby

+ +
N m S . + ’ ~ ~
+ /[11/4] 1.4 XA 0 @y un + blby mg/[4/33/] Our3.3/ lfc“CSCSIM chew asdl alas
by Dy
+ +
N . + ’ < ! _ m ~ ~
+ mg/[433'} 53/'43 'Lfc3’c3c4p3pi+p3 5;,53 a;;, /[11/4,] 54/1_1/ XJ{T4 X1/ u1'y+u1/ pf a3a4aLbIb1/ .
4 4/

I contract as with a's in g2 bJ{blz times

Hizexch = /[11/4] 114 XIT4X1’ U1y Ui €y /[34/3/] Yaarr 0340 30 (544'<L;T; + CLL543> az

+ /[343/} 3/3*43/ 53/.43 /[11/4/] 54/1.1/ XIT4/X1/ U1y, U 521* (l:g/ ((L3544/ + (14534/)

m

QN

+ 3,

~ B +
+ /[11/4] 51,1/4 XIT4X1/ ﬂl"erul/ T /[4/33/] 54/3_3/ Z'fc4lcgc3'p37+ 6;63/ (544/0,;;@3/

h

4 Py

2
Ps +ry .

~ ~ ’ m
+ /[433’] (53/.43 ’L.fc3/c?’c47+ 53/83 /[1]]4’} 54/1'1/ XJ{T4 X1/ 1_1,1’)/+’u1/ _f a;,(13544/ .

Py Py

After expansion of the brackets, I have g2 bibll times

old Hizexch = /[11/4] o114 XJ{T4X1/ U1y, U1 €4 /[4/33/] Ou3.3 Yy 544’113613'
+ /[11/4] 01104 XIT4X1' U1y, U1 €4 /[4/33’] Ou3.3 Yy ajl,§43a3/
+ /[433/] 83/,43 Y4*33/ /[11/41] 54/1.11 XIT4/X1/ UL, U1 EZ/* a;,a3544/

+ /[433/] 531,43 Y4*33, /[11/4/] 54/1,1/ XIT4/X1/ ﬂl’yyull EZ/* a;,a4634/

2 + 4t
~ m - -
+ /[11/4] 51‘1’4’ XIT4X1’ ’[L1’7+’LL1/ f /[4/331] 54/3.3/ Z'fc4/03c3/ w
Py Dy
+ + 2
< :peorency D3 T D3 4 ~ / B m
4+ /[433/] 63,.43 ZfC?’ 0304% €3/€3 /[11/4/] 64/1.1/ XIT4 X1/ u1’y+u1/ p+g
4 4/

new Hizexch = /[11/4] 01104 XIT4X1' U1y U1 €4 /[34/3/} Yaurzr 0340 30 5/1/1'0;2(1/3'
+ /[11/4] 61114 XIT4X1/ UrYpu1r €4 /[34/3/} Yaurzr 0340 30 (11/543(13'
+ /[343’} Yz 0343 /[11/41} Sun v XATY X1 wyyur €% al,azds

+ /[343/} Yiar 03 43 /[11/41} d4r1.1/ XJ{T4 X1 Uiyt €47 u;a4534'

2 + 4t
~ m - ,
+ / [104) b1 XIT x0Ty —2 / (433) By ifowescy B LLS
by Dy
+ 4 2
N . + ’ < ’ _ m
+ /[433/] 03 .43 chs,c;;,cz;p?)pi_i_p?a €363 /[11'4/] Oar1 .1/ XJ{T4 X1 Uyt pf
4 47

E;f:‘g/ 544/ agag/

5;53/ 644/ agag/

(591)

(592)

(593)

. (594)



Now I can carry out the integration resulting from the contractions, leading to g2 bJ{by u1Y,u1, combined with

old Hizexch

new 7_[13 exch

= /[11/4] 01104 XJ{T4X1/ €y /[33/} d13.3 Yasy a§a3'
+ /[11/4] 01174 XIT4X1’ €y /[4/3/] Ouaz Yoz ajyas' 4 =3
+ /[433’] 53/,43 YZZ%S’ /[11/] 541_1/ XJ{T4X1/ 52* a;ag 3’ 3

+ / [433'] 03743 Yisa / (11703110 XIT?x1 €4* al,as 3+ 4 and then 3’ 3

2V + +
~ m ~ ,
+ /[11/4] 01.174 XIT4X1/ gif /[33/] 043.3/ ifc“c‘q’cyw €3€3/ agas'
Dy Dy
~ + ""/ _ m2 v
+ /[433/] 53/.43 ifc3/0304])3p# E;,ES /[11/] (541,1/ XIT4X1/ ;f ag;/(lg 3/ 3.
4 4

= /[11/4] 61114 XIT4X1/ U1y, U1 € /[33'] Yaas: 034.3 (l;T;(lS’
+ /[11/4] d1.174 XJ{T4X1/ U1y, €y /[4/3/} Yiars: Oaar 3 GLCI:V
+ /[343/} Yz 0343 /[11/] S XIT 0 wyuy €5 Cl;(l;g

+ /[343/} Yaiis 030 43 /[11'] Sa1 XA X1 Wy €5 al,ay

2
11 F tnd _ 4 my loall § : c4/03c3/p§_+p;—’ * T
+ [ (11401004 3T X1 Wy U . (433 643,53 if T €36y Oawazay
4 4/

m2

~ p+ —|— p+, ~ ’
+ /[433/] (53/'43 ifc3/030437+3 E§/E3 /[11’4’] 54/1‘1/ XIT4 X1/ ’EL17+U1/ Jrg ag,a3544/ .

Py 4

I am now (20250918 10:08 czw San Dimas) making these changes in g° biby U17,u1 combined with

old Hizexch = /[11/4] Sra XA €Y /[33/] 0433 Yaza a§a3'

+ /[11’4] b1 XIT X1 Y /[33/] 034.3 Yaug a§a3/ 4" —3
+ / [43'3] 83,45 Vs / 116411 xIT* 0 €5 alay 3 3

+ /[3’43] 53374 Y3ius /[11’} RE XJ{T4X1/ ey* 0,2;(13/ 3¢ 4 and then 3’ & 3

_ m?n
+ /[11/4] dor1a X{T X0 L
p

+ o+
T . B + /
/[33/] b43.3 Zf0403c3/p3pi+p3 6;83/ agag,
4
v

* ns Trd mf}” T ’
E3€3/ /[11 ] 541_1/ XlT X1/ p+ a3a3/ 3 <~ 3.
4

4
: 4t
* /[43'3] 03.43 ifc"’cyc“w
Py

98

(595)

(596)

(597)
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And in the checking calculation in green on 20250924 21:58 sro San Dimas, I make analogous notation changes in

g> b{bl/ u1y,u1, combined with

new Hizexch = /[11/4] 1104 XIT4X1/ €4 /[33/} Y343/ 0343/ Hfgas'

+

+

/[11/4] 81.1/4 XIT4X1/ EZ /[33/] Y133/ 5/13.3/ (lg(lgl from 4" — 3

/ [3'43] Y 45 03,43 / [11) 64100 X T X1 €4 alas from 3/ <3

/[43’3] Y5s 03304 /[11'] TRE XJ{T4X1/ eq* a;;ag/ from 34> 4 and then 3’ < 3

2 4o
rs m rs . + ’
/[11’4] d11ra X\ Txr pf /[33'] 043.3/ ZfCMCB,pngB ciew ajay
4 4

2
+pi

. + ~ m
/ [43/3] 03,43 i f‘3303'c4p37+ eies / 1164 x{T*xr —2 alay . from 3 <3 (598)

Py Py

The result is g2 XIT4X1’ U1y, U1 b;bl/ agag/ combined with

old Hizexch = /[11/4] 61104 €Y /[33/] 0433 Yaza

_|_

+

/[11'4] 01104 €Y /[33/] 034.3 Yaug
/[43,3] 83_43/ Y4%/3 /[11,] 541_1/ 62*

/[3/43] 53_3/4 Y3>';43 /[11’] 541_1/ EZ*

_ m2 v B -+ Jr/
Juvas B [15305 i B ey

4 Py
~ Jr/ + _ m2n?
/[43/3] 53.43/ Z'szC3/C4p3p# 5;53/ /[11/] 541_1/ ;_:’ (599)
4 4

The new result will be ¢2 @1y, u1/ lebl/ combined with

new Hizexch = /[11/4] 61174 XIT4X1' €4 /[33/} Yaa3: 0343 ag(l:s/

+

_|_

/[11,4] 51_1/4 XJ{T4X1/ EZ /[4/3/] Y44/3/ 544(3/ Gl,(by 4/ — 3

/[343/] Y’;B’ 5;3/43 /[11/] 541_1/ XJ{T4X1/ EZ* (1;(13 3/ 3

/[343'] Yz 030 43 /[11'] 5311/ XJ{TSXy ey a;u4 34 and then 3’ < 3

2 + +
N m N . ,p +p / *
/[11'4] o114 XIT X0 f /[33/] 04330 1 fC1e2s 37+3 €3E3/ agasf

Dy Py

2

. + + ~ m
/[433/] 53/,43 Z'fcycsc‘*ZL_"_pS, 5‘;/53 /[11/] 541,1/ X]{T4X1/ _f a;/ag . 3/ 3 (600)

Py Py



new Hizexch = /[11/4] 0114 XIT4X1/ €1 /[33/} Yaa3: 0343 (lgar:s'

+ /[11/4] o1.1a X[ T4 € /[33/} Yizar 0433 a,ia:y from 4" — 3

+ /[3/43} Y3*/43 5343/ /[11/] 541,1/ XIT4X1/ 62* Gg(lg/ from 3’ < 3

+ /[43/3] Y:1*3’3 533/4 /[11/] 841.1/ XJ{T4X1/ €Z* (1203/ from 3 <4 and then 3’ < 3

2 +p§§

+
N m N . /p *
+ /[11/4] Sra X T xv pf /[33/] Sazy iferes 223 eley alay

+ /[43/3] 53.43/ ingc3/C4

4 Py

2

Y2 4

The new result is g2 XIT4X1' U1y Uy bi by (1;(],3/ combined with

new H13 exch

= /[11/4] d1.174 €4 /[33/} Y343/ 034.3
+ /[11/4] 51,1/4 EZ /[33/} Y33 543,3/ from 4 — 3
+ /[3/43] }/3*/43 8343/ /[11/] 541.1/ EZ* from 3/ 3

+ /[43’3] Vs 03,304 /[11’] 4110 €7 from 3 <> 4 and then 3' < 3

- om < T+ pd
+ /[11/4] o114 — /[33'] 043.3 ifc4cacg,M £33

yn Py
) 4t . om?
+ /[43’3] 83 43/ ifCSCS’“M S92 /[11'] 0411/ Jf . from 3 &3
Py 2

I simplify to g2 x!T%x1/ @1v,u1s biby alas combined with

old Hizexch = /[11'433'] 01140433 €5 (Yasz + Yaazr)

+ / (117433 034304117 (Vi + Yargg) €4

2V + +
mgn ,[:fC4C3(;3/ p3 + p?)’
T ¥

I simplify to g2 x]T*x1 U1y,ur b{bl/ alaz combined with

+ / [11'433') 61.1/4043.3 e3ey
Py Py
+ + 2,V
N N . pe3cyrc T * Myl
+ /[11'433'] Baaz By v i fosces s +p3 se3 — %
Py Dy
new Hizexch = /[11'433’] 01140343 £ Yauy
+ /[11’433’] 01140433 4 Visy
+ /[11’433’] 04110343 Vi,
+ /[11’433/] Oar1033a 25 Yy
~ ~ m?2 T+ pd
4 /[11/433/] 01 1140433 7_5 ifcugcyw €3E3/
by Py

+ ot

= T . ’ + m

+ /[11/433/] 041.1/03.43 chgcsﬂpgpierB €3¢y — -
4 4

h
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+ +
’ + * < m
M exey /[11’} 041.1/ XJ{T4X1/ pf a};ag/ . from 3 <3 (601)

(602)

(603)

(604)
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There are two integrals over 4.
/[4] 01140433 = /[4]2(27T)351—1/—42(27T)354+3—3' = 5‘131,3,91_1,/])1 and  ps = p1 —p1r, (605)
/[4] 03430011 = /[4]2(27T)353—4—3/2(27T)354+1—1/ = 5131,3/91,_1/])1 and  ps = prr—p1 - (606)
The result for the exchange interaction is

Higexch = 922/[11/33/} S13.3 XAT X1 @y ur (7% /) alblbraz , py = pr—p
tr

+ gz/[11/33/} S35 XAT xr @y (T /1Y) albibray , pis = pr—p1, (607)
o = O1-1 €l (Yazs + Yaaz ) + 01160 (Vg + Yaus) (608)
2,V

mgn- , «

Ty =~ if0 (p + 1) e3e - (609)
yn

Yasy + Yaay = 2Yasy , Yigs+ Yaus = 2Yj55 . (610)
Yigz = if4% (eles e3pa — €163 €3p3 + €363 €4p3),  to multiply by aj;a:t,as' ) (611)
= ifc40303/ (EZE; 83/k43 — 8283/ E§k43/y3 — 8;53/ 52k43/y4) 5 (612)
Yigis = if¢1% % (ehel e3ps — €463 €3/P3 + €363 €4P3) (613)
Yizs = —if“ (e4e3 €3ps — €463 €3/p3 + €365 €4p3) - (614)

I can now pool out 7f°“3%’ and write (remember the regularization factors are included)

Hizexch = 922/[11/33/] s AT v waypur (JY/pf) ifes alblbras , ps = pr—p1
tr

+ 92/[11/33/] 133 X{T X0 @y (T [pf) ifeecse albibray , pis = pr—p1 . (615)
T = 2011 efZyzy + 200165 Zyg3 (616)
J: = 77U Sn ) (617)

Zygzy = e, Sazzp s (618)
Soazzry = (5’3‘.# EyP1 — €3y ExDy + E5E3 Dary) p, is absent , (619)
Ziyg = 551&5:3/@» (620)
Soazrz, = (€34 €5ps — €5, €3:p3 + €365 P3y) p, is absent , (621)
2
m
S’r] — pT% (p; —f—p;) E;{;‘g/ . (622)
4

0 refers to the gluon mass 0, although the transverse polarization vectors do npot depend on the gluon mass. Then
JY = 2001 Y elei Sz + 2001 Y €57 Stazis, - (623)
o4 04
Sum over spins of the transverse gluons yields
Tt = 2011 dgy Soassy + 2011 dgy Sgaziz s (624)
where

PEan” 4+ 0" Py

dgff = 7gyﬂ+ p+
4

: (625)
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and 0 refers again to the gluon mass set to 0. I recall Eq. 1) for the quark-gluon seagull, not showing f{ 1(T-1)
gé(g—&)’
. (p3 +p3) 24/Pi D},
qug = 7‘92 /[33,11/} 5(:.(1 5Spins s ( +3 +)21 ! XITC4X1/ ifc40303’ a;b{bllay s (626)
P3r — D3

while the full expression for the gluon exchange, including regulating factors f that are not indicated,
HP = frrHY + (fur — fuifir) Ao HO HSD (627)
reads, see Eq. (615)),

N v v 1 . £C4C3Car
Exch = (for — foifir) Avir 92/[11’33’] Oc.a X1T X1 W ypur (A5 + 1" Sy) — ife4% alblbias (628)

yZ
where
Eutr = 20117 Soazzrp + 201 -1 Sguzrs, (629)
2
m
Sy = png (p3 +p3) eses (630)
4
1 1 1 1 1 /1 1
+Am+(_ R )2(+>. (631)
Py 2p4 Ps3 +p1 - Pthree D3/ +p1/ - Pthree P1 P3

The gluon four-momenta in the denominators come from #H; and have mass my. Therefore, they do not carry subscript
0 indicating mass 0.

b1 — pi (P55 + P97 = Povee) = (0F =01 (05 + 00 — P35 —py —p10) (632)
= (i =) (P —py —p1) = (0F =PI (01 —p1) — (p1 — p1)* — m; (633)

= ¢ fmf] = —p1, (634)

p} (P +p0 = Piwee) = (07 — 1) (p3 + 91 — 3 — Py —p1)) (635)

= (p4 —p3) (b5 —p3 —p1) = (3 —03) Py —p3) — (P37 —p3)° —m] (636)

= ¢ —m) = —ps, (637)

01 — pi (P5 +P1 — Pivee) = (08 — 1) (p5 +p1 —p3 — 12 —p1) (638)
= (p5 —p3) (P5 —py —ps) = (5 —P3) (5 —p3) — (p3 —p3)* —m; (639)

= ¢ —m) = —ps, (640)

pi Py + P10 = Pieo) = (01 = 01) (03 + Py —P3 — 1 —p7) (641)

= (v —p) (0 —p7 —p1) = (o =)0y —p7) = (01 —p1)* —m; (642)

= qi-m; = —p1. (643)

C. Products in gluon exchange between a quark and a gluon in the 3-body space

Added first subscript 0 indicates that the relevant mass-squared in minus component is 0.

011 — ab3S04337 ;. = (Posr — Po3)" Soass (644)
= (p03' —p03)” (Egﬂ €3'Po4 — €3y €3P03 + €3€3/ p03'u) ( )
= (p03' —p03)”5§M €3'Po4 — (p03' - p03)“€3m 5§P03' + €§€3' (Pos/ - pos)“Pogm ( )
= ngfggu €3/D04 + Dh3€3/y €3P03" — E3E3 D3P0 (647)
= 1003'5§ €3/Po4 T Po3E3 5;]903' - 8253’ Po3Po3’ ( )

(649)

* * *
= —Po03’€3 €3'Po3 + P03E3’ €3P03" — €33’ P03P03’ -

011 — qb350433' = —E5E3 P03P03’ = O3spin P03P03’ - (650)



noQx _ L
011 — 40350433 = (Po3 — Po3)" Soasap
L * * *
= (pos —p03')’ (53’u €3Po4 — €3y, €3'P03 + €365 p03u)
" * Lk *
= (po3 — po3 )€z €3P04 — (Po3 — Po3r)! €3, €3:Po3 + €365 (Po3 — Po3r )" Posy
* * *
= P03€3’ €3P041D03'E3 €3'Po3 — €3'E3 P03’ Po3
* * * o D
= Po03€3’ €3P04 + (p03 - P04)€3 €3/P03 — €3/€3 Po3'Po3 error?
* * *
= DPo03E3" €3P04 — P04€3 €3'Po3 — €3/E3 P03’/Po3 NO ETTOT
*
= —&3'€3 Po3’'Po3 -

N N N N N N N
D
(&3
=

S N N N N N N

01 — q6‘356‘43/3H = _5353’ DPospPos = 53spin Po3Po3’ - (658)

Now, 20250921 09:51 nie San Dimas, I can work out the dg}’. The factor —e4es is the gluon spin conservation factor
ds503. The indices v and p are contracted with the quark and gluon currents, respectively.

Voo v, K
dgz — _gu#+p04’r] 4;77 p04 , (659)
Dy
1 _ _ 1 _ _
Pos = 4i + 51" (Pos = a1) s Pos = Gos + 57" (Poa — dos) - (660)

I need to write down the sum of the exchange and seagull terms.

- (P +p3) 2¢/Pi Py
Seagull = —ngLR/[?)?)/ll/] Sc.a Ospins +3 s !
(py —p3)

T ey i feacses agbibyagf , (661)

N v v 1. cac3Car
Exchange = (frr — frifir) Arir 92/[11/33/] be.a XIT x1r W ypurs (A5 Epe + 17 Sy) — i f1 alblbyag .

Pa
(662)
Since fr;frr makes the terms finite, I focus on terms frr. I extract common factors
CF = ¢ fir / [11'33') bea XAT X1 4% alblbyiag . (663)
The sum exchange plus seagull is
CF (Seagull + Exchange) , (664)
where the remaining factors are
Seaml 5 (p3 +3) 24/pT T, (665)
eagu — —Ogspins )
’ (py —p3)?
A 1 1 1
Exchange = wiv,ur (dghEpee + 1" Sy) [LIR =—= < + )} ) (666)
P4 2\p1 p3
Eutr = 2011 Soazzrp + 201 -1 Sguz3, (667)
m2
Sy = —% (03 +p3) 563, (668)
Py
Voot v K
dsz _ _guu+po477 ':77 Pog 7 (669)
Py
v v 1 v — — " o 1 o — _
Dos = q1 + 577 (Pos — a1 ) » Pos = b3 + 577 (Pos — do3) - (670)
I can write
Vit ” 1 » 1, _ _ " L 1 Wy _
dog = =9+ — |ai + 51" (pos = a0 ) | 1" + =" |do3 + 51" (Pos = do3) (671)
Dy 2



Contraction of ¢; with %1v,uy/ yields 0. Contraction of goz with &, gives

p _
Qo3Eutr =

—2po3pos

Therefore, using j1, = U1,

Jiv (dgit‘sutr + n"Sn)

201 17 4350433/ + 20171 Q630433 = —2€363 Po3Po3 = 20spin3 P03P03’ 5

= (pos — poy)? = [(ps — p3) +nm;/(2p5,) — img/ (2p3))?

(ps —p3)® +mi(p3 —p3,)(1/p3 — /p3)
mg m2

(p3 —p3)? + 2 (f —p3)* = @& + (03 —p3)* -
3/P3 D3/D3

Uy,
RS 1N & ORI,
= —Jwd g,utr +]1UF 577 (p047q1) n g,utr
4

1 1 _ _ .
+ ]1»17771/ [Qgg + 5 77“(1’04 - %3)] Eutr + ]1u77VSn
4

2
F T R o N L (.
= —Jng 5utr+F 5(1904 — ¢ )&y +pj Qo3Eutr + 5(1’04 = qo3)¢r | T 1 Sy
H 4

Jr
Py

The term —j1,&f is free from small-z singularities.

. Arrr 1 /1 1
Exchange = j1, (dghEur + 1" S [ = =4+ =
ww (dos €y -1"S51) P4 2 \p1  p3
.
. 1 ALIR 1 1 1
= —J15“+T)[ :—<+
< Ty Pa 2 \p1 ' ps
Lo_ —\et B - &+ +
T = 3 (Poa — @1 )€ + 03 ptr + B (Poa — 403)E4 + 11 Sy -
5&33' = e3ey p;,r' = _5spin3p;§ ) 5&313 = e3€3 p; = _5spin3p§_ )
gtt = 20,_v S(—)Zgg/ + 201’—1 5&2/3 = —201_v 5Spin3 p; - 201’—1 5spin3 péi_
= _2]7%_ 5spin3 3
@ha€utr = 20spin3 P03P03
m2
pISn = 77_5 (p:'?,i_ er;/) 6spin3 .
Py
r. _ n | + mg Ly
T = 5 (p04 - ql )(_2p§ 5spin3) + 26spin3 Po3Po3’ + 5 (p04 - (Iog)(_Zpg 5spin3) - pj (p3 +p3/) 5spin3 .
4
T =T, 6spin3 )
m2
Ts = —(poa — 41 +DPos — do3)P5 + 2P03Po3’ — pff (p5 +p3) -
4
*** Remaining
Sensull — g DB P 2/piph (p3 +p3) 5
eagu — ~Ogspins (p;', _p;_)Q — ~Uspins (p;_/ —p;)Q

A 1 1 1
Exchange = ji, (dgy Euer + 1" Sy) {LIR T2 < + )]

D4 2 \p;1  ps

+
. 1 1 1
= | =L+ T) ( + >
( e —~2p1 | —2p3
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(673)
(674)

(675)

(676)
(677)

(678)

(688)

(689)

(690)

(691)

(692)
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The term

1 1
—J1uEL | —— 693
jlﬂgtr <_2p1 + _2p3) ( )

is free from small-z singularities. It does involve transverse momenta, limited by the RGPEP factor frr and the test
wave functions. I include d¢pins and jf‘ in the common factors

CF — ¢* fir / [11'33'] bea XAT X1 049 Gupins j1 albibiraz . (694)

The terms that diverge for p; — 0 in the sum Seagull + Exchange have the form

+ ot
D3 + D3 1 1 1
CF (Seagull + Exchange) = CF [ + —T; ( + (695)
( ) > pi T\=2¢m —2p3
+ + 2
D3 +Dp3 1 _ _ _ ot mg n 1 1
SN Al S < SIS < N — - ) S — , . (696
{ Py’ * py (Poa — @1+ Poa %3)193 + 2po3po3 o (ps +p3) “2p1 + —2p3 (696)

D. Evaluation of quark-gluon interaction in Egs. ([695)) and

I rewrite {...} in Eq.(696)),

+ 4t 2
P3 + Py - - - — N\t My o+ 4| PLTP3
L} = BTl — g7 + Doy — Q)P — 2pospos + —2 (pF +ph) | 2L 697
{} PIQ (Pos — @1 + Pos (Ios)P3 D03P03 P (ps +p3) 2010307 (697)
= 01_1A+ 6118 . (698)
+ + 2
Py + Py - p1+p3
A = =25 4 (Do — 41+ Pos — Go3)P3 — 2posposy + — (03 +p3)| 1 (699)
Py Py A 2p1P3D4
+ + 2
p3 + P - m p1+ ps
B -2 ) 5+ | (pos — 41 + Pos — 403)P3 — 2pospoy + —= (p§ +p3)| ——— - (700)
Py Dy B 2p1p3py
2 2 2 mj
[Ja = (21 —2m3/pi —ar —p3 +mj/pg +p3 —my/p3 ) pg — 2pospos + pf (p3 +13) (701)
4
2 2 my
= (2p1 — a4 —a3)py — 2mgps, [Py + (mg/p3, —my /py)ps, — 2pospoy + ﬁ (p§ +p3) (702)
4
m2 m2
= (2p7 — 47 —a43)pg + (3 —P3) — 2posposr — P4 (703)
P3 Py
— (o - - +p3/ 2Dy
= (py — a1 +P1 —a3)Pi —F —My—F — 2po3pos (704)
p4 p3
- P3 Py
= (mi+ai” —aqrdf +m)+a3? —q5q3) = —mi=3 — 2pospos (705)
p4 p3
er/ zp
= (p1+p3) = —m3=5 — 2pospoy (706)
Py p3



_ Mgy o4
[.]B = (Poa — &1 +Pos— ‘Iog) — 2po3pos + pT (ps +p3)
4

QN

_ _ _ _ m
= (2py —2m}/pi —ai —ps +m/ps +ps —m/ps) 3 — 2pospos + — e = (p3 +p3)
4
2 my
= (21 —ar —ps +py) pig /oi +myy — ) /py — 2wospoy + F (5 +p5)
4
2 m;
= (20 —ar —a5) piws [of + g5 — p3) /05 — 2ospos — Epi
4
2 m;
= (p1+ps)ps /pd +mi(pd — p3)/py — 2p0spos — —2pi
4
+
p p
= (p1+p3) = = - m; i — 2po3pos -
P4 3/
With these results for the brackets,
+oF + +
p3 +Pp3 { Py 2Dy p1+ p3
A= - + | (p1 + p3) =& —my,—F — 2po3pos | ——— ,
PZ o pi gp:Jsr A 2/)1,0317;1|r
+ + +
p3 + Py { Ps3 2P3 p1+p3
B = —=—F—=+|(pn+p3) = —m —2po3pos | = -
pi’ i pi 5 201030
In A, with 91,1/’
P b3
—2pospoz = —2[ps —nmg/2p3 )[(psr —nm}/(2p3)] = —2psps +m]) p3 +m? T
/ 3
+ o2
Py P3 (py —p3)
= (ps — p3)’ s = (py — p3)* +m 22—
p3 D3 D3
+2 +2
Py 2 2 Py
= (ps —p3)* +m, =q5+m :
' pivy I pipy
In B, with 0y _1,
ps’ Py’
—2pospos = (ps *p3')2 +m_?, +4 F = qg +m527 +4 F
3 D3 P3 D3/
Thus,
+ + +
p3 + D3 [ Py Y 2Ny p1+p3
A= —=—2°+41(p1+p3) —m +q3+m
pi? [N péfp A 2010304
£ + +2
D3 + D3 D3 p 2 D p1+ p3
B = —3+23+{(P1+P3) 327 i +m +4 :| + -
P4 o D3/ Ipip 2p1p3py
skokosksk
Skookeoskoskokoskoskok
Skoskokoskoskosk sk

E. Old text discussing the 3-body space
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(707)
(708)
(709)
(710)
(711)

(712)

(713)

(714)

(715)
(716)

(717)

(718)

(719)

(720)

So far I developed an equation in the dominant 2-body component alone. But there also exist terms of 2nd order due
to the components with one effective gluon. If I used perturbative expansion up to 2nd order only, I would return to
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the 2body equation like in QED with the coupling constant « multiplied by the color factor. But gluons are different
from photons. They are blocked already in 2nd order by the gluon-quark interactions and more interactions . This is
the same as if one omitted other components than the dominant one. But if we want terms of second order, we can do
so with mass my — m¢ in 3-body sector. I think I finally understand what I am doing.

The interaction terms in Hy change the number of effective particles with much less strength than indicated solely
by the smallness of the coupling constant. The reason is that the vertex form factors limit the range of interactions in
the FF energy. Nevertheless, in addition to the dominant quark-antiquark component, a quarkonium state includes
also the components containing a quark-antiquark pair and 1 effective gluon, 2 gluons, and so on. Components with
more heavy quarks than 2 are insignificant when the quark mass is large. Together, all these components form a vector
in an a priori infinite-dimensional space. Corrections to the dynamics of the dominant effective 2-body component due
to these additional components can be computed using the general expression for an effective Hamiltonian acting only
in a subspace of states [38]. We discuss the lowest order, using the 2nd-order of the weak-coupling expansion. Insert
here a comment on mg

1
L), = a2 {4 SHO (P~ HY) ™ 4 (P ) O b0 2

The same matrix is obtained using the operator H and bare states |12) = b]id£|0>,

1
1211’2y = (12| {Hf +H® 4 §H(1) (P —Hy) ™+ (Pry — Hy) Y 7—[“)} 112"y . (722)

XI. EIGENVALUE PROBLEMS FOR my — 0

The RGPEP form factor 5@ in Eq. (?7?), associated with emission or absorption of a gluon with the FF energy Dy
behaves for extremely small p;‘ as

fé o~ e—t2 (p; 7"(:0.)2 — e_tZ [(p;_2+m§)wca/p;]2 . (723)

For |pj| > my, the limit my — 0 presents no problem. But when for |pj| < myg, which is the infrared regime, the
form factor suppresses contributions from gluons with small momentum p; by a factor of the type

oo~ e/’ , € = tmgﬂca/P+ , (724)
where P is the momentum of a system under consideration and z is the fraction of that momentum carried by the
gluon. The fraction x is thus effectively limited from below by a number on the order of €. For a fixed gluon mass

parameter m,, the severe divergences due to the gluon factors 1/z? are thus tamed in a way that is qualitatively
illustrated by the formula

/ZO de/z? = 1)e—1/xq , (725)

where zg is some positive number smaller than 1. This result is finite but diverges as 1/ mz when mg — 0. When the
divergences due to the factors 1/x2 cancel out, one is left with a logarithmic dependence on e,

/zo dx/x = log(xg/e) . (726)

We inspect the logarithmic dependence of the quarkonium eigenvalue problem for the Hamiltonian Hp i given in
Eq. (??). In particular, we examine the relationship between the quarkonium and single-quark dynamics. The
relationship holds through the quark self-interactions.

XII. SINGLE-QUARK EIGENVALUE PROBLEM FOR my — 0

The single-quark eigenvalue problem involes self-interaction terms. As observed in discussion of Egs. and
Eq. (??), the counterterm integrand o(?) = 1/2? is sufficient to remove the 2nd-order severe small-z divergence
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from the self-interactions in scattering amplitudes and bound-state eigenvalue problems when mg, # 0. Moreover,
the modification 0(®) — ¢(2) +1/[2(1 — z)] yields simultaneous cancellation of the ultraviolet transverse quadratic
divergence. Thus the divergences ~ 1/r in the quark self-interactions for 7 — 0 are removed by the counterterm §m?

18ev
given in Eq. (??). The remaining logarithmic divergence requires an additional counterterm 5m31n, see Sec. 77.

If free quarks with a finite, definite masses existed, one could demand that these masses solve the eigenvalue Eq. (103)
for states with the single-quark quantum numbers. But the single quarks are not observed, which might be explained
if the quark mass eigenvalues are sufficiently large. The single-quark eigenstates must have the form

lp) = [1)+12) + ... , (727)

where the component |1) is a state of one effective quark, |2) is a state with addition of one effective gluon and the
dots indicate components with more effective particles. Using the single-quark counterpart of Eq. (??), one obtains
the eigenvalue equation for the component |1),

Hy|1) = pgll), (728)
where
2 1), 101
Hy, = Hf+Ht(1£+Ht(1% (p~ — Hy) 1Ht(2; . (729)

The effective quark in the state |1) carries the kinematic momentum with components p* and p. So, the eigenvalue
is written in the form

pp = (7 +my)/pt . (730)

Given the RGPEP solution for the Hamiltonian, one obtains the eigenvalue condition

He + fu [7‘[(()?{1 + A121} 7‘[(()22 "Hégl
+ FroHM [(07 = Hp2) ™' = Avar] MY = v (731)
where

732
733
734

735

Hp = py = (mi+p?)/p"  fu=1,
Hidy = Omii/p*  see Eq. (77),
fafa = fia , Dia = (py —DPq _pg_)_l )
(0" =Hp) " = [porp) —py —pe] -

(732)
(733)
(734)
(735)

The eigenvalue py in the denominator results from the TD procedure. If the eigenvalue were infinite, the corresponding
term would vanish and the other terms would have to yield the infinite result for the eigenvalue. One can also consider
the operation R, e.g. see [Wilson], which in second order of expansion in powers of the coupling constant yields p; in
place of py in the denominator. We pursue the latter case since the operation R is precisely defined order-by-order and
does not require knowledge of the eigenvalue. The notation p, and pg for the gluon momenta indicates that pg = mg
and p% = m?G. The gluon-mass ansatz m;q carries the subscript 4 to indicate its dependence on the quark mass m;.

A. Gluon mass ansatz in single-quark eigenstates

The single-quark eigenvalue condition of Eq. (731]) implies
m} + 0mioy + S + pTApy = mi; (736)

(2)

where dm?,, is the counterterm given in Eq. (??), 3 is the self-interaction term of Eq. (?7?), and

_ 1 1
App = fle(()gz < = = - T - _) f21 7‘[(()21 . (737)
P —Pq —Pg P —Pq —DPg
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B. Computation of Ap, dependence on m,

In detail,
£2 £2
app = L0 [t (e M) (738)
p 2(2m)e(1 —2)pt \p~ —pg —pg —A/PT P~ —ps — g
A= (mE—md)fz, B = (1-a)mls—m2) = a(l— )4, (739)
N = Ny =4[k + (1 - 2)m2]/2* + 2(k"% + 2®m?) /(1 — z) , (740)
Ng = 4k + (1 —2)mig)/2® + 2(k* + 2°m?) /(1 — ) , (741)
Ny = Ng —4(1 = z)(mjg —m})/a*> = Ng — 4B/z* (742)
D = Dy = o(l—a)p* (™ —py —py) = (1 - x)(m? — M2,) (743)
Dy = —[k™ +2%m? + (1 —2)m?] (744)
Dg = z(1—2)p* (0™ —p; —pg) = =(1 —z)(mi — M3q) (745)
= Dy+a(l—z)p*(py —pc) = Dy — B, (746)
Dg = —[k™? 4+ 2°m? + (1 —2)m2;] . (747)
Then
2C dr d*k+ [ Ng —4B/z*> N,
App = ! +F/ e 3 ( . & _g> ;21) P (748)
D 2(2m) D¢ Dy aPg>
L O [Pl (Ne N, 4B o r19)
o pt 2(27T)3 De D, 22 D¢ PqPg:P
Now I can use the formulas
1 1
(2 —
ops = + 20 —2) (750)
N, 4m? + 2m?
Ng | yp@ — 2 g 751
D, "% -D, (751)
Ng 4m? + 2m?
26 4 ye@ = T NG 2
Da + 4oy “Dg (752)
I write
ApE _ g2CF / dr koL 4m22 + 277%2(; _ 4mf + 2m§ B i E 2 ’ (753)
pt 2(2m)3 —D¢ -D, 22 Dg | Papop
combined with the change of integration variables in Eq. (?7?),
dx d*k*+ d3k 1 1 dQkdE
k] = = - | =+=)] = , 754
/[x } /2(27T)3$(171’) /2(27r)3 (Eg +Eq) / 2(27)3 (754)
(755)
dx d?k+ dQkdE
= 1—2x). 756
/ 2(27)3 / 2@nys T (756)
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The change of variables is made only for gluons with mg, even though a more advanced calculations with running
gluon mass may lead to variables proper for the gluons with effective mass. The factor z(1 — ) cancels out and the
eigenvalue contribution is

Ap_ _ g2CF > dQkdE 672t2(E27mf)2(7r+/p+)2
E p+ mi+myg 2(27T)3
4m2 +2ml,  4mi+2m] .4 B (757)
Mig—mi MG, —mi  a? Mg —m3
In terms of E, with M2 = mfG — mg,
Api _ gQCF ‘/OC ko’dE —2t2(E2—mf)2(7r+/p+)2
E p+ m;+mg 2(277)3
4m? + 2m2, ami +2m2 4 (1 —x)M? (758)
E2—m?+ M?/x  E?’—m? 2?2 E2—ml+M?/z|
The question is how this correction depends on m, — 0. Does Ap, diverge?
Api _ gQCF /OO ko‘dE e—2t2(E2—mf)2(7r+/p+)2
E p+ mi+mg 2(27T)3
x(4m? +2m2;)  4mi +2m] AM?(1 —z)/x (750)
M? + z(E? —m2) E2 —m? M? + z(E? —m?)

The key are the relations between x, k and FE.

1/mf]JrquLkCOSH 1/7n§+l£2+kcos9
x = (Ey;+kcost)/E = = . (760)
! Eg + Eq M2+ K2+ /m? A+ k2

The momentum k& = |E | is limited because E is limited by the RGPEP form factor. There is also the bound
E>m; +m,.

The first term in the bracket has a finite limit when my — 0 because 0 < < 1. The last term can be simplified by
dropping —4M? in its numerator as not diverging. If there is a singularity it must come from the part of the square
bracket,

20p [*  dQkdE
App, = 2 F/ GRRAE 202 (B?—m?)*(xt /p*)?

p+ mi+mg 2(27T)d

4m? + 2m? 4M?/x
i 9
- 761
x E? —m? +M2+J;(E2—mf) (761)
The first term in the bracket can get large when £ — m; + m,. This happens only when k — 0, where
E*—m? = (E+m)(E—m;) ~ (2m; + E,))(E, + E, —m;) . (762)

The leading denominator term for small k is then 2m;E,, while in the numerator of the integral there is k. The ratio
k‘/\/mg + k2= 1/\/1 +mZ/k? < 1 for finite k. One is left only with the term

2 ]
_ g OF dQkdE 72t2(E27 2)2( +/ +1\2
A = Z = - m;)* (7" /pT)
Pen p+ /mier_q 2(27T)3 ‘
AM?/x
M? + z(E? —m2)

(763)

The only source of divergence can be small z. For sizable M, actually, only in the limit M — oo, the only source of
divergence is

2 oo
g CF/ kodE 72t2(E27mf)2(7r+/p+)2 é 4F ) (764)

A - = — =
PEo Pt Jmigm, 2(27)3 ¢ r  Eg+kcost



Carrying out the integrals over angles I get

Ap=. — gQCF > 2n4EdE 2t2(E2—mf)2(7r+/p+)2 1 kdz -1 Eg+k
Pro = “u¢ 2(2 E,+k: B,k
p +my (2m)? -1 Lig + k2 g
E k E k)2
In g T =1 ( 9ot ) , dE = (k/Eg+k/Eq)dk—> (1+k/Eq)dk
E,—k m?2

In the limit my — 0,

20p [ 21 AEJE 2
Appy = LEF / TABAE ottt et ) g 1y 2K
P m,  2(2m) Mg

In the limit I have

2k = (E*—m})/E, u = E*—m?.

g’C ot )2
Apo. — F du 72t u? /p™) In
Peo 2m2pt / mo/u+ m2 m?
Using u = vm?
2 o]
_ g°Cr 2/ —22mA (nt JpT) 202 m;v
A = m; dve i p In ——— .
Peo 2m2pt " 0 mgv1+ v2
Using a = V2tm?r" /pT,
20 2 o0 .
Appy = g r T adve(@? 1 Y

27T2p+7 0 mg\/1+fu2 ’

Finally, using w = av,

2 + + e’}
- g°Cp p*/m —w?
A = d w

PE0 = Sr2pt o /0 ve [

There is a divergence when mgy — 0 of the form

m; w
n——
My Va2 + w?

Ap., = ~— In .
Pro 2r2pt 2t 2 my

Simplified,
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(765)

(766)

(767)

(768)

(769)

(770)

(771)

(772)

(773)

(774)

This looks almost the same as Eq. (51) for M? in [K. Serafin et al., Phys. Rev. D 109, 016017 (2024)], where the tilde
stands for the slanted M in Eq. (51). But in a product under the logarithm one can have various factors depending on

the arrangement of other terms.

C. Other single-particle eigenvalue problems

It is shown in previous sections that in the case of a heavy single-quark eigenvalue problem, the eigenmass can
tend to infinity when my — 0. The divergence is logarithmic, In(m;/my). In the cases of a single-light quark and a
single-gluon eigenvalue problems one faces the complication that the scale of Aqcp is much greater than the masses in
Hy. In distinction from the heavy quark case, the assumption that a state of a single effective particle is the dominant
component of a single-quark or single-gluon eigenstate is in doubt. The 2nd-order computation of the Hamiltonian
that is reasonable for heavy quarkonia and the 3rd-order computation that demonstrates asymptotic freedom in the
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Hamiltonian, do not provide the required understanding of the binding dynamics. To address the issue of how the
quark and gluon operators and their interactions “dress up” in the RGPEP evolution, to find out if for large s a
constituent picture emerges, one needs to solve Eq. (?7?) including at least the 4th order terms. This is the lowest
order in which the running coupling enters the Hamiltonian interaction terms that count in the eigenvalue problems.
The need to carry out the 4th-order computations is precisely the reason for developing a method for handling the
severe small-z divergences in the presence of mass for gluons described in this paper.

The self-interaction terms in the single-quark eigenvalue problems can be adjusted to remove the ultraviolet transverse
divergences. Then one can subtract the ultraviolet logarithmic divergences, to be left with a finite eigenvalue condition
that depends on m,. The issue may appear similar to the Bloch-Nordsieck issue of photon divergence in the scattering
amplitudes involving electrons, whose cancellation requires the inclusion of the electron-photon contributions. Check
Bloch-Nordsieck argument Correspondingly, in the electron eigenvalue problem the contribution with one photon
is needed. But it does not include the photon mass and the term that diverges here is absent. There is no blocking of
the photon. In contrast with QED, the effective gluons are assumed blocked by their non-Abelian interactions. The
blocking is modeled here using the sizable gluon mass mg in the component with one gluon, possibly representing
the effects of non-Abelian interactions in all components with more quanta. Therefore, the RGPEP and Wilsonian
elimination no longer cancel each other in the quark self-interaction. The resulting term diverges in the limit mgy — 0.
Could this be a signal of how to handle confinement, visible already in 2nd order? One can assume this is the case and
proceed to the limit my — 0 in the case of quarkonium.

XIII. ELEMENTS OF THE QUARKONIUM EIGENVALUE PROBLEM
The quark-antiquark Hamiltonian Hyr in Eq. (?7?) has 6 parts,
Hirp = A+B+C. (775)
20250204 15:43 wto Ekologiczna I indicate how these 3 terns come about.

Hip = [m*la+ [0S+ fS+ [6S+ f6G+ (f = [HAE+G)g+ [[fR(E+ ) -

(776)
Here A does not include p; 4+ p2. That factor comes along with n*n”.
f6.S cancels the r-divergence in f.S,
f0% cancels the r-divergence in (f — ff)AX,
f0G cancels the r-divergence in (f — ff)AG,
I established that 6G = —45.
Hip = m*+ fS+ foS+(f—fHACE+G)+ ffRE+QG) . (777)

I change the order of terms. In case of ¥ there is no zero in denominator because the RGPEP A equals the inverse of
the old-fashioned denominator that has one sign and is separated by at least mg from 0. The minimal separation

only happens when £+ and x4 tend to 0. In the absence of 0 in the denominator, I can separate ff from f in the
self-interaction terms,

Yot = [N+ (f—fHAS+ fFRY = fOS+AN)+ ff(-A+R)Y . (778)
So,
Hip = m* + fOS+ ALY+ ff(~A+R)X+ fS+ (f— fHIAG+ ffRG . (779)

In the exchange terms, the issue is that (f — ff)A is free from the denominator 0 while A itself is not. By adding and
subtracting fRG to the exchange terms,

Giot = [S+(f—fHAG+ffRG, (780)
one obtains

Giov = f(S+RG) + (ff - f)(~A+R)G. (781)
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Now the denominator 0 in A is always compensated by the numerator 0 in ff — f. I can write G = G4 + G, where
Gy is the part with —g#” and G, is the part with n*n".

Grot = f(S+RGy+ RGy) + (ff = N)(-A+R) (Gy + Gy) (782)
= JRGy+ (ff — f)(~A+R) Gy + f(S+ RG,) + (ff — [)(~A+R) G, . (783)
So,
Hir = m? + Dot + Ghot (784)
= m?+ f6S+AS)+ ff(-A+R) X
+ fRGy+ (ff = [)(=A+R)Gy+ f(S+ RGy) + (ff = [)(-A+ R) G, . (785)
Hypotheses:

In Gio, the first term is the Coulomb, not sensitive to m; — 0 because G, is not;
The second term in Gi is small because G, is not singular;
The third term shows how the singular seagull cancels out with G,;
The fourth term is the exchange whose logarithmic dependence on m, is suspected to cancel with that
of the second term in Y., which is ff(-A+ R)X.
Stop 20250205 00:48 sro Ekologiczna, Start 20250205 22:53 sro Ekologiczna
The hoped-for cancellation of Inmy between the self-energy and exchange concerns the sum of singular terms with 7,

Gy = [FA+R)E+ (= -A+R)G, . (786)

The factor ff — f cancels the denominator 0 in A. All I have done here is merely to write the terms in such an order
that the RGPEP small denominator cancellation is explicit. The difference between Eqs. (786]) and (828), the latter
written in full detail in Eqgs. (861)) and (862)), is that now the denominator 0 in A is canceled by the corresponding

numerator 0.

A. Analysis of the part A

The first part, A, describes the free p~ of quarks. Their mass parameters need to be fitted to data [KSerafin, heavy
quarkonia and heavy baryons|. Part A does not depend on my.

B. Analysis of the part B

The second part,
B = fLRHSQ) + (fer — frafsr)ALsr {[Hél) Hél)]z: + [Hél) H(()l)]exch} , (787)

results from solving the RGPEP equation. The term HSQ) contains the RGPEP-tansformed seagull term and its
counterterm, see Sec. ??, whose contributions to the eigenvalue equation for the QQ quarkonium-component wave
function are denoted below in Eq. by Bs and 0B, respectively. The terms [Hél) H(()l)]z and [Hél) Hél)]exch
contribute the quark self-interactions and the gluon exchange, respectively. These contributions are denoted in Eq. (847)
by 21(12) and Beyen- Both require counterterms, contained in H((,Z) and denoted by dmytor and dBeyen in Eq. ||
correspondingly.

1. Quark self-interactions in the part B

The bare 2nd-order quark self-interaction is given by Eq. (??). It requires the counterterm ém; o1 of Eq. (?7), which
is

5mi tot = 6m?sov + 5m12 In s (788)

where dm?2.., counters the severe small-z and transverse quadratic divergences, and 5mf I counters the remaining

75ev

logarithmic dependence on r. The counterterm dm; oy appears the same way in the single-quark eigenvalue problem
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(in 2nd order there is no Lamb-shift effect, besides a variation of the gluon mass ansatz to be discussed later on) and
in the quarkonium eigenvalue problem, as befits the RGPEP universal solution for a term in the Hamiltonian. There is
no issue of zero denominator in A in the self-interactions and one can separate the diverging term with frr from the
r-independent term with frsfsg since L = R in this case.

The full self-interaction term in part B reads

By = (fir — fr3fsr)ALsr [H(()l) Hél)]z ) (789)

where, according to Eq. (??), the operator By leads to

2
5 _ ¢°Cr / ded®k* N, G- ) (790)
pt pt 2(2%)3 D ?PaPg:P PqPgsp/ 7
N = 4k + (1 —2)ml]/2* + 2(k72 + 2°m]) /(1 — z) , (791)
D = z(l—z)p*(p” —p; —p;) = z(1—z)(m; — MZ,) . (792)
The calculation starts with Eq. ,
v [H{H{ls, o
H% po = 77} (793)
Pq — Pqg
2 21.L ~
g C’F/dl'd k upa’Y/L(]ﬁq +m)’7uupa v oV — — — +71 g2
= —— ="+ 0" (py +p; —p )/py | f
p+ 2(271_)3 (1 _ x)p_?f(p— R ) [ g q g] PqPg;P
_ 9°Cr / da d’k* { 2, —4m 2yt }u v (704)
pt ) 2@2m) P\ (L—a2)pi(pm —pg —pg)  (L—a)pg?) TrPer
_ 9°Cr / dz d*k* [ 4pgp — 8m” Yty } 2 (795)
pt ) 202m)® [(L—a)pf(p~ —pg —py) (L—a)pg?] "ror’

where the first term is from —g#” and the second from n*n”. Together, they yield N/D, see Eq. (E15). After addition
of the counterterm dm?,, , see Eqs. (?7), (?7), (??), and (?7?), the factor N/D is replaced by the remaining

18ev?

2 2
4ms + 2mg (756)
kL2 4 mZa? + m2(1 —x)
which leads to the logarithmic divergence in Eq. (77),
2 2
A2 = g2CF/ gt Ami + 2my 2 (797)
! 2(27’(’)3 kL2 =+ mggj‘Q + m?}(l — 37) PqPg,pP ’

and the logarithmic counterterm dm? in Eq. (??), all independent of m,. Thus, according to Egs. (??) to (?7), the
counterterm dm?,,, removes dependence on 7 — 0 without producing any dependence on m, from 1 in (1 — ;3pg7p).
The reason is that the integral is 3-dimensional and its integration measure makes it finite for my = 0 after the severe
divergences are countered by dm?,,, . I think about an analogy with the case of the Coulomb potential, where d3q/q?
is finite for ¢ — 0. So, the self-interaction terms with f = 1 in f — ff are all eliminated and only m? is left in the
eigenvalue equation for the Q@Q component of the quarkonium.
The self-interaction due to the second term in the bracket, — f;quwp, does not depend on r — 0. Instead it depends
on s and does not induce any counterterms. The gluon mass in it is mg. This contribution combines with the
effective-particle contribution to the self-interaction that includes the gluon mass ansatz m¢ in the part C, see below.
Such ansatz mass, mg, is not acceptable in QED because photons do not interact with electrons like gluons do with
quarks. The combination of the self-interaction terms with ff, one in the part B and the other one in part C, does not
vanish because mg # my. If mg were equal to my, which would be the case in QED, a theory without confinement,
the combination would contribute 0 and the ith quark mass-squared eigenvalue would be just m?. For mg # m,, the
self-interaction cancellation does not occur. The non-cancellation leads to the divergent logarithmic dependence of the
single-quark eigenvalue on mg, shown in Eq. . The self-interactions in the quarkonium eigenvalue problem may
differ from the self-interactions in the single-quark due to a different value of the gluon mass ansatz, corresponding
to different color dynamics in triplet and singlet states. Irrespective of that ansatz difference, the question
is if the self-interaction logarithm, Inm,, can be canceled by the combination of the gluon exchange

interactions in parts B and C.
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2. Gluon exchange in the part B
Start 20250128 01:16 wto Ekologiczna The gluon-exchange term in the part B contains the factor Apsr generated

by the RGPEP and requires a counterterm placed in 7—[82). To compute the divergence and the counterterm we proceed
as in Sec. 7?7, see Sec. 77. The exchange term matrix elements between quark-antiquark states of Eq. (?7),

Py = 3 [020p1,2)8hbl0) (793)
12
read
s<Pn‘usT[(fLR - fL3f3R)AL3RH(()1)H(()1)]eXCh U3|P’n'>s = P+(§p_p/ Z Ynnllgg/l/ s (799)
122/1/
where
Yonioz = /[xlkﬁ]/[xl/kfz,} (f=1f)
X T;(Ih k1l2) { }'exch 1/1?’2’(111” k#?) ’ (800)
(f=1F) = (ffz,z/y - f%glf%’gg) ) (801)
and
i 1
{ }exch = A1292/1/ Z jfi',u,jgg/u dl“/T f{glfigg (802)
cg=1 dmg
8
= > diludesn, @A S S (303)
cg=1
g pv nuq"f/”g + qx@gny P1 + P2
d = =g+ T = —9uv +77u771/ T2 (804)
qmy, 2qmg
A 711 7('2 + 7‘[‘2
A= 12—521 = T 33 02121 b 2.2 (805)
qm, pITT Tt P75 — (p1 — p2)?miy
while ji1,, = —tyur Tee, , Job, = Vo wvaTeses, pi =mj — g, and q; = p; — pi-

The regulating factors have the form f7 f3(f* — f{f4). One can keep a factor formally as different from 1 even if it

is negligibly different from 1. In the limit 7 — 0, the form factors f{ o §Tg2 tend to 1 everywhere where the factors
A 9172,92

10173 40 AT€ not equivalent to 0. Dependence on r due to f"f is removed from all the terms with f?f? for fixed,
positive s.

I need to understand p; in terms of the variables defined in Egs. - . I need formulas for ¢?. In the

square, the sign of ¢; does no matter, which implies I can simply use the difference between momenta before and after
exchange.

¢ = (b —p)* = 0 —p))py —pi) = (0w —pi) ™ (806)
v P+ kR +mi (wPt 4 k) +m?
= (.’L‘Z/—xz)|:(m + Z) +mz—($ + z) +mz —(xi/Pl‘i‘kiL/—fEiPL—kil)Q
Xy €T,
k22 m? k2 4m? 2m? + (wikh — xoki)’
- (xi/xi){ i +m _ +m (k- kb2 = -2 mi (= U i) (807)
{L‘Zl ,’I]Z .’L‘Z/IZ
Always true in 2 + 2':
g = - Emit ek —acki)” (808)

€T Ty

ki = ko, kv = ko, ko = —kio, ky = —kyor . (809)
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4y?m3 + 4(xlt — ykt)?
2 _ 1
“n o= - 22 — 2 ’ (810)
2= _rmit - x)lt + ykt)? (811)
? (1 —z)? —y? ’
4y°m? 4 4(xlt — ykt
pr = m?+ -2 (_y ykl)® (812)
4y?m3 + 4[(1 — 2)l+ + ykt)?
2 2
= . 813
N o)
In the non-relativistic limit:
p1 = my+2"mi/zi + ¢, pp = m +2Pms /a5 + g, (814)
m; 2 2 2 12
g = — = = = . 815
x g = =gt (m1 +ms2)” +q P (815)

Note the sum mq + my! I have just observed the mass sum on 20250128 at 04:47 wto Ekologiczna. In

the non-relativistic limit, A = —1/p, A=—-1, A’=0, and 0 in the denominator of A does not appear in
that limit, since p; = p2. The factor f Tg reduces to
2 2
T o R L -

For ¢t = 1/M?, where M? = m? + m3, I obtain

7\ @l \?
f%’l fé’gg T [_ (QZM> 1 - l_ (Mcosﬂ) 1 ' (817)

End of the non-relativistic limit.

Start with the term that involves f7 f” ft. The first term in d*”, equal —g"¥, produces regular matrix elements and
does not require any counterterms. It yields the Coulomb potential with the Breit-Fermi terms. In QED, the factor f?
in the potential could noticeably deviate from 1 only in the extreme atomic effects such as the ones associated with
the measurement of the radius of proton in hydrogen. A few percent effect in the radius could occur when the value
of the parameter s in the non-relativistic Schroedinger equation for hydrogen is set to the value on the order of the
proton mass [Glazek proton radius].

The second term in d*”, the one proportional to n*n", produces a severe small-z divergence in the matrix element,

iv *M div

Yd n/122'1 — /[xlkﬁ]/[zl’kﬁz/] (f = ff) ¥is (fclkaé) { }exch 1/)1/2/(931' kl/Z/) ) (818)
div 2 A r r
{ }cxch = —g 011/2/2 5Sf4\/x1x1/m2x2/ ? f123f31/2/, (819)
where

A=palrtr 1+ A, lim A = = (b — b o 820
= 2 = -1+ , —Z(l—z) %+W§’ (820)
c = AP 4+ml, by = —4kT 1z, by = AT/ (1—x) . (821)

Calculation of A’:

2,2 2,2 2 2
PORTSIVCI Lo 6wl ki (522
2 pimd+ p3m2 — (p1 — p2)?7iy

>
Il

~ ~ 1 271.3+ 27Tg+ 2+ﬂ.2
A AH:_JH P75 + prpa(T )+1. (823)
2 pinZ + p3ms — (p1 — p2)mis
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In the limit y — 0 I have
dy?m? + 4(xlt — ykt)?

P = mf] + R — mg + 4142 — 8yltkt /x (824)
dy®m3 + 4[(1 — )+ + yk*)?
pa = m? 2 T —m2+ A2 4 8yl Tkt /(1 —x) (825)
and I confirm
T U R 1 826
zl—% _%(1_2)77%—&—77%' ( )

The term —1 in A requires the counterterm opposite in sign to the one obtained in Sec. ?? for the homogeneous seagull
term. The small-z correction A’ depends on the choice of 7., in the RGPEP generator in Eq. (??). For m; = 7t for

all i equally, one obtains A’ — O(z?) and no need for a logarithmic counterterm. For m; = pzj' ,

~ 11 —
lim A — s 8k~1 x—1/2

20 c zl-2)+0-2)7 (827)

which might lead to a logarithmic small-x divergence corresponding to the small-z behavior of the integrand here. The
divergence would appear if the other factors in the integrand of Y,4iY,,.,,, in Eq. were not smooth as functions of
z near z = 0. However, the analysis of Sec. 77, beginning with Eq. (??), applies and they are smooth. The result is
that the logarithmic dependence on r is absent in the term B of Eq. (775]). Hence no logarithmic small-z counterterm
is required due to the term B in the bound-state eigenvalue problem of the effective Hamiltonian in Eq. (?7?). T do
not see yet that a stronger argument is excluded: writing [+ = \/M I+, I obtain p/z in f7 that involves 12 in the
exponential without 1/z and the difference b; — by ~ +/|z|, implying reduction of the singularity from 1/z to the
integrable one 1/4/z].

General explanation of how to treat 0 in the denominator of A in calculating the counterterms to
small-z singularities is that, when the gluon x — 0, the difference p; — ps — 0 and cannot nullify the
denominator because the other terms in the denominator tend to (m2 + ¢-2)?(7 + 73) > 0. In other
words, one can handle the limits z — 0 for terms with f and for terms with ff separately.

C. Analysis of the part C

The third part,

C = % frs B {~2805n + [P = H)) ™" [P — 3] 7'} o HY (828)
is composed of two terms. The part with —2A 35 is obtained by solving the RGPEP equation. The part with two
denominators is obtained by reducing [Wilson R] the eigenvalue problem for H; to the eigenvalue problem for the
quark-antiquark states using the expansion in powers of the interaction to the 2nd order. The reduction is done
using the simplifying assumption that one can replace all components besides the quark-antiquark component by
the component with a quark, an antiquark and a gluon whose mass is set to a hypothetical value m¢q, called the
gluon-mass ansatz [Kamil etc.]. The mass parameter m¢ is viewed as a multiple of Aqop in the RGPEP scheme. As
such, it would be 0 in the expansion in powers of the running coupling constant. The double action of the Hamiltonian
term H(gl) produces the quark self-interactions and the gluon exchange between the quarks. Both involve the singular
expression p_° /4. The form factors f* prevent any dependence on r from occurring. However, the resulting effective
interaction depends on mg. The question addressed below is how the self-interaction and gluon exchange terms in the
part C' behave in the limit mg, — 0.

1. Quark self-interactions in the part C

1 1 N :ClL -cV
FH{ }[H — Cx = /[1lp+/[23] 0128 dyy J5575% F* Ars biby
1

1 N “cp e
4 / 2 / 113] Ga.1s dyy TLTSY S Aoy dids . (829)
2



78

ith = —guy"uz X{T %2 . jih = go1y"ve X{Tx (830)
@ =Pr—PL=G = P3P, (831)
1 M2 —m?2 M2, —m2
v = gy L g (Mo M 72 (832)
2 My pT p§
= —g"+ 2 n'n” (m — ¢ +mj —q3) . (833)
mg

Using the pattern of Egs. (737) and (738)), the factor A;x is

Ais % {—2Aiqgi + {pf —pgg]_l + {p{ —pqc}_l} (834)
-1 1

1
= fAiqgﬁ[pi—fp;G} S W S (835)
P; —DPg —DPyg P; —Pq —Pqg

The self-interaction terms Cy; in the part C' depend on the assumed quarkonium parameter m, which is likely to differ
from the single-quark ansatz parameters m;g. In contrast, the calculation in Sec. shows in Eq. that the
self-interaction logarithmic growth for my, — 0 does not depend on the single-quark gluon-mass ansatz m;g. It thus
occurs in the quarkonium eigenvalue problem in the same way as in a single quark eigenvalue problem even though
mgq may differ from m;g. The unlimited growth of the quark self-interactions in the QQ quarkonium component for
mgy — 0 appears in a sum

Cis  Coy
Op — 24222 (836)
PPy

which multiplies the quarkonium wave function in the eigenvalue equation. The parts of the self-interaction terms Cis
and Cix that do not diverge logarithmically with my, — 0 are sensitive to the ansatz masses m;g and mg.

2. Gluon exchange in the part C

The gluon exchange interaction acts on the wave function ¥g(1,2) integrated in the eigenstate,
B) = > [02vs.2)thdblo) (337)
12

For eigenvalues of the form E = (P12 + M2)/P™, the wave function may be set to have the form

¥p(1,2) = PYopia tha(ar, ki) , (838)

with the labels 1 and 2 including spins, flavors and colors as needed. The relative-motion variables z1 and ki for the
effective quarks 1 and 2 are defined in the same way as for the gluons in Eq. . The eigenvalue problem for the

Hamiltonian in Eq. (775)
Hip = A+B+C. (839)
in terms of matrix elements in plane-wave QQ basis states reads

(12|HLR|E) = (12|A+ B+ C|E) = P;(12|E) . (840)
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Using Eq. (G62)), T get

(12/CoxanE) = 3 / 2] 1a10ar du 5 355 Py Fhag

1 I ) .
X ST {—2A12g2'1' +[PL—P5] +[Pry — Py }wE(l’,Q’) , (841)
dmyg
p1+ p2
dul’ = _g/il/"!_nunyﬁ , (842)
G
Aiggor1r plw%Jr 927%
A= e ST I, B D s (843)
Gmyg pPITL T P25 (p1 — p2)?7iy
Py o= pi+p§+q;c,pi:m3—qf, (844)
1 L ) .
Ty (P —Pr) "+ (Pry = P7) 7] (845)

— + , see Appendix. 846
e e (410

XIV. QQ WAVE-FUNCTION EIGENVALUE EQUATION

20250107 23:05 wto San Dimas Start tomorrow od analizy rownania
The wave-function eigenvalue equation reads

r 2 2
m% + 21(11) + 5m%tot m% + 21(12) + 6m%tot n
- + - Vr2(z1, kiz)
L P Ps

+ /[(L’l’kfb/] [Bs + 6By + Bexch + 6 Boxen| (1, kig; 217, kirgy) Y1 (w1, krrar)

[C C
+ pif + ;E} Y12(w1, ki) + /[xl’kf_/g/]cexch(xlvkf_2§x1’akf72’)¢1’2’(x1’7k1’2/) ;
L Py 2
(847)
where
1 - C, CV
Cis = T/[IkL] d,ul/ ]i;]qi ( it,qg)2
1 -1
X 3 {—QAing-? [P; —P;G} } ; (848)
1 I
1. i _ e Zev o et 't
Coxen (71, kiz; 21/, kigr) = h, P* duv G110 22 J51473.24
1 _ _q-1 - —1-1
x 5 {—2A1292/1/ +[Pm— Py + [Pry — Py } (849)

The counterterms dm?, . can be adjusted to cancel 2(3) and make m? the quark mass parameters that are fitted
to the quarkonium spectra. The counterterms 6 Bs and d Boyen cancel each other, which is shown in Sec. m They
will be omitted in further equations. When my — 0, the sum of terms Bg + Beyen provides the Coulomb potential
with Breit-Fermi spin dependence, in the non-relativistic approximation for the relative motion of quarks. The
self-interaction terms Cyx and Cax grow proportionally to In(m;/ mg) when mg — 0, as they do in the single-quark
eigenvalue equations rendering infinite masses to single quarks, see Eq. , but perhaps using a potentially different
gluon mass ansatz. Can the exchange cancel the infinite growth of the self-interactions in colorless quarkonia when
mg — 07 Start 20250105 09:21 -;, 19:06 nie San Dimas I focus on the cancellation issue.

The self-interaction terms C;y, multiply the wave function while the exchange term integrates it with the kernel
Coxen (1, kis; 17, k#?). The cancellation is possible if the kernel’s logarithmic dependence on m, does not involve
any change of the quark momenta. The logarithmic rise of C;x; results from the term n#n”p;/ pg+2 in the sum over
gluon polarizations, which blows up when the gluon z tends to 0. The blowup of C;s is tamed by the RGPEP vertex
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2. In the exchange, (f! is replaced by the product which works in a similar way.
7

1g
7qg) 1 1 2 29’
The RGPEP vertex factors depend on the gluon mass m, through p, = (pg + mg) /pE py - Therefore, the gluon mass

factor squared, (f,,)

mg contributes to their behavior only when |kt = p;- — p;p%- /p;] S my. Otherwise the gluon transverse momentum,
relative to the quarks, regulates the gluon small-z behavior and prevents dependence on m,; — 0. Dependence on m,
can only originate from the region of small transverse momentum of the gluon.

The self-interaction logarithmic rise for mgy — 0 in Eq. comes from

Cix,  Coy
[+++]1 = Zp /xkl‘

P V%)

2
+l2 ]zq ]qz ( zt,qg)

1 -~ 11
x o {—2Aiqgi+2[pi - pg] } (850)

multiplying 112(21, k12). The exchange-part sensitive to mgy — 0 comes from integrating the wave function,

/[ml’kfb’]cexch(xlvkﬁ;xl’kah/)qzbl/?’ (z1/, ko) (851)
1 1+ p2 .
= ﬁ/[xl’km/] 202 J/ Jara f1 1qf2 2¢
qmg
1 _ -1 _ -1
by {—2A12g2'1' + [P =Py ]+ [Py — Py } Yro (21, krar) - (852)
m,g

Inserting some formulas for some factors, such as for the masses squared in emission of absorption of a gluon by a
quark 4,

2 2 p; p;»
ng -m; = q+ Pi = T (m + qz) ’ (853)
My My

I arrive at the comparison

Cis | Cox Pi
Sy = [pl +7p§L 1 Y12(z1, k12) = Zp /ka +2qu Jgi (Fiag)®
S — . e (854)
- 12{T1, R12)
M3y = m; MgG —m;
1 1 o, [1 1} (855)
Mz, —m? MiG—m? pi Lpi pi+mg —m?
Cyp = /[xl/kﬁzf}chch(xhkfz;fCl’»kﬁzf)%'w(fflwkl'?) (856)
1 p1+ p2 jot
= pr [xl’km/] 2qf£§ J11r Jor f1 1qf22q
1 _ -1 _ 11
X 2q7+ {72A12g2/1/ + [P12 - P3 ] + [P1/2/ - P3 } } ¢1’2'(I1/7k1/2/) . (857)
—2A12g2/1/ i+ pamy
2921 — (858)
2qm, pind+ p3ms — (p1 — p2)?iy
1 _ = _ _\—1
s [P =P+ (P = B) ] (559)
Mg
B S o)
2 |pr+mg—m2  pptmg—m2]’

I need to integrate over [23]. Stop 20250105 21:40 nie San Dimas, Start 20250106 17:11 pon San Dimas, Start 20250107
13:30 wto San Dimas Now 20250107 15:01 wto San Dimas I write these two terms in abbreviated forms, using also



81

- : 1 1
Sy = /xkL pi Gerich (fleg)? | = — —— | Y12(21, k12) | (861)
sz G, pi 7t 997 pi pi+ M2

B 1 p1+ p2 c+
Cy = F/[$1//€1/2/] 2(1;1?] Jiv 2’2 fl 1qf2 29

2 2
p1TT + p2Ts 1/2 1/2
- - VYo (z17, ko) 862
pins +pamg — (p1 — p2)?mdy  pr+ M2 py+ M2 v (T k) (862)

20250109 18:02 I am certain Eqgs. and are correct.

Now (20200109 20:43), first I pay attention to the RGPEP form factors. They exclude gluons with x — 0 by the
term (p;% +m2)/py in the exponent. So, the greater |p;| the stronger suppression of small z, and vice versa, the
smaller x4 the Smaller \p;-| must be for the factors not to vanish. But when \pg | = 0, gluon mass parameter mg takes
over and regulates the gluon small-z diverging factor.

Also, if the gluon transverse momentum is small, for example, proportional to the square root of the gluon x, the
integration measure provides the factor z. Can the exchange cancel the self-interaction divergence for my — 0 in the
colorless states?

Since the exchange changes the relative momentum of quarks and the self-interaction does not, the question is if
replacing 19/ (17, k1/9/) by Y12 (217, k1r2r) — 12(21, k12) takes the dependence on m, away from the integral with
the wave function. Stop 20250109 21:50 czw San Dimas, Start 20250110 19:47 pia San Dimas The currents j© conserve
spin projections. The color factor is: Cg for the self-interaction, Cr for the gluon exchange in quarkonium, and Cs
for the gluon exchange in the octet quarkonium. The only arguments of the wave functions that need to be considered
are z and k. Using

+
pf !

Mg = — pi = ——(my —qf) (863)
dmg dmg

the dependence of the RGPEP form factors on qf,gg is fully displayed in

( z?t,qg)2 = e_Q{t[(Pﬁ‘Pg) —ml]"r/er} (864)
P 2
_ e—Q[t(mg—qf)ﬂz/q;@g} _ e_z(tpiﬂ7/q;g) , (865)
L T R e U ooy (866)

~[tm2=ad)mr/at, | [t mEi=ad) ma/at, | (867)

= €

_ (eomesat,)’ ~(tramasat,)” (368)

Using z = x1- — 21, the key comparison concerns —g%)(Cr or C4)/[2(27)?] times

- dx d?k+ Piy . o2 |1 1
S F [ S B -2) (L) -] (369)

~ 1 dxy d?ki., p1+ p2
C = F 1’2 5.2 ( 4\/131581/1‘2.%2/) fl 1qf2 29

11X

P12 + pomd 1/2 1/2

pim2 + pamZ — (p1 — p2)?mi,  p1+ M2 py+ M2

: (870)

provided that the exchange integral,

~ I p1+ p2 T1T2
C —v) = — dz | d*¢* 4
(1/J 1/1) Pt /_xl Z/ 1 222 Ty T2

p172 + pams 1/2 1/2

pin2+ p3nZ — (p1 — p2)2msy  pL+ M2 po+ M2
(@1 + 2, ki + q*) — Y1, kip)] e 11/ (/PO = [t (p2/2) (ma/ PD]*

X

(871)



82

has a finite limit for my — 0. I need to check the above condition before I tackle the comparison. Start 20250121 13:39

wto Ekologiczna Convergence of C (10" — 1) is shown using a change of variables, rather than an explicit integration. I
use

= VIzlkt, (872)

S 2,1 P1F P2 T1Z2
Ctw =) = 7 [ [a By [0

and I obtain

p17E 4 pars 1/2 1/2
PAn2 4 p3nZ — (p1 — p2)°7y  p1+ M2 py+ M?
< (bz ot pu bt V) b0 P letoar) a2 (373)

where, using p1 = 1P + k, p1r = 1. P + k' etc., I have

9 m2(z/z1)% + (\/]2|k* — kizz/x1)?

p1 = mg+ 1+z/x1 ) (874)
p2 = my+ m5(2/w2)* ) \_/5];: + kiyz/x)? -
Then,
p1 = m+ |z| (ma/@1)?|2] "'1(]?:2;;:\/@/6%2/%1)2 ’ -
pr = m2 4o "2 Tiﬁi’;m ki/2)” (877)

It is visible that p; and py are non-negative, they can be 0 only when my = 0 and z = 0, and they both approach mg

plus terms that tend to 0 as |z|k*? when z — 0 and |k*| > 0 is kept fixed. For all values of momenta k* and fraction
Z?
p1—p2 ~ alz|, (878)
where
o /lel = M mlal/at ot (b~ ks /el /) (579)
] 1 + z/azl ’
m2  m2|z|/z kl—i—k s.\/|z|/x
p2/|Z| _ 7g_|_ 2| |/ 2 12 | / 2 ) (880)
|z 1—2z/xz

It is now visible that p;/|z| and py/|z| behave for fixed z and large k* as k2/(1 + z/z;) and k+2/(1 — z/x3),
respectively. In the integral

O —v) = [ ey [0
- 2|z| X1 T

p17rT—|—,027r§ 1212
pim2 + pamZ — (p1 — p2)?miy,  p1+ M2 py+ M2
x (bez+0r bt VIR) e/ POl e[t/ e/ PO (881)

the range of integration over k-2 when mg

A7 = {[t(xg/P) (@1 /21)]? + [t(mg/PT) (w2 /22)]}

1/2

X, 2 T5Xo 2 1 T ? T3 2]71/*
1 P)

= - — = . 883
<P+x1,) + (P+x2/) ] 7 [<$1 $1/) + (J?z 552’) ] (883)

= 0 is limited from above by about

1z (882)

1
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This is a finite upper bound. For my = 0 and z — 0 one has

1
[ 2 2
t xT+m§

The wave-function difference softens 1/|z| to 1/\/m, which is integrable over z. Start 20250122 03:30 sro Ekologiczna,
Continued 20250123 from early morning czw Ekologiczna The remaining question concerning large transverse momentum
kL is if the limit mg — 0 exists and if it is the same when one starts with m, > 0. Regarding the exponential factors,
their arguments are

A = (884)

pillz| = m2/|z| + pio/lz| | (885)
(pi/|2)* = (m3/2)* + 2m}pio/2* + pl/2° (886)

and
ealpi/I2)? _ g—a(m?/2)® j—a2m?pio/|z] g—alpio/2)? (887)

The third exponential function is the same as the one for m, = 0. The first and second exponential functions provide
additional suppression of the integrand for small z or large k. The third exponential limits z and k* as in the case of
mg = 0. The additional suppression by the first and second exponentials goes away when my, — 0. The limit of the
exponential factors is the same as the result for mgy = 0.

The next question is what happens when k' is limited or tends to 0. The terms with M? in denominator are safe,
because M? is positive and excludes zero in the denominator while p;s in the numerator have definite limits when
mg — 0. The issue is how Aggo behaves for small p;s. Given expressions for p;s, I can replace every p by p = p/|z| in
both the RGPEP Asgs and the gluon spin factor p; + p2 by p = p/|z|,

po= pi/lz] = Tj+ m%|z|/l‘%+(f+ z/kmzs“/a/xl)2 ’ (888)
p2 = pa/lel = ﬁ+ il ]fl_t/];lfszﬁm : (839)

I look at
A = (1 + p2)(173 + por3) _ _ pimE o+ pamy + prpa(nd + m3) . (890)

pinZ + p3ms — (p1 — p2)?7i; pInZ + p3ma — (p1 — p2)?Ti;

Cancellation in the denominator was thought to be eliminated by the corresponding term in part B of the eigenvalue
equation. Stop 20250123 18:23 czw Ekologiczna padam Start 20250124 04:32 pia Ekologiczna In the case of mgy =0
and all 7; being the same, the factor to check is

(P +p2)* 1 ( )
A = 1—2 = —|— — —|—2 . 891
20102 2 P2 P (90

Can only one j vanish? This would require that z vanishes and consequently also that k- vanishes. Hence, both
would vanish. If both vanish, one vanishes, too. So one vanishing is equivalent to both vanishing. The question is then
if the ratio of two ps can diverge as 1/k*2 or 1/4/|z|. Consider the example of ratio

2
o ﬁ—l—mﬂz\/x% — kizsa/l2]/21)? 1—z/xy . (892)

I (kwkmsz\/\szm1+Z/~’C1

Since z cannot approach —z; or xs too closely in the eigenvalue problem (the basis states would have too large
invariant masses, which are suppressed by the RGPEP width limit on changes of invariant masses), I can drop the
second factor. It is close to 1 and it cannot diverge. Dividing the numerator and denominator by |z| I get

2
/1 %"-Fm%/m%—k(kl‘/«/\d—kf‘zsz/xl)Q

m (893)
P2 ZF 4 md/ad+ (k2] + kiys. /22)?

SN
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Now the behavior of the ratio R(¢1) = /2 is reduced to a function of one variable ¢+ = k*/,/|z| that can range
from —oo to +oo,

2
m,

' bay + (€ —b1)?

R(EY) ~ = . (894)
— Fag+ (6 — by )?
with finite positive a1, aso, bf and b%. This function can be written in terms of ¢+ = ¢+ — b2l in the form
2 2
- “Ftar+ ((+bh)? T a+ ¢G4 ((+D)?
Rty ~ 2Ot HV)_ Frara G (895)

2
"2 +ag + (L2 T as+ ¢+ ¢

It is visible that for laurgeN(;l one obtains 7 = 1. One can find the minimum and maximum but it is not necessary.
It suffices that the ratio R(¢*) has limited positive size for finite positive ai, as and limited b*. This means that
1/R(¢?) is also positive and limited. Therefore both R(¢1) and 1/R(&4) are limited. Hence, A is limited and thus the

integral C’(w’ — 1) in Eq. 1} is finite for mgy = 0. When m, > 0, I get R =1 for z — 0 and there is no divergence.
But there is a range of variation around 1.
Now the question is what happens when 7; are not all equal. I can still write A in terms of the ratio R(¢1) = p1/po,

(R+1)(Rn + 73)

A = .
R27T% + 7% — (R —1)%72,

(896)

Since R is limited and positive, separated from 0, one could conclude that A is limited if the denominator could not be
zero. But it can be 0. However, the complete QQ eigenvalue problem includes the part B that effectively provides a
factor that vanishes precisely when the denominator vanishes (Is it true? YES, IT IS TRUE, see Egs. to (786]). I
inspect below how the interplay between A, the RGPEP factors f and the parts B and C eliminates the denominator
0 and leads to the conclusion that the subtraction ¢’ — v is a legitimate step. However, for m, > 0, I get for z — 0
that &+ is limited, R = 1 and A = 2, independently of 0 that may occur away from z = 0.

1. The denominator 0 in Arir

The QQ eigenvalue Eq. (775)
Hir = Hy+ fir [Hfﬁ’ + App HY Hg”]

1 _ _ _ _
+ 5fiifir HS [(Pr —Hy) ™+ (Pp — Hy) ™t — 280 HYY (897)

The product 7—[(()1) H(()l) provides the factor (p; + p2)/22. The divergent dependence on r occurs in the exchange with
one f due to 1/22. In the case of exchange with ff, the same factor (p; + p2)/2? appears but the factors ff suppress

small z. The wave function difference turns 1/2% to 1/|z| or to 1/|z|>/2, which is seen using ¢+ = /|z[k*. The issue is
that in

(p1+p2) (fLr — frifir) Arir (898)

the denominator zero in A = (p1 + p2)Arrr, which comes from the denominator in Arrg, is compensated by the
difference of fs in the numerator. Therefore, I need to verify if dealing with divergences involving Ay ;g with fr g or
Aprr with frrfrr separately, as I did so far (20250125 05:46 sob Ekologiczna), is legitimate. In other words, are zeros
in the denominator of Ay ;g invalidating my analysis and computation of counterterms.

First, I use p;s to compare the functions frr and fr;frr, the latter already displayed in Eq. . The former is
exp{—[t(M3y — M3,y )m12/P+]?}, where

My = Miy = (pf +p3) (00 +p2) — (0 +p3)(P7 +p3) (899)
= P(py +py —pi —p3) = s:PT(q; —q3) (900)
= (s:PY ) e ay — a7 —adas + @) (901)
(1/2)(¢f —a3) = (p1 —p2)/7 - (902)
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Therefore,
fir = e—[t(pl/z—Pz/z)mz/Pﬂ2 7 (903)
frifir = e*[t(Pl/z)wT/Pﬂze*[t(Pz/Z)Tff/P+]2 . (904)
In the case of my boost-ivariant version,
frr = e [t(p1—p2) /2] , (905)
fLIfIR — e*[t P1 IT/Z]QG*H p2 3/2)? . (906)

Thus, I can change variables using ¢ = /|z|k* that reduces the singularity for small |z| to the integrable 1/,/]z|
while I use

mile|/af + (k* — kiys. /|2l /21)?

51 = = 907
P1 p1/|Z| 1+Z/.T1 ’ ( )
5 mi|z|/x2 + (k+ + ki s./|z]/22)?
in
A = (p1+ p2) (173 + porl) (909)
Tt Al (1~ ho P
with
frr = e~ [t(1—p2)]? ’ (910)
frifir = e [thragl? [t p2ag]® (911)

I can use the argument that k* is limited with f — ff as well as I had done it for f and for ff separately.

Second, I note that in the self-interactions and mass counterterms, the factor Ay ;g is not sensitive to m;s. It only
provides the denominator that is the same as in the old-fashioned Hamiltonian perturbation theory, no matter what m;s
I choose. In the self-interaction terms, there is no issue with denominator 0 in A because the invariant mass of quark
and gluon is always greater than that of the quark, except the case when the gluon momentum is zero, which lies on
the edge of the integration region. The singularity from that region is accounted for and a counterterm is introduced.

In the exchange terms, one ought to consider

(frr — frifir)ArLrr 7'[(()1) 7'1(()1) ; (912)

where the bracket factor cancels the denominator of Ap;r when the latter tends to 0. My analysis of the exchange was
so far (20250125 11:14 sob Ekologiczna) carried out for the two terms separately, the term with the factor frLrALrg,
which is singular for finite s because of the gluon small-x singularity, and the term with the factor fr;frrArrr that
for finite s excludes small-z singularities but depends on the gluon mass m,. The question is how is each of these
analyses altered when the factors frr or fr;frr are replaced by their difference. In the case of part B, see Eq. ,
repeated here,

B = fig |H? + Apsp HPY HP| (913)

I go back to Eq. and check what changes in the subsequent reasoning and equations for the exchange terms
when I replace frr by for — frrfrr- The seagull analysis is not changed at all because it does not involve A . The
self-interactions are free from the denominator 0 in A as already explained in a paragraph above; the denominator 0 is
absent. I need to identify the change in the computation of the ccounterterm to the diverging dependence on r when

instead of frrALsr H((,l) Hél) I consider the dependence on r of the exchange

(fLr — forfir)Doir HSD MY . (914)

The dependence on r comes only from the first term. One can set r to 0 in the second term; the second term has a
finite limit when r — 0. The counterterm to the first term contains §(z). For z = 0, the second term vanishes because
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of the factor fr;frr that vanishes for mg/z — o0o. Start 20250126 06:50 nie Ekologiczna I go back to Eqgs. {' and
(875)), repeated here

m3(z/x1)? + (" + kizz/1)?

2
= 1
p1 my + 15 2/m , (915)
2 2 Lyl 2
py = mg n m3(z/x2)° + (g~ + kisz/12) . (916)
1—2z/x9

It is clear that for ¢ limited by fs and z — 0 I have p; = mg + ¢*2 and there is no zero in the denominator of A = 2.
kKKK oK oK oK oK oK ok ok

Sk 3k 3k sk ok sk kR sk kokook
>k 3K 3k 3k ok ok kR sk sk okok

Higher orders

Extrapolation g — g5

Beyond perturbative expansion for H

Successive approximations

Increasing my — mg

No need for artificial potential and scaling of oscillator
Mass for confinement instead of potential

Gluons needed above the oscillator

Appendix A: Gluon self-interaction computation

8
D D ) L R (A
c=1o0=1
8
b = Z/[p] [—iTcdpgce_”’” +iTCdL3ce’p”’L+_o . (A2)
c=1 B
1. Computation of H,
JZ+ - *g[ia+AL7Al]a ) (AS)
a a 1 a —1 . a . a a
Hyw = (8LAfJ-+mg¢ )(‘37‘* Wt = mi(zaJ‘AfJ‘+zmg¢ ) JIGT . (A4)
Common factors.
222) B 92 dk+d2k.L |N|2 (A5)
pt  pt ) 202m)3kt(pt —kt) P- — Q- —pl — Dy
I need to properly write N. Start 20240926 07:33 -, 13:53 czw Cienega Ave.
Jit = —gif?pf (Ellal - sf*ai) (€2laz +€2Ma§) (A6)
= —gif** pf efar eyas — gif** pf etar e5”al
+ gif'* pf ei*al exas +gif"* pf efva] e3*al . (A7)

Normal order and arrangement.
3+ cp123 4 1 L c 0123 4 Lk 1
JiT = —gif 0 pl evey aras —gif 7 pi ex ey a;al

— gif' py ex’el ajar +gif ' pf i7" alah . (A8)



1, _ prea paea* mg
— (10 A3L+zm¢3)—>— 373 s+ 33aT —l——(ag—&—a)
ot ( f 4 p+ 3 + 3
3 Py D3
Simplify.
T s —gif'™ [pf etet amar+ (f +) ef*et afa — 7 efe} alal]
1 . pled plels m
—— (10 A +imge®) — — [ Fas + =22 df +—g(a3+o¢T)
o+ ( f g ot ot 3 ot 3
3 3 3
Multiplication.
Hy = /an+ (10 A% + img¢*) J5
1.1 1L«
— —2/123 Ca<p3i3a3+p38+3 a§+n?a3+m+ga§>
123 b3 P3 P3 b3
x —gif'® [pf etet mas + (of +pf) e et aar — pf ef*ed” ala]
Simplify.

11
5 € m m
o > Y [ 123 gi™ dca(p?’ Sy 4 B a£+fa3+fa§>
123 P3 P3 P3 Ps

1 1 1* _1x
X [p1 erey araz + (pf +p3) e37eq a;al pf e1ve; GIGH

= 2/123 | gif'? bcaig S .

123

There are 12 terms to simplify.

+

pJ‘{-jJ‘
S = B (i ) eb et a7 e o]
3

123P3 63" T i Lot
+ P — a3 [p1 erey aas + (pf +p3) e3e azal}

123mg + + 1Lt L Lt 1
+ f a3 [p1 +p3) ey et abar —pi 1 ex™ alal

+ f [p evey aas+ (pf +p3) eaer agal}
Ps

Move.

p
S = f123 K 3(p1 +p2)5§_ 6‘%&;&3@1 23
p3
11
€
Jd%p?’if’p;r ei*es* alalas
3

P?%E?,M 11t
123 +
+ f—=——p] e7ey asaza;

p3+
12317353 Lot 1
+ f oF (P +pf) eaei alalar 143
3

+ f1% Jrg(pl+ +p3) ex%et a;agal 23
D3

123 1x t ot
- f erp1 51 ey ™ ajabas

123 11
+ f p+p1 €1 €3 a§a2a1

m
+ f1% g(p1 +p3) eg et a§a£a1 1<3.
p3

(A10)

(A11)

(A12)

(A13)

(A14)

(A15)

(A16)

(A7)



123
s

11

byey , 4 Y kLt
—==(p{ +p3) e3"er azaam
Y2

11

P3ET 4+ la_1x t %

F P1 €1 €2 a10303

3
1 1%
P53 €3 11
T pT 81 52 a;aQal
p3
1 _1=x
p15 1 f 1
= (p3 +pf) ea*ey alalas
1

m

N NN
o (pT +p3) e3er atasay
2

Mg
A _1x Tt
p+P1 €1 €2 01a03

m
I,
+p1 61 82 a3a2a1

m
"5 +91) b4 alabas.
1

Ls_1 Pfﬁl* L 1 tot
er e + ) (P +p3) & *63:| alasas

+
1

11 prf 1 _1x i
+
erey + —5(p3 +p3) €363 ] azasa;

P

1 s 1 T 7

m s m
- ?f(p§+pf) etes” afozar + (3 +pf) ef ey ajadas
2

Ax_1x T 1

Changes.
S
S =
Collection.
S — f123S',
1.1
€
Sl — |:p3 +3 P
ps
1 _1=x
pxE
- [ 23 pf
Ps
Mg
- p+p1 €1 &2
Result.

P2

Lt
a1a2a3—|— p p1 €] €3 Qizaq0a .

Hy, = 92/123 Oc.a fiag Xs123 + hec. .

123

. Ps 53 elrod P1 Ls_1 Tt
X103 = ifr2® { pi eitert — (Ps +p3) e3"ey | ajajas
p3 pl

> £C1C2C3 g J_* T

—if - (3 +p7) etes”™ ajasa
P2

. mg

— gfaccs pl e1%ex™ a];a;ag .

Stop 20240926 22:23 czw Cienega Ave.

2. Computation of H,;

Start 20240927 10:26 -; 10:42 pia Cienega Ave.
The complementary transverse gluon interaction density term, the 3rd term on the right-hand side in Eq. (69)), is

aj aj aj
(J& + T AY
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(A18)

(A19)

(A20)

(A21)

(A22)

(A23)

(A24)



of which the purely transverse gluon part reads

Hiw = ADJ

S = gl A A
Jf\jf — —gif'?p] (z—:f‘al - sf*aD (52 as + sj*ag)

= —gif'* p‘{ etar egaz — gif'*" P‘i erar e3*al

T A 1 _Lx f

12a 12a
+ gif p1 et*al exay + gif p1 ey "ay exal .
Normal order and arrangement.

37 123 1 123 s _1 f
Jy = —gif p1 51 €y aias — gif p1 €3 €1 ayaq

- gif'* PQ ey et a2a1 +gif'? pl e1 ey a{ag )
A?}j — <5§a3 +€} a};) .
Simplify.

37 123 L 1t j o lx 1%
Jy — —gif [pl 163 a1a2+(p1 —|—p2) ex*er ajar — pl £1 ey

Multiplication.

H,, = / AP T > 2/123 ca (—ig) S,

123
€

There are 4 terms to simplify.

S = f¥as((p] +p) e37et abar —p] ef7ey” alal)
+ f1235§*a§[p1 €1 52l ajaz + (p1 —|—p2) 52“5% agal] :
Move.
S = [Phpl +ph) et abasar 263
— [l efrer alalas
f123€3 pi e1ey agagal

f123e] (pl +p2) e3*er agagal 1+ 3.

+ +

Changes.

S = —f j(pl +p}) e37et alaza
+ f12353 pl 5%5% a;agal
— le?’agp1 e *ex* a{agag
- 1% (p3 +P2) 55_*5§_ a}a;ag ‘
Collection.
— 1 [0+ ) e b+ <] ebed] afaran

P[0+ ) et + o] et alaas

Result.

Hiy = 92/123 dca flas Xiras + hoc .
123

X123 = if'* [ (pg +p2) ey ey +53p1 &1 52“} al{a;ag .

S = f123(5§a3 + 5?),*03)[17] ey ataz + (P1 +P2) g3 et agal P1 e1tey”
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(A25)

(A26)
(A27)

(A28)

(A29)
(A30)

(A31)

(A32)

(A33)

(A34)

(A35)

(A36)

(A37)

(A38)

(A39)



3. Summary of Hy; and H, 1

Hy, = 92/123 dca flog Xi123 + hec.

123
p3 3 1 plLEf* L L 1.1
Xi123 = ifclczcs[ =l eiteyt = -0 +p3) e *53} ajaas
Ps Py
_ ,Lfc1c2c3 (p3 +p1) é—* agagal _Z'f016263 pl gi-*gé-* aJ{a;O@ ,
pg p3
Hy, = 92/123 dc.a [l X123+ hec.
123
X193 = afcrc2cs [ (p3 +p2) EQL 83 +63p1 51 52”} aiagag, .
The combined result is
H,+H, = 92/123 caf123 ift?3 Yio3 a1a2a3—|—hc
123
+gZ/123 fryq ift? (Y alasar +Y, aaTa)Jrhc
ca J12.3 A123 U32a1 123 23 )
123
1 _1=x
~ paea « 1s DTE
Yio3 = — ?’JrgpfﬁL e — 1+1 (P§ +1p3) e3 ey
P3 Py
1L 1 x
+ ¢ (p3 +P2) €3 53 —|—€3p1 51 eyt
Yais = %(pg +pf) ety
P2
~ m
Vo128 = ——2pf e1er "
p3
4. Crosscheck of Yias
1.1 1 1%
¥ 1 1x_1x DP3€3 1% 1x P1€1 1
Yiss = ezpy 61 ey — oF Pl -ertey” — o (p§ +p3) - e5es
3 1

+ ei*(py +p3)-extey .

The first two terms are symmetric in spins 1 and 2.

1 1=
1

~ " PTE
Vigs = €1y " -ex (p1 —11p3) — 1p+ (p3 +p3)-ex*ey +ei*(ps +py)-e3"ex
1
* p * *
= ei'ey” exkis+ |~ (0 +p3) + (3 +p3)| et e ey
T
The square bracket can be written using p3 = p; 4+ po for the + and 1 components.
pf + + L 1 1 2272
—— (i +2p3) + (v +2p3) = —p1 — = =Zpi oy + 2y
1
2T 2
= —=Zpi +2p3 = —(-pipi +pip7)
Py 3\
2 —2kis

2. 1y _ —2kip
iEl( T2py +T1py) z
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(A40)

(A41)
(A42)

(A43)

(A44)

(A45)
(A46)

(A47)

(A48)

(A49)

(A50)

(A51)
(A52)

(A53)



So,

where

One can use

if1235}123 — Z’f123€%*5é
2k
512 — _if123 128%* sé_*
1
1
S = 5 (512 + 521)

instead of Sy2 in Eq. (A44)), because one sums over 1 and 2 there.

f123 2k12 L«

1.1
€3 k12 +512 5

et

1 1 f2132k21 Lx '{:'J'* €L

25 = €y -exeE
! 2 €3
Using 213 = — 123 and ko1 = —k12 I obtain
¥ 1 kllsz*
,L'f123y'123 _ if123 €7 *52 k
Z1
which matches my old result
. * _k * *
Yug = chlc?cs [8182 €3k12 —E€1€3 Ezklg/.’tz

5.

Tusex; = pf/pg, To = pg/pgr and kﬁ = :cgpf — gclpﬁ7 so that pf = m1p§ + kfz, pzl = 962;03L —

k/,L El*
L L 21<2 L _ L
N 52 63 - —— ° 51 g

€3 1 €3,

T2

xro 3 ’

t

* * T
— E9E3 61k12/$1] ayasasz .

Evaluation of the gluon 2nd-order self-interaction

gluon and 2 = longitudinal gluon. The Hamiltonian interaction term is given in Eq. (A44]),

H+Hi =

Yio3 =
Yaie3 =

Y4123 =

123

123

pferexes [ETE; ezkio

. m
—if**—L(pg +pf
2

* *
—ejegeskia/as

)eres”

) m
_jf12 .f +oplrodx

1 €2
3

Start 20240929 11:35 -;, 11:54 nie Cienega Ave. So, I have

(P'|H7|p) g —

— Yi5Yi5 + Yi5Y51

92/123 ca fla.3 Y123 a1a2a3—|—hc

gZ/ 123 Oc.a f12 3 (YAlgg asteal + Y¢123 a1a2a3) + h.c. s

— t ot
—esesetkia/x1] ajalas

(0[Y75 asag Y33 aTaT|O>

Stop 20240929 20:44 nie Cienega Ave. Start 20240930 11:00 pon Cienega Ave.

> (VisVis + Yi3Ya1) = > (¥iYio + Vi5Var)

NP2 =

X

_|_

X

12

12

Z —’if123 [5152 €§k12 — 51{5; Ezklg/iﬂg — €2€§ 51k12/1‘1]

12
if'?? [efes eskia —

* *
€1€3 €2k12/l’2

— 8;53 61%712/.%1]

Z —ifms [8162 E§k12 — 61€§ Ezklz/l'g — 8283 Elklz/l'l]

12
if1? [e3e] eskia

* *
—esegeikin/ay

- ET&‘g E;]ﬁz/l‘z] 5
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(A54)

(A55)

(A56)

(A57)

(A58)

(A59)

ki, 1 = transverse

(A60)

(A61)
(A62)

(A63)

(A64)
(A65)

(A66)

(A67)
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where the last line results from f2!3 = — 123 combined with kg; = —k12. Simplify.
|J\7|2 = 2NC Z [6162 6§k12 — 616;; 82](312/1?2 — 522’:‘; €1k12/$1]
12
X [ETE; 63]{}12 — 8?63 E;k‘lg/l‘g — 8;83 Eikklg/l’l] . (A68)

The factor 2 comes from symmetry Yo = Yo;.
skt sk sk sk sk sk sk sk sk ok skok sk sk sk sk sk ok sksk sk sk sk sk sk ok skok sk ok sk sk sk sk sk sk ok skok sk sk sk sk sk ok skok skskok stk ok skok skokokskokskok sk

Here starts my summing over polarizations of intermediate gluons that is written in red because I now doubt that it is
correct. 20240930 19:00 pon Cienega Ave.

Sk ok koo sk ok >k Ok ok Sk ok kR ok Sk ok kR Sk sk ok kook sk kR ok sk sk kR sk sk sk kR skok skokokoskok skokosk sk sk kokosk sk kokok sk sk skokosk skokokokoskoskokoksk

Also, integration over ki is symmetric with respect to change of transverse directions (x,y) <+ (y,z). Therefore,
Lk, = ki /2. So,

IN|? = % Z [e1€2 exk — el ek Jry — €9l E’f/xl}
12 k
x [eies el —etez s /aa — ez el ad] . (A69)
9 terms.
INP* = Nekiz’S (A70)
S = 25152 [e1es ehe3 — eles exes[xg — 5e3 ehel /xq]
12
— e1e5 [e1ed eaes — iy 9e) Jao — ey eoe] J11] Jan
— e95 [e]ed 163 — €les €165 /w0 — €des 187 /aq] Ja1 - (AT1)
Factors in.
S = Z [e162 €15 €363 — €162 €1€3 €365 /Xp — €162 €563 €361 /X1]
12

* k% * % * * % *
— [e165 €7€) eaeg — 165 €€ €9eh [wa — €165 €565 €9e] 1] Jx2

— [e0e} €] 185 — e9e) eleg €165 /wa — 92}y eheg €1€] Ja1] Jaq . (AT2)
Sum over 2.

* ok * * * %
S = E [e16] €565 — eles 561 /o — €183 €56 /21 ]
1

[e16% eles — e1e5 eles/aa — e18f efes /] Jao
(65 €] e1e3 — €les €165 /w0 — €5e3 €167 /1] J1 - (AT3)

Sum over 1.
S = E§€3 [1 — ]./{L'Q — 1/.%1]
8;53 [1 — ]./lEQ — ]./Il] /1’2

— eteg[1—1/ay — 1/a4] [y . (A74)
Result for S.
S = eheg[l— 1)z —1/a5]” . (AT5)
Result. WRONG
NP2 = Nekiz [1—1/z1 — 1)) ehes . (A76)

Here in green is my corrected sum over polarizations, 20240930 19:08 pon Cienega Ave..
From Eq. (A68]) I take the formula

IN|? = 2N.S, (A77)
S = Z [e162€5k12 — €165 eakna/ T — €965 e1k12/71]
12

X

[e7es eskia — elegeskin/wa — ebeseihin/z] - (A78)
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9 terms.

S = E £1€2 6;]{512 [ETE; 53k12 — ET{:‘g 8;]4312/582 — 6;63 Eiklg/l’ﬂ
12
* * _k * * * *
— £1&3 62]4212 [6152 Egklg — &1€3 €2k12/132 — E9E3 Elklg/l‘l] /IQ

* k _k * * * *
— e9eherkin [elel eskin — elezebkia /o — ehegelkin/aq] Jxy . (AT9)
Factors in.
* * % * * * * * *
S = E [5152 53]{12 1€ €3k‘12 — E1€2 €3k12 £1€3 62]{512/%‘2 — E1€2 €3k12 €9E3 Elklg/xl]
12
* * _ %k * * * * * *
— [e1e} eakia eiel eskin — e165 eokig eezebkin/axe — €165 eaka ehegelkin/a] Jao
* * % * * * 7. * * *
— [5263 Elklz £1€9 €3k12 — E€2€3 81k12 £1€3 82k12/$2 — E28&3 €1l€12 E9E3 61]€12/$1] /:Cl. (A80)
Sum over 2.
* * * * * *
S = E [e5ki1o e7e1 eskia — e5kia eies e1kia/ao — eikio €185 k1o /xq]

1
* ok * ok 2 * * .
— [e1€5 etkiz e3kia — 165 efes kiy/ao — €165 eskiz eikia/z1] 22

* % * * * * .,
— [8163 Elklg 63]’612 — Elklz £1€3 €3k12/$2 — Elklg £€3E3 Elklg/xﬂ /:Ll. (A81)
Sum over 1.

* * *
S = eikia 2 e3kio — e5kig e3kia/xo — e3kia e3kia/21

— [E;ku Egklz — 6;63 k%Q/l’z — €3I€12 5§k12/:c1] /1’2

— [e5k12 eskiz — e3kia e5kia/za — s kiy 1] [0 (A82)
Remove brackets.
S = e3kia 2 eskio — €5k e3kia/wo — e5k12 e3k12/21
— 6;]{512 63]{12/1'2 + E;;Eg k%z/l% + Egklg €§]€12/(£L'1(L‘2)
— E;k’lg €3k12/I1 + e3k1o 5§k12/(x2m1) + 5363 k%Q/l’% . (A83)

Common factors.

S = E§k12 Egklg [2 — 2/1’2 — 2/11 + 2/($112)]
+ ejes ki (1/23 +1/2%) . (A84)

Simplify.
S = 2eikia e3kia +ejes kiy (1/23 + 1/27) . (A85)
Azimuthal symmetry of integral over k5.
S = ehes kiy +ehes kiz (/71 +1/23) . (A86)
So, instead of the wrong result in Eq. , I now have the fixed result
IN|? = 2N.ejes ki [1+1/2f +1/23] . (A87)

Below I use the fixed result. Since eies belongs to the normalization, or equals 1, coming back to Eq. (A5]),

= _¢°N dik*d2kt 212 [1+1/2% +1/(1 - 2)?] (As8)
pr pt ) 202m)Pkt(pt — k) P==Q" —py —ps '
From Eq. (A40)), dissociation of L gluon into one L and one + gluon proceeds via
9y / [123] bea flos if'2® Yaros abasar + hec. (A89)

123
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where from Eq. (A46)

~ m N
Yaies = *%(Pg— +pf) erez”, (A90)
V2
or from Eq. (A62)
Yaros = —if'? p.f (3 +p7) eres”™ . (A91)
2
So,
(W'[H3 1) g = (O]Yarasanar alalViis;)0) (A92)
Numerator factor.
INLPP = YaisYis (A94)
2
, m
= [l pT‘Z (p3 + ) (3 + 1) ex*er etes™ . (A95)
Color factors yield N.. The sum over spin 1 of the transverse gluon yields e3¢5, which goes into normalization. I
note there is no transverse momentum, but there is a denominator. In terms of x = T /p}f, with 1 corresponding to
the transverse intermedaie gluon, I have
2
Ni> = N —2= (1+2). A
Thus,
2% _ N dit Pkt mp(1+2)?/(1— @) (A7)
p* pt ) 2@2m)3kt(pt —kY) P —Q- —pr —py
and the combined gluon self-interaction due to the transverse and longitudinal intermediate gluons is
Stop 20240930 20:53 pon Cienega Ave.
Start 20241001 12:17 wto Cienega Ave.
Corrected gluon self-interaction is
2
12 +z
SO 43P g Greel 2k [1 + 2+ k] +m2 () "
pr pt ) 20@2m)3kt (pt — k) -Q —py —py
I can write it in the form
»n®@ E( ) )+ E( )
Ak - — (A99)
p p
2
2) 12 1tz
ZE4+¢ _ dzd?k+ 2k |:1 + m2 + (1— 91)2:| +m (1 1) (AlOO)
pT p+ 2(2m)®  w(l—2)pt (P —Q7) — k2 —mg

The mass term can be symmetrized using f(z) = [f(z) + f(1 — 2)]/2 since the rest of the integrand is symmetric with
respect to exchange x <> 1 — z. I have

Lte _ l4l-(-2) 2 (A101)
1—2z 1—2 1—2
1+2\> _ 1/ 2 212 ?
= - -1 o it ! A102
(1—x) 2(1—x > +2<m ) (4102)
1 4 4 4
= - — — — Al
2{4+x2+(1x)2 z(1—x) 2} (A103)

2 [1+;2+ (1_133)2} —~ [x( 2 +1} : (A104)
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Consequently,
5B, PN [dekt 262 m) (14 + ] - |t 41 (A105)
. pr ) 208 o(1—a)pt (P~ = Q) — k+2 —m2 '

Appendix B: Change of variables for homogeneous counterterm computation

To compute the counterterm coefficients Uy99/1- that eliminate dependence on r — 0 from matrix elements in
Eq. (?77?), we change the integration variables x1, kis, 1/, k7o, to z, y, k* and I+,

x = (m+2)/2,y=(xpv—m31)/2 = 2/2, (B1)
T = x—y, T =T+Yy, (B2)
o = l—a+y, s =1-2—y, (B3)
dzydzy = 2dzdy , (B4)

1 1 1/2 x 1 1-=z
[am [fame = 2| [P [ [ an [ ] 9
0 0 —x 1/2 r—1

ko= (kg + kiig)/2, 1T = (kg — ki3)/2 (B6)

ki = kt =1 ki, = EL 411, (B7)

d’kisy ki, = 4d?k* d%i, (BS)
Varrariy = /(e —y)(1—z+y)(z+y)(1 -z —y) (B9)
= V(@)1 —2)2—y?. (B10)

/[12} _ /[P]/[mk]. (B11)

For equal masses, M = 2F,

dr d*k*+ d3k
_ Y B12
/[xk] / 2021)32(1 — x) / (2r)3E (B12)
For different masses, like a quark and a gluon in the quark self-interaction, , M = E; + F5 and
dx d*k+ a3k 1 1
/[a:k;] /2(27r)3x(1 —x) / 2(2m)3 (E1 + E2> (B13)

23
/[gglkﬁ]/[wl,kb,] = W/dfzm/dzu

1/2 1—z
X / dx/ dy +/ dx/ dy
0 —x 1/2
X = . B14
[9615623?1'112' (2 —y )[(1 —x)? - 92]] (P14
Appendix C: Formulas for tree-level counterterm computations
The invariant masses are
a2, = MEEmd kg AmE (k=D hmi | (kD)7 my (1)
T T2 -y l-—z+y

M2, — kg +m? | kg +mi (kD 4md (kDM 4+ mE ©2)

X1 Tor .T+y 1—.T—y



The exchanged-gluon fourmomentum has the kinematic three-momentum components q; L= Py
gz = (a3 +mg)/a3

(p1+a3)* —mi (k=" 4mi A2 (ke )22 4 md

= sgn(y) [

T T —y 2y z+y
(P2 + 43)* — m3 (k40" +ms A2 mg (k-1 4 m3
= sen(y) + - 7

T3 l—z—y 2y l—z+y

where s, = sgn(y). Also,

(p1+q3)* —m? A2+ m2  (k—s,)2+m? (k4 s,0)"2 +m?

o1 2ly| z — |y| z+ ]
(P2 +43)° — m3 - A2+ m2 (k4 s,l)"2 + m3 (k=) +m3
T3 2ly| 1—z— |yl R —
So, with ¢ = 412 + mg,
prtaP-mi e o (ks 4md (bt s Dt b mE
T 2|yl ’ x — |y x+ |y ’
(2t as)* —m3 _ ¢ _ ks emd (ks )R+ m3
=2 = ——4ay, ay = _ ,
¥z 2ly| 1—z— |yl T—z1]y

with the original exressions

B (k=012 +m? (k—l—l)LZ—i-m%}
a1 —Sgn(y)[ pr—y oy :
12 2 L2 2
a = sguiy) | Tt S D
l—z—y l—-z+y

and

PR I S

fz = o {—ﬁ ol 2 <w2/P1+2>2} .

I have to eventually take into account that ¢ = 4142 + mg — mg — 0. I note that the product

iz wy = (¥ —y*)[(1—2)* -y’

is a function of y? and for small y differs from 22(1 — x)? by terms on the order of y2.

Appendix D: Source of homogeneous divergence in integral over y ~ 0

(C9)

(C10)

(C11)

(C12)

(C13)

The test states used in evaluation of the Hamiltonian matrix elements involve significant contributions only from
quarks with x; and x5 in a limited range. I denote that range by (x¢,1 — x¢), it does not depend on k*. The test
wave functions are assumed to fall off quickly for z; or zo smaller than xy. The same is assumed about the range of
x1 and zo. Hence the range of significant contribution to integrals over z and y is limited, see Fig. [/} In that figure,
the two near-diagonal parallel lines are described by relations x1 = x; + yo. Consequently, the integration over x;/

and z; can be limited according to the replacement illustrated in Figs. [7| and

1 1
/ dxq / dry — / s
0 0 Ty

(D1)
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FIG. 7: Schematic view of the ranges of integration over 1/ and z7 in the matrix elements in Eq. (?77?), ¢f. Eqgs.
and (D2). The large square indicates the ranges (0,1). The crossed diagonal lines correspond to y = (z1/ — 1)/2 =0
and x = (x1- + x1)/2 = 1/2. The two parallel lines near a diagonal correspond to y = tyo with yo < x¢. The test
functions in the matrix elements of Eq. (??) are negligible near the edge of and outside the small square.

—+Yo

—Yo

Ty

Xo

0 X T 1

FIG. 8: Enlargements of the lower-left and upper-right corners of Fig. |7} which explain the meaning of parameter yg.
By construction, the results of integration do not depend on .

1—17()—2y01_170 1

T=To+ Y

1-x
/ / 1- 20 =240

r=1-290— Yo

ZTo+2yo
To

0 To To+2 Yo

where

1/2 —Yo Yo T—10
2/ dx [/ —|—/ +/ } dy
To+Yo To—T —Yo Yo
1—z0—yo —Y0 Yo l—zo—x
+2/ dx|:/ +/ -I-/ }dy. (D2)
1/2 zo—1+x —Yo Yo

The only source of dependence on r — 0 is the region of y close to 0. Therefore, the integral fxy is split up into two

/.

parts: a convergent one (c¢) and a divergent one (d);

/xy :~/c+/d7 /C:/we(lyl—yo), /dz/xye(yo—|y|), (D3)

The Jacobian factor 2 is included in 2% = 8 in front of a final formula for the matrix elements. We also use the

shorthand notation
_ 8 2 J_/ 271
/J_ = [2(277)3]2/d k d7l— . (D4)

Review of the homogeneous CT
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After the change of variables, the matrix element of Eq. (?7) with the complete integration factors from Eq. (B14),
reads

T T

11972,2¢
Xnni122117 = /F(Z) [zQ + Uizar1/

/ _ [2(22;3]2/61%/%# (/01/2dx/2dy+/1;2dx/:1mdy> , (D6)

where, after change of variables, z = 2y, including all factors,

F(Z) t 41/:1?1.%1/.’1?2.%'2/ s

; (D5)

= Jea W 0101/50202/ (—TfyTzéz/) 5f1f1/5f2f2r

X i3 (a0, ky) Wiy (o0 ki) (D7)
is a smooth function of z around z = 0. Now I use the formula with prime meaning d/dz,

F(z) = F(0)+ F'(0)z+ [F(z) — F(0) — F'(0)2] , (D8)

of which only the first two terms contribute to divergence when r — 0. The term in the square bracket yields an
integral that has a finite limit when r — 0. The part of the matrix element that determines the counterterm is

T T

: Fi14t3
X = [ {[F<0>+F’<o>z1 +F<>u} . (D9)

The divergence is solely due to integration over y near z = 2y = 0. I write

‘ frofr T
Xiaonr = / [F(O) PR F(0) SRR 4 F () Uy | (D10)
to see that I need the counterterm kernel to be
Thi% U = —6(2) Vigarir + 8 (2) Wizarr (D11)
where
V122/1/ = lim 91 2 : dy+9 1/2 o dy dy@ (D12)
r—0 2o —x vy z—1 4y2 ’
Wisory = lim |6 “ e o dy dquifi’zq (D13)
0 1/2—x . x—1/2 o 2y .
By comparison with the section below, I get in the review the following results.
a. Review of the canonical case of 77/ P = 1
TJA 2 \/7T[A 2
Wigor = 01724 v 2, O(r)| +0z-1/2 A__2 O(r) (D14)
r T r 1—x
This result can be written as
w/A 2
4 = — O D15
Vigon - min(z, 1 —2) +0(r), (D15)
1
Wignr = O(r) , A = 5 (42 +m2)? . (D16)

In summary,

V2 2
V291 = @2 2 T i@ 1= 1) +O0(r) . (D17)
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b. Review of the boost-invariant case of m; = pli'

The result can be written as

_T/A 2 2
Wiz = r min(z,1—2) 22+ (1—1)2 +0(r) (D18)
1
Wiser = O(r), A = 5 (2 +m2)? [ + (1—2)%]/2. (D19)
In summary,
21a 2
Wigorr = @2 ) T min@1-2) a+O(r), (D20)
2
e D21
“ 22+ (1—2)? (D21)

1. Computation of the homogenous counterterms

q

q
The counterterm operator Uy ...

, in Eq. (77) is set to have the structure given in Eq. (??) in order that the

matrix elements of 2nd-order Z/{ffeagu“ = fg,auggeaguu can counter the small-r divergences identified in matrix elements
Xm0 of Eq. . The divergences originate from the integration over y irrespective of the integration over
variables x, k* and (1. I see in the review that instead of integrating from —y, to yo I need to integrate
from —x to x or from x — 1 to 1 — x, which means the same formulas but with y, replaced with x or
1 —z. So, I check if the integration goes through and all I need to do is to make such replacements in

the previously calculated integrals. The previous calculation follows.

yo fT T
: 1,1q72,2q
V122/1/ = lim — 5 > (D22)
r—0 —y0 Yy
T T T T
0 - = Yo = =
. 1,1g” 2,2 . 1,197 2,2
W122/1/ = hm # = hm # y . (D23)
r—0 o Yy r—0 o Yy

Computation of the tree-level counterterm amounts to evaluation of the functions Vyg9/1: and Wigos1:. Using Appendix

Egs. (C11) and (C12)), we have

2
113 = XD {—7‘2 {C +a1] (Wl/PlJE)Q} 7 (D24)

2ly|

c 2

323 = ©XP {—7“2 {2|y| +a2] (7T2/P1J5)2} ; (D25)
where
c = 41*? +m? (D26)
—4k+1+ K24+ 12 +m?

= T sgn(y) + 2y + O (D27)

4k+1+ k% + 12 + m3
= — _—=2 O(y?) . D28
az 1_x Sgn(y) + (1 — x)Q |y| + (y ) ( )

Start 20240824 17:50 sob Leszno Since all variables in the integration are limited, the sensitivity to » — 0 comes solely
from y < r < yp, where yq is an arbitrarily small but fixed number.

a. The canonical case of w7/ Py =1

T

3.2 reads

The exponent in factors fTT 10

E = B} + B} = —r®lc/@yl) + a1]* = r*[c/2lyl) + a2 . (D29)
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When y increases from y < 0 to y > 0 I have a; jumping from a1, = (Hl):%rm? — (kfl);um? to a1g = —ayr, and as
. . _ (k=D"4mE (kD2 4md _
jumping from aqp, = — — — to asp = —asr.
ayp = 4kt )z, agp = —4kHt (D30)
agr, = —4kT1H/(1—1), asp = 4kHIH/(1— ) . (D31)
Stop 20240121 23:30 nie Ekologiczna Start 20240122 09:59 pon Ekologiczna I have
—4kt1t k2 4+ 12 + m?
= sgnly) + Loy + 0GP (D32)
Akt k* 4 17 +m3
= - =9 O(y?) . D33
az 1_x Sgn(y) + (1 — x)Q |y| + (y ) ( )

Using s, = sgn(y), the exponent is obtained in the form

c Akt k2 + 12 + m? 2
B = |o - s+ B a4 0
c 4kt k2 + 12 +m32 NE
. P . D34

The squares yield
2 8cktlt(z—-1/2)

E/(-r) = — o(y° D35
[1) = g+ B o) (D35)
(42 +m2)?  8(4l*2 + m2) kit (z —1/2)
= oY) . D36
S+ S +0(") (D36)
The sign of y is canceled out in terms that grow when y — 0. The exponent thus has the form
A B
E = —? (2++C> , (D37)
Y Y
1 8(4lt? + m2) ktit(z — 1/2)
A = = 4lJ_2 2\2 B = g D
S (2 m2)?, T (D38)
A is positive, sign of B varies with x and C has a finite limit when y — 0. The diverging integrals read
Yo d
V122/1/ = hm 73 677”2 (A/y2+B/y+C) ) (D39)
r—0 —0 Yy
Yo d
Wigoipr = lim —g e~ (A/y*+B/y+0) Y . (D40)
r—0 —yo Yy

The integrals extend over positive and negative y. The integrals to tackle are
0
d vo g
2) = [ e [T e ). (Da1)
—Yo Y 0 Yy
Stop 20240824 20:22 sob Leszno I am not going to cheat myself that I can do much tonight. The exponent diverges as
A/y? and B/y. B may be negative. First I eliminate C' from consideration.

e A/ HB/y+C) =7 (A/y?+B/y+C) _ —r*(A/y*+B/y) | —r*(A/y’+B/y) (D42)
— o T (A/Y+B/y) (efrzc _ 1) LAY HBY) (D43)
The round bracket in the limit » — 0 is on the order of —2C with a limited C, while the divergence is at most on the

order of 1/r. Therefore the first term, the one with the round bracket, tends to 0 when r tends to 0. The diverging
and finite dependence of the integrals Z on r originates entirely in [Z],

0 Yo 2 2
2] = [ -2y ‘jy] e (APEBI) (1 ) (Da4)
—Yo
1 8(4lt2 + m2) kit (x —1/2)
A= 3 42 +m2)?, B = x?l ) (D45)
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By changing integration variable y to —y in the integral over negative y, I get

2] = 1212, (D46)
Yo

Z, = / CL?QJ {e—r2(A/y2+B/y)+e—r2(A/y2—B/y)] , (D47)
o ¥
Yo

z, = /0 % |:67r2(A/y2+B/y) _ 67r2(A/y2fB/y)] y . (D48)

Stop 2024826 14:30 pon Pasteura Start 2024827 18:10 wto Ekologiczna I change the integration variable to u = 1/y
and obtain

Z = du e~ A (e_rzB“ + erzB“> , (D49)
1/vo
< d
Zy — / 7“‘ 677‘2Au2 (67T2Bu _er2Bu) ) (D50)
1/yo0 u
Next I change the variable u to v = ru.
1 o0
Z, = 7/ dv e~ (e7 BV 4By | (D51)
r /Yo
< d
Zy — / l e—Av2 (e—er _eer) ] (D52)
/Yo v

The Gaussian integrand prevents v from being much larger than 1/ VA, which is always finite for finite mg. Using the
expansion

B = 14 7rBu+ O0(v*r?) , (D53)
for 7 — 0, I obtain
1 o0
Z = - / dv e 24 0(w*r?)] (D54)
r /Yo
o0 2
Z, = / dv e " [=2rB + O(v*r?)] . (D55)
/Yo

In the limit » — 0 I get the leading terms

Z

2 o 2 2 ﬁ
N dz e % = Yo VA Yo+ 00| D56
) rﬁA/TA/yoze TﬁA[Q VA yo + O(r?) (D56)

z, — O(r). (D57)

Hence, in Eqgs. (D39)) and (D40))

Vigary = %/A —2/yo +O(r) , (D58)
W122/1/ = O(r) . (D59)

Inclusion of 2/yg secures independence of the complete result from the chosen value of yy when one includes the
complementary part fc in Eq. of the integral over y. However, since I used an arbitrary yo and all integrals
with different values of yy exhibit the same dependence on r in the limit » — 0, the dependence on r that needs to
be removed is given by the term that does not depend on yg. Consequently, after dropping yg, the counterterm in

Eq. (D11]) must be
VT/A  —=i(y) V2

ro (4142 +m2) -

711_1;% 4(/[122/1/ = —5(y) (DGO)
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Stop 20240827 22:57 wto Ekologiczna Start 20240828 21:51 sro Ekologiczna Using Eq. (D61)), I obtain the counterterm

Z /122 1] # Oc.a Osp (=111 T505)

Oseagull -
12271/
0y v2m g
X W b d d2/b1/ 3

where

Yy = (‘rl’ —{L'l)/2,

= (kyy — kiz)/2
and

_ ot /pt _ o+ /Dt
T = p1/P12a331’ —pl'/P1'2’7
T2 = 1—21, 2 = 1 -1/,

1 1 1 1 1 1
kis = wapy —x1py , ke = TPy — Tupy -

Stop 20240828 24:00 sro Ekologiczna Start 20240829 19:42 czw Ekologiczna

b.  The boost-invariant case of m; = plir
Using Eqgs. (??) and (??) together with (B2) and (B3]), I have

xr = x+yl, 2z =1—-x+]y|.

and the exponent arguments are

E = —r*c/Qly]) + ai]*(z +[y)? — r?[e/(2ly]) + a2]*(1 — 2 + [y])?
_ (k=D +mi  (k+D"+m]
a1—sgn(y){ pr—y prory } ;
12 4 2 D2 a2
ay = sgn(y) [(k—li_l)z—i_y 2 — (kll)x:_y 2} :

Analysis of a; and ay proceeds in the same way as in the simplest case, so that

B/ = {55 - s+ B oy 4 o) o+ |y|>}2

2|y| T 2

n c . 4kt k% + 12 + m3
S S L
2|y| 1—a Y (1-x)?

Multiplication before squaring produces

E/(—r?) = [QTC 4 S kbt s,

c(l—1x) 1yl 4K+ k*+12
_— 4
+[2| +2—|—kl oyt

Evaluating the squares I get

E/(-r*) = 7[172 +(1—a)’]

&r (¢ gl c(l—x) ¢ 170 0
+ (S -kttt sy) + o (5 +4k41ts,) + 00"

ly| \2

2
2yl + 0<y2>] -zt |y|>} .

Ak y KPP amd 2
S B4 o)

2
+m3
" 22|y|+0(y2)} ~

(D61)

(D62)
(D63)

(D64)
(D65)
(D66)

(D67)

(D68)

(D69)

(D70)

(D71)

(D72)

(D73)
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which simplifies to

02 C2 c 1yl T —
B = o+ (- af] 4 5 = S EEZ U o), (D74)
or
E/(=r®) = A/y* + Bi/y+ Ba/|y| + C , (D75)
where
A = %[mQ—i—(l—J;)Q], (D76)
By, = —8cktit(x—1/2), (D77)
By — ; (D78)

The new element is appearance of O(1/y) as well as O(1/|y|). As in Eq. (D41)), the divergence originates in the region
of [y| < wo.

0

d Yo d

2= [, o [ R] e ). (079
—%Yo

Eliminating C' as before, I proceed to changing integration variable y to —y in the integral over negative y, which
leads to the source of divergent dependence on » — 0 in

[Z} = [Zlvzy] ) (D80)
z, = /y° d%/ {e—r’-’[A/y2+<B2—Bl>/y] n 6—r2[A/y'-’+<Bz+Bl>/y]} ’ (Ds1)
o ¥
z, = /y o (e WA Bk Bols] = [AHBBOA Ly (D82)
o ¥
Change of integration variable from y to u = 1/y yields
5 /oo i {e,rz[Au2+(BrBl)u] +67T2[Au2+(32+31)u]} 7 (D83)
1/yo
Zy — /OO dj {6—7‘2[14712-1—(32—‘1-31)11.] _ e—Tz[Auz—‘r(Bz—Bl)u]} , (D84)
/yo U
where
1
A= 3 42+ m2)?[2” + (1—)%)/2, (D85)
By = =842 +m))k it (x—1/2) , (D86)
1
By = 5 (42 +m2)? . (D87)

Subsequently, the change of integration variable to v = ru yields

Zl _ 1/00 dv e—Av2 |:6—T(BZ_B1)'U+6_T(B2+BI)U:| , (D88)
r T/yo

z, - / Todv g [eﬂ«BﬁBl)v_efr(Banv] . (D89)
r/yo Y

As in the canonical case before, the coefficient A is limited from below by m;jl /8. Therefore, v is limited from above by
~ 1/\/Z < Qﬁ/mg. In the limit r — 0, I can expand e~"(B2FB1% in a series of powers of 7(By F By )u.

1 [ ;
z - ;/ dv e [2 — #(By — Byyo — r(Ba + B)v + O(w*?)] | (D90)
/Yo
Z, = / dv e~ A" [—r(B2 + B1) 4+ r(By — By) + O(vr?)] . (D91)
/Yo



Neglecting terms O(r) whose contribution vanishes when r» — 0, T get

2 (o)
Z = 7/ dv e~ 4" [1—7rByv— O(U2r2)] ,
/Yo

Z, = / dv e [—2rB; 4+ O(vr?)] .
r/yo

Evaluation yields

/A
Zy = T/—2/1/0—32/A,

Z, = 0,
with
1
A = 3 (42 + mg)Q[xQ + (1 —-x)%]/2,
By = —8(4I2 +m))k it (x—1/2) ,
1
By = 3 (42 +m2)? .
Hence, as in the canonical case, in Egs. (D39)) and (D40)
VA 2
= — — 2 - - O
V1221 " /Yo m2+(1—m)2+ (r)
W122/1/ = O(T) .

Consequently, the counterterm in Eq. (?7) must be

/A —=8(y) V2r
ro @2 +m2)\ 22+ (1-x)?

lim 4[/{122/1/ = —6(y)
r—0

which differs from the canonical case by the square-root factor. According to Eq. (??), the counterterm is

plp /pzp /
91 - Z /1221 # Oca Osp (—T{1Tsh)

0 seagull
12271/
y) V21
X 5 bldldyby
4r 4ZJ-2 +m32) \[ x2 + 2

where

y = (v —w1)/2,
= (k1/2/ k1l2)/2»

_ _ Tt +
1 = P1 /P12 , L1 = p1//P1/2' ’
mgzl—xl,ngzl—xll,
1 1 1 1 1 1
kis = xopy —T1py , kg = Topl — T1Dy -

c. Counterterm computation summary: extension to Ho

Start 20240907 13:41 sob Ekologiczna
In Eq. (D61) the canonical counterterm is

- - \/p1 p1/p2 p2/ ~ o a
uggeagull/F = Z /1221 = E— Osy (=17 T55)

c.a
12271/ 12

—d(y) v2r

Tt
W—‘,—)bdd?bl/’
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(D92)

(D93)

(D94)
(DY5)

(DY6)
(D7)
(DY8)

(D99)
(D100)

(D101)

(D102)

(D108)
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and in Eq. (D102) the boost invariant counterterm is

4/ iy
= Y [ Y G by (<11

Ut
seagull 12 c.a
12271/ P
—(5(y) vV 2 2 Tt
bididarbyr D109
dr (@2 4 m2) 22+ (1—a)2 1T (D109)
where F" denotes a suitable regularization factor and the variables are
y = (o —m)/2, 1 = (kby — k)/2, (D110)
r1T = pii_/Pl—g , Lo = 1—331 , L1 = p'f,/Pf,_Q, , Lo = 1—1‘1/ , (Dlll)
kiy = xopl —x1py , kiig = Twpli — x1py (D112)

The regularization factor F" for Z/lgzeaguu is set in the same way as in the third term in Eq. 1) that shows how the

canonical interaction term in Eq. is regulated. Namely,

F" = ffz,1+2 f1T'+2',1/2' ’ (D113)

where the mass parameter for the gedanken quanta of kinematic momenta Pjo = p; + p2 and Pjror = p1r + por is set to
any finite, fixed value that is smaller than my + mo. In the limit » — 0, the choice of the mass parameter in F" does
not matter because it is nullified by r anyways.

Appendix E: Review of the RGPEP single-quark term

Stop 20241115 23:42 pia Ekologiczna The whole evaluation of single-quark eigenvalue condition needed precise
verification!
Start 20241116 14:10 sob Ekologiczna I review the expressions, especially their signs, in the single-quark
case that suddenly appears so illuminating..

The RGPEP for 2nd-order terms, Eq.

7—[5,2)/ _ H’Hf,’H?(z)] ,Hf:| 4 H,Hfa,H?(l)} ’HEUL _ (E1)

Written in terms of p_°, for which the derivative of pt2 +m? vanishes, taking into account that there is no homogeneous
term, I drop the sum over quark spins,

_ — — — ~—p7)3%m2 T IyT
/[pq] (pq )/ b;j?qbpq = 2(pq _pqg)ﬂ-ge Qt(pq pqg) a4 [HIHI}E . (E2)

The momentum dependent factors are actually operators that insert functions in the integrand d In p_, there is a free
term that does not depend on s,

pL2 + m2 (5m2

Py = o + pj . (E3)
Therefore
L (6m2y
) = S (E4)
Eq. can be integrated explicitly.
t 2\/ t
6m‘r — — —27(p- —p . )2w2 T IyTr
/OdT /[pq] (p+) bl by, = 2(p, —pqg)wg/o dr e~ ~Poe) ™o [HTHT), (E5)
sm2 — 5m3 200, —DPad)™5 T oipr —p 2 -
/[pq] pt "= —2(pq_—qu)2372 [e ) 4,1} HiHi]y (E6)
q ag)"Tq
om? dm2 - _ -2 21 [HTHT]
P — = /[p]70+ 1 — e 2Py ~pgg)"my | T LLE (E7)
/ “opt “opt [ }pq — Pqg
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The divergences show up only in the term 1 in the square bracket; the exponential kills divergences. The counterterm
in dm? is designed to remove the gluon severe small-z divergences from

[Hf{{ﬂz: f)o’cf ) (ES)
Pg — Pqg

The divergence is computed in %, in Eq. (??), which is the same as 6m? considered here. This is false statement
because in the scattering p~ is replaced by P~ — (Q~, where P~ is the shell value and Q~ are the
spectators of the self-interaction.

20250627: See correction in scattering in Sec. [E0 4]

But besides the severely diverging terms there are also logarithmic terms, not included in the previous discussion
of the most severe terms in scattering and bound states. Nevertheless, the severe divergences suggest the definite
counterterm to themselves. Using Eq. (?7),

: HTHY
HEY = [ALIR H((]l) H(()l)} = HiHi)y - 1]_2 ) (E9)
z Pq — Pag
From HEY, T had obtained the full result for Eéz) in Eq. (??), which reads
=P 20p [ drd*k* N
q _ g UF €T Y oer2 EIO)
pt - pt 2(271-)3 D Y Pabg:p (

I also obtained the counterterm integrand to the severe small-z divergence, see Eq. (??7), and I discovered that
the ultraviolet quadratic transverse divergence can be also removed if the counterterm integrand is changed to
1/2? + 1/[2(1 — z)]. But then the discovery is that the numerator becomes very simple. Start 20241117 15:05 nie
Ekologiczna I check it now using p~ and taking advantage of the quark current conservation.

2 21.L —

- 5 T e e e o 0 =]

_ 9%Cr / do d’k* { %y —4m 2t }u -2 (E12)
pt ) 2@ P \Q-a)p (- —ps —pg)  (L—a)py?) TPePeP

_ G / S [ Apgp — 8m” oty } 2 (E13)
pt ) 2277 [(L—2)pf(p~ —pg —pg) (1—a)pg?] PPe?

The small-x severe divergence results from the last term, which means, from the current non-conservation in direction
of 1. The intermediate fermion four-momentum is

po = (—ap—k+ salp; — (2] (E14)

where kT = k= = 0. So, the integral of pk gives 0 and

. 4¢%°Cp [dxd*k*+ |N 1
div _ r2
Hy voer = pt / 202m)3 | D 22| ‘PaPaP (E15)
N = (1 -2)m®+ptkt + %er[p; —(1—x)p7] —2m?, (E16)
D = a(l—z)p* (0~ —p; —py) , (E17)
N 1 N

e 77
4 (D $2> p i Eq. (?77), (E18)
N = 4k + (1 —a)ml]/2* + 2(k72 + 2°m]) /(1 — z) , (E19)
D = z(1—a)p*(p” —p; —py) = x(l —z)(mi - Mj,) . (E20)
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Now I verify what is obtained by adding the modified counterterm integrand 4032) =4/2* +2/(1 — ) to N/D.

% +4/2* +2/(1—2) = (N+4D{1/2*> +1/[2(1 —2)]}) /D , (E21)
N+ D [4/2* +2/(1 - 2)] (E22)
= A2+ (1 — 2)m2)/a? 4 2k + 0Pm?) /(1 )
— z(1 —x)(M2 m3?) [4/2* +2/(1 - z) (E23)
= A + (1 - 2)m])/2® + 2(k2 + 2*m?) /(1 — z)
— z(1—x) [(ku—i-m V4 (k2 4+ m2)/(1 - z) —m?] [4/2° +2/(1 — )] (E24)
= A+ (1 - 2)m2)/a? + 2k + 0?m) /(1 )
= [F + (1= 2)m] + 2®m?] [4/2% +2/(1 - 2)] (E25)
= 4[(1 — z)m2]/2” + 22°m} /(1 — x)
- (1- m)m34/x2 -—(1- x)miQ/(l — ) —2*m?4/z? — 2*m?2/(1 — x) (E26)
= 4(1- x)mg/sc2 +222m?/(1 — x)
— 4(1- x)mg/x2 - 2m§ —4m? —m?22%/(1 — z) (E27)
= —(4m] +2m}) . (E28)

This confirms my original result. End of review 20241117 22:32 nie Ekologiczna

a. 20250627: Correction due to p~ — P~ — (@~ in self-interaction in scattering

[Hi HY]

div scattering __ 3 po
5 oo TP Q- (E29)
2 2.1 _
o | T T e e 05 )
_ 9%Cr / de dkt { %y —4m it i }u . -
pt ) 2027 Pl -a)pg (A= +d)  (1—x)pg? A= +d- [ PipaPer
where
AT =P QT —p ,d =p —pg—py - (E31)
Therefore,
,Hdzivp;cattering _ [Iif_Hﬂzpo E32)
— Pqg
_ 9*Cr / ded?k+ [ 4p,p — 8m? 4t d- } , )
Pt 22m)% (1 —2)pd (A= +d=) (1 —x)pf? A~ +d— | Paba?
_ £l / ded’kt [ dpgp—8m?  ApTpy } d” (E34)
pt 22r)3 |1 —2)pfd— (1 —a)pg?| A= +d=PaPo?
- QZCF/ngd%fl [ Apgp —8m* _ 4pTpg } < A) . (E35)
pr 2(2r)3 |1 —2)pfd= (1 —az)ps? A=+ d— ) 'paparp

The square bracket is as in the self-interaction in the RGPEP. The term with 1 in the round bracket can be treated by
the same counterterm as before in my flawed formula for scattering off-shell. The term with
A~ 1
_ E36
A~ +d- 1+d-/A- (E36)
tends to 0 like A™/d~, which is inverse of the gluon p_". Such factor eliminates 1/ 2% as well as quadratic transverse
divergence. I can return to the text on scattering and insert a comment about the off-shell result. 20250627: end of
correction to quark Y due to off-shellness.




b.  Evaluation of m%
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The quark self-interaction and its counterterm in Eq. (?7?) enter the quarkonium eigenvalue problem for Hyr. The

counterterm cancels the severe small-z divergence in Eq. (?7?)

o = 1/2* +1/[2(1 — 2)]

Num = 4k + (1 - x)mg}/xQ + 2k + 2*m?) /(1 — ),

Den = z(1—2)pt(p~ —Dq _pg_) = (1l —x)(m} - Mig)

~ Num
Y = 4/ +2/(1 —
S +4/a? +2/(1—a)

Den

R = Num + [4/2® +2/(1 — x)|Den
= 4k12 /2% 4262 /(1 —2) + 4(1 — x)m? /a® + 22°m /(1 — x)

+

R = 4kt%/2® 42k /(1 — 2) +4(1 — czj)ms/ﬂc2 +22?m? /(1 — )
+ [4/2* +2/(1 —2)] [~k — miz? — m2(1—z)] .

R = 4(1 - Jc)mﬁ/at2 +22°m? /(1 — )
— [4/a® +2/(1 - )] [miz® + m2(1 - z)] .

R = 4(1- :Jc)mg/x2 +22°m? /(1 — x)
— (4/3;2) [mfo + m§(1 — x)} —[2/(1 —2)] [m?xz + m§(1 — .73)]
= 4(1 - x)mf]/xQ +22°m? /(1 — )
— 4m? — 4m3(1 —x)/2® —2m?2z?/(1 — ) — Zm?]
= m; [22°/(1 —z) —4—22°/(1 — z)]

+ m2[4(1—x)/2* —4(1 —=z)/2* - 2] .

R = —4m] —2m] .

4m3 +2m?
(1= z)(MZ, —m3)
4m? + 2m’?
(1 —z) {k+2/[z(1 —2)] + m?/(1 — z) + m2/x —m?}
4m3 +2m?
o(1—z) {k12/[z(1 — 2)] + miz/(1 — x) + m2/x}
4m? +2m3

T R mi? e m2(1 )

Num
Den

M@
I

+4/at+2/(1-2) = -

Stop 20241113 01:53 sro Ekologiczna

_ Num + [4/2% +2/(1 — z)]Den .

[4/2* +2/(1 — 2)|e(1 — ) {m? — k*2/[e(1 — 2)] — m}/(L —x) — m?/} .

(E37)
(E38)
(E39)

(EA0)

(E41)

(E42)

(EA43)

(E44)

(E45)

(E46)

(EAT)

(E48)

(E49)

(E50)

(E51)

(E52)
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Appendix F: Formulas for TDW with mg not cancelling RGPEP

When the numerator factors are included,

Q) f'H (F1)

_ 926%./”dxd2kL PG — Py N 2 (F2)
pt ) 2@m)° pg —py +pg +pg —pm a(l—a)pt(py +pg —p7) T

N = 4,2+ (1 - l’)mﬁ]/l‘Q + 2k + 2?m?) /(1 — ) . (F3)

I have M? = m% —mg and

SHO)f'H (F4)
_ 9Cr /docd%l M? N Lyipy (F5)
pt 2(2m)3 M2+ pg(pg +pg —p~) (1 —)pg (pg +pg —p)

This is the same equation as Eq. (44) in [K. Serafin et al., Phys. Rev. D 109, 016017 (2024)]. Stop 20241119 04:44 wto
Ekologiczna Start 20241119 22:11 -; 23:13 wto Ekologiczna Before the subtraction is evaluated as above here, I have

fH(C) f'H (F6)

QQCF dx d*k* N ;210 P N ;217 P
_ qPg _ alg , F7
pt /2(27T)3»”6(1—96)p+ (p‘ —pqg —pg —A/Pt P —pg —py o
A = (m— m?)/x , (F8)
N = 4[kl2 +(1- 96)771‘(2]]/902 +2(k12 + *m?)/(1—=x), (F9)
D = a(l—2)p*(p —p; —p;) = z(1 —z)(m; — M2,), (F10)

according to Eq. (?7). Then

B ¢*°Cr [ dod’k*- N N
ruC = S [ | B (F1)
B = (1—x)(m% — ms) . (F12)

Now I can add and subtract the previously discovered integrand 082) that provided a counterterm to both 1/z? and

k+2 divergences, given in Eq. (??) as 052) =1/2% +1/[2(1 — 2)].

2 27,1
g°Crp dr d*k N N
SRS = pt / 2(2m)® |D-—B + 40&2) \D +40‘(12) ;fpg,p ) (F13)
B = (1—x)(mg—m)) . (F14)

Nothing has changed due to this adding and subtracting the same term. I have the result from Egs. (?77?), (??), and

(E52),

(2) 2 2
N e _ NAdog' D Ami+ 2m, (F15)
D a D -D
L = Nt 10P(D—B)  4m}+2m2+40”B (F16)
D-B @ D-B - -D+B '
Now I substitute D.
N 4m? + 2m?
440 = ! g F17
D% kL2 +mZa? + m2(1 —x) (F17)
N 4m? +2m? + 40 B

40?0 — F1
D-B %q kL2 4+ miz? +m2(1—z)+ B’ (F18)
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and then I substitute B, using

4(1 —
40PB = 40l (1 —z)(mg —m2) = %(mé —m2) +2mg — 2m] (F19)
so that
N L@ = 4m? + 2m£27 (F20)
D0 T kL2 4 mZa? + m2(1 —xz)
2 2 2 2y /.2
N L a® dmg + 2mg, + 421(1 - x)gmG —mg)/x 7 (F21)
D-B a k2 +mia? + mZ, (1 —x)
The difference Dif = | ] in Eq. (F13) is
Dif = 10® — (X 4 45 F22
T=pop Tt T\ p i (F22)
_ 4m3 +2m? B 4mg +2mg + 4(1 — z)(mg — m2)/x? (F23)
EL2+m2e? + m2(1—x) k2 +mfa?2 +m2(1 —2) + (mg —m2)(1—xz)’
or
. N N
Dif = —— +40(? - (D +4a§2>) (F24)
_ 4m? + 2m? am? + 2mg, + 4(1 — z)(mg — m) /x? (F25)
r(1—z)(M2—m?)  z(l —2)(M2—m?)+ (mg —m2)(1 —z)z/z
Calculational trick yields
z(1—2)Dif = z(1—2x) +40? — N + 40 (F26)
D—-B a D a
_ 4m3 +2m? B 4m3Z +2m?2 + (mg —m2)[2 +4(1 — x) /7] . (F27)
M2 —m? M2 —m? 4+ (mg —m?)/x
I tried some other ways of writing the same thing,
z(1 — z)Dif = (m% — mg) [ ], (F28)
[ ] = 4m? + 2m? B 2+ 4(1 — z)/2? (F29)
(M2 —m)[M2 —m? + (mE —m2)/x]  MZ—mZ+ (mE—m2)/x
or
z(1 — z)Dif = (m% — mi) [ 1, (F30)
4m + 2m? 2+4(1 —2)/2?
[ 1= 2 _ 2 2 _ 2 7 2 - (F31)
»T(Mg m;) (Mg —m7) MG —m;
The result to think about seems to be
2 27,1
, L g%Cr dz d?k o
= 1 —z)Dif F32
PO = T [ e s oDt 2, (F32)
z(1 —2)Dif = (mg —m2)[ ], (F33)
4m7 4 2m; 2+4(1 - x)/a?

Rl T T AT " e R T T

combined with Eq. (?7),

fou - ity [ () - [ o




and

z(1 — 2)Dif = (m% — mg) [ ]
(m3, — m2)(4m? + 2m2)
[(Eq + Eg)* = mi{z[(Eq + Eg)* — m7] + (mg — mg)}
(mé - m?)[?x +4(1 — 2)/x]

z[(Eq + Eg)? — m7] + mQG - m§

— mQG—mz 4mf+2m3 +4—2zx—4/x
z[(Ey + Eg)? — mf] + m% - mg (Eq+ Ey)? — m? '

In terms of E,

2
¢*Cr [ dQkdE —2t2(E2—m?2)2(x T /pT)2
FHO)IH = / A(B,z) e T
p+ 2(27‘()3
2 2 2 2
m% —m 4m; + 2m
AE _ g v 9442 —4 .
(B, z) z(E? —m?) +mg —m? | E2—m? ’ ’ /x]

Appendix G: RGPEP form factors in gluon exchange terms

From Egs. (??) and (?7?), in which r is replaced by s, or from Eq. (723)), I obtain

fio= fi, = et oot (/)2

=q ’

fo = fL, = o Olera-md (na/pf)?
»2q

From Egs. (C7) and (C8)), with z = 2y and
c = 4l¢2+m3 ser =4y, 25 =1—a+y|, sy = sgn(y),

I have

E—D24+m?2  (k+D2+m?
(pL+q)* —m3 x1(0/|2|+01)’“1:$y[( ) -1 : 1}’

r—vy Tty
(k+l)J‘2+m2 (k*l)J‘QerQ
(p2+a)* —m3 = w3(c/|z] +a2) | a2:5y[ l—z—y - l—z+y )

Sk skoskeo sk sk sk skostkeosk sk skoskosk sk sk skostkosk sk skoskosk sk sk skoskosk sk sk sk sk sk skoskosk sk sk skokosk sk skokeosk skoskokok sk sk skokosk sk skokok skoskoskokoskoskoskokokoskosk ko

a. Scheme for evaluating self-interactions in gauge theories

First there is the Hamiltonian term
H = / —guJ A f
F —
JUH = —gyTiy"yp

and the field operators

3 2
> / [P] [wpo Xcbpoce™ P + vpoXedhsee™ ]

w =
c=1o0=1
8 2

2 = 33 [ Tty 4 i),

c=1o0=1
8

¢ = Z/[p] [—iTcapgce_”n +iTCaL3ce’WL+_O .
c=1 B

111

(F36)

(F37)

(F38)

(F39)

(F40)

(G9)

(G10)



Hence,

~ T
H = —gu(-9) /[123]6C‘af [u1X1b1 + leldﬂ e [EgT?’ag +€§*T3a§} {ugxgbg + szng] .

Self-interaction means no pairs and no exchange.

Rewritten,

with

H = —/[123} dc.af [ﬁzfz& blbaas + jiael albiby + jiyes didias + jiyes aldldy

H = —g/“,/[123] bea S F

o= (—g) [ﬂli{’Y#TBUQXQ bJ{bQ — ﬁlx]{v“Tgvg)@ d;dl} [Ega:; +e5*a

T
3

o = [*gﬂw“uQ XIT%x2 biba + gi1v"va X{ T2 dﬁdl] [65@3 +ega

(5% olbs + 734 didi] [e5as + 2

vk T
3‘13}7

g = —guy'us XIT%x2 . 315 = gnirtve 1Tz -
Stop 20241220 20:30 pia San Dimas Start 20241221 10:38 sob San Dimas I simplify H.

]

T
3

}

112

(G11)

(G12)

(G13)

(G14)

(G15)

(G16)

(G17)

The self-interaction occurs in the square of H. Limiting H? to the self-interaction of fermions and anti-fermions, I have

H? =

%

+

Contraction of 3’

Jwzs) 6o

I:j:lg/2/53/ bi/leagl +j:13/2/5§/ a;bi/bg/ +3f/2/53/ dg/dlla,jg/ +j%/2/€§/ ag/dg/dll}

/[1//2//3//] Sc”.a”

.ol Q! —all —all

I:]::lgllzug?,” b—{ub2"a3" +]%//2//€§// a;//b'{//bQ” +]i}//2//53” d;//dl”a?,” +J§//2//E§// agud;//dl”]
179’3’ S .3/ t eyt all S -3/ * t o2t
[ ] 1/.2/3/ fjl,2,€3/ bl,b2/a31 [1 2 3 ] RUA f_71//2u€3// a3//b1//b2”

/[1’2’3’] S 1130 I:f;is/2/€3’ d;,dyag/} /[1”2"3"] S50 17 [fjfwf;" agwd;/dl”} ]

with 3" yields

H2 — /[1?’3’] 51/.2/3/ |:fjfl,2/83/ b{,bg/} /[1”2”] 53/1//.21/ {fjig’/,zzué'; bI//bQ”i|

+ /[1/213/] 821‘1/3/ {fji)’/,z/&“g/ d;,dll} /[1”2”] 53/2//.1// [f;lequé‘;/ d;//dl’/:| .

Contraction of fermions yields Continuing 20241227 13:16 pia San Dimas
/[2//} 53/2/42// |:fj§//2/15§/ b2//:|
+ /[1’2/3’} 52/_1/3/ {fjf/,yé“?)/ d;} /[1’/] 83/1/.1// |:fjf/’/1/€§/ dl//:| .

H? - /[1’2’3’] b1/ 23 [fjfg,as/ bH

Integration over 2" and 1” gives

H? - / [123] 61/ 213 [fjff2,e3f bH

+ /[1/2/3/] 52’_1/3/ [fj%/IQ/Eg/ d£/:|

1

Py + vy

1

Py + Y

.3/
I:f.7213/+2/ E:")k)/ b3’+2’:|

=3/
|:f]3/+1/1/5§/ d3/+1/:| .

(G18)

(G19)

(G20)

(G21)



Change of notation.

LR / / 23] 6105 fifo 3 by jSiet, blbi

1 *
+ /[2}17 /[13] 62 13 f1f2 § : 31250# ]511/601/ d;d2 .
2

co

Sum over the gluon polarizations and colors.

H? — / e /[23] 0193 dy f1f2 555757 bibr
1
1 C cv
+ /[2]p /[13] 0213 dyu fifo j557 dids -
2
Knowing that the Dirac fermion currents,

J = —gmntus AT, 55 = giintvs X(T%xe |

are conserved and using FF rules of kinematic momentum conservation,

q1 = P71 —P1L = Q42 = P3 — P2,
2 2 2 2
dv = —g" + 1 ntn” Mgl_ml _|_M92_m2
2qm, pi py

1
= —g" + 2072 n'n” (m? —qi +mj —q3) .
My

Evaluation of matrix elements
023 = d/u/ fife ]g];lf )
<I§|/[1}/[z3} duas 2% bibalu)
= 12|/ /23 ] 81.03 023 b bl/[56] P*3ps6 v (s, ksg)|56)
= /[ /[23} 51.93 023/[56] Pt5pse (s, kag)
% [(32] by [56) = (0]dsbs blbr bldljo)]
= /[1} /[23} 01.23 023/[56'] PF0pse 1(ws, k) 036 615 01
= /[23] 07 93 023/[34] Ptépse (w5, ki) 0z Ois
= 23512y 20 [16] P* B w1 k) B
= /[23] 01,23 023 PTp 15 (a1, ki)

1 ~
- /[mzké's]T-UZB P*opi5 ¥(x1, kiz)

1
Y- -
= p_i P*6p 5 v(wi, kis) -
1

>3k ok sk ok Sk ok sk ok >k sk ok sk ok sk ok skook skook sksk sk ok ok sk ok skok skosk skok sk sk ok skook skosk skok sk sk sk skosk skosk skosk skok skok sk ok skokoskokoskoskoskoskoskokoskoskokskk
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(G22)

(G23)

(G24)

(G25)

(G26)

(G27)

(G28)
(G29)

(G30)

(G31)
(G32)
(G33)
(G34)
(G35)

(G36)

(G37)
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b. Scheme for evaluating exchanges in gauge theories

First there is the Hamiltonian term

H = [ ~gurrav s, (G38)
Jo ::-j;¢7“7“¢, (G39)
and the field operators
32
S Z Z /[p] [upoxcbpgce_im + vpgxcd;;aceim]ﬁzo , (G40)
(,:1 a:l
AF = ZZ/[p] [eh TCapgce” 7" —l—eS;TCaLUCeipz]ﬁ:O ) (G41)
5;1 o=1
¢ = ;/[p] [—iTcapgce_im +Z'Tca;r)3ceimL+:0 . (G42)
Hence,
H = —g,,(—9) /[123}5c.af [U1X1b1 +01X1d”TVOV“ [5§T3a3 +5§*T3a:t,} [U2X2b2 +U2X2d£] .
(G43)
Exchange means no pairs and no self-interaction.
H = —g., / [123] dc.q XM, (G44)
X = (—g)f [ﬁlx];’y“T?’uQXQ bJ{bg — 171xify”T3v2X2 dgdl} {5§a3 Jrsg*a;] . (G45)
Rewritten,
X = f [—gﬂw“uz XITSXQ bJ{b2 + g1 yH v XITBXQ d;dl} {Ega,g —|—6§*a£] (G46)
= f |3% blbo + 2% dlds] [e5as + 57l (G47)
with
7 = —guy'uz XJT%x2 , 33 = goir've X[ Txa - (G48)
Stop 20241220 20:30 pia San Dimas Start 20241221 10:38 sob San Dimas I simplify H.
H::—/u%mmfpggﬂ@%+ﬁy§@ﬂ@+ﬁﬁ3£m%+ﬁ¢§@£m : (G49)

The exchange occurs in the square of H. Limiting H? to the exchange between a fermion and an anti-fermion, I have
H? = / [1'2'3"] ber.ar
e blb 3oehs albl by + jYyes did Yyl al,dld
x f J1r97€37 01,02:a3 + )719/E3: Q3,071,002 + J119/€3 Ao, A1/G3 + )710/E31 Gz, g, A1
X / [17273") 6o qr
.3// bT b ’3// * .I. bT b —.3// dT d —.3// * T dT d
X f J1rr9m €31 D1, 0201 Q30 +]1//2//53u Q3,101,021 +]1//2//83N o @111 Q31 +]1//2//53// Qg1 Qo A1
— /[1’2’3/] 51/.2/3/ |:ji)’//2/83/ bI,b21a3I:| /[1”2"3”] 53//2//.1// {3?:;2//83// a;,d;,dln}

+ /[1/2/3/] 52/.1/3/ pf:2/83/ d;,d1/a31:| /[1”2”3”} 53//1//,2// |:j?/l//2//€§// a;,/b'{ubgu} . (G50)



Contraction of 3’ with 3" yields

H? — /[1/2/3'] O1.23 {jf,’?g?), b}bgf} /[1”2”] PRY {jf;@'f;/ d;/dl”] fr

+ /[1’2/3/] 52/.1/3/ [55;2,53/ d;dl’:| /[1//211] 53,1/,_2// |:ji‘)’,/,2,,€§, bI/,bQ//] ff .

Integration over 3’ yields
Stop 20241221 14:05 Miki przyjechal Start 20241223 13:26 pon San Dimas

(1" — 2 c oy
P> /12 i >[Jf,2,ag, o] [0 5 [y, ] 15
1/_ 2

+ Z/ 1 2 ) {7?:2/53' dQ/dl’:| /[1//2//] Sc.a {jf’,/q,,s;, bi”bQ”} Ir.

Change of notation.

91 1’512 1’2’ *
H? - Z/ [121'2'] o G o Juses, bldldy by ff
1

9 ’ (S 191
+ 2/1212 vl 1;12 Jreon Jhaen, bidydaby ff .
Sum over the gluon 3 polarizations.

H? — 2/1212 O1-1012.172 1'512 Y2y g1 G5 bldbdaby £ f
-y

1

91' 1512 19/ e
+ Z/ [1212'] o Ay 15 555 bldbdoby ff

Knowing that the Dirac fermion currents,
it = —giy"us X{Tx2 , ith = gniy"ve X{T%2

are conserved and using FF rules of kinematic momentum conservation,

1
qm, = pf_pl'i_ 5

Q= Ppr—DPL, 92 =P5— P2,
U
e el

My

1,
5 M(Gm, +P2 —P3)

M, +PL=P1) = P3—P2+ 5

amr = _guu+

1 ~ _
9"+ Qan“n”(qmg +P1—P1+ G, + P2 —P3)
My

L (Mi | My
2Gm, jo P

1
= 252 ' (my — qi +my —q3) -
mg

= —gMV—|—

I universally have the QQ gluon exchange term in the form

# o 3 [0 b S i Wtk 1

mg
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(G51)

(G52)

(G53)

(G54)

(G55)

(G56)
(G57)

(G58)

(G59)

(G60)

(G61)

(G62)

This confirms my earlier results and conventions and ends the scheme of evaluating the Hamiltonian term of gluon

exchange between Dirac fermions.



Evaluation of matrix elements. Start 20250108 09:00 -; 09:20 czw San Dimas

Hypothesis:

Check:

d _
. nz -pic sve
o1 = —— fife Jiv Jaa s
My

<ié| /[122/1/] 812,2/1/ 012271/ b{d;dzlbl/ /[56} P+SP.56 w56($57k§5)|56>

/[122'1/] 12,9117 12901/ /[56] Pt op 56 1s6(s, kag)

(0|dsb; bldbdabys bLdg|0)

/[122'1/] 12,9117 12901/ /[56] Pt 0ps6 Use(ws, kis) 015 026 07, 05y

/[2/1/] 512.2/1/ 01321/ P*opyy ¢1'2/(=’U1’»kf72')

{/[2'1'] = /[Pl'zf} /[xllkﬁz,]} Ois.1 Tizpr Prop1a dra (21, kiry)

/[P1’2'] /[ml’kf@] 512.2'1/ 015211/ P+SP.1'2' 1/11/2’($1’,kf72/)

B o
P+5P.ié/[$1/kle} L2 4o (217, kg )

P+

Appendix H: Evaluation of W denominators

-1

[P = Py ]+ [Py — B3]

a7 —ame] "+ a5 —apn.]

-1
= [pT =0 —dme] [Pz P2 — ]

1

= [a&r

-1

1

:HZ

1

— — — + — —
LP1y —P1 —4me P2 — Py

1

_qu:|

-1

+ 92[ — — — + — =
P1 =P —dmg P — P2

1

—Admg

|

1

— ]+ lar -

= 92

Py + Doy —P1 — Py — dme

+ —
p1 T+

Dy — D1 — Do qEJ

1 1
+ 0_, | — — — — — — — — =
Dy +DPy =Py =Py —dmg Pyt Dy — Py — Do
1 1
=40, — — — — + — — — —
Pllz,—pl—pg—%nc P12_pl_p2_qmc
1 1
+ 0_, — — — — + — — — -
Pu*pl*pg*qmc P1’2/7plfpliqu
1 1
= — — — — + — — — —
P12—pl — P2 —l4mg P1/2’_pl — P2 — dmg

= [sz—P:)?]_lJr[PEz/—P{]

-1

|

_qglc}
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(G63)

(G64)

(G65)
(G66)

(G67)
(G68)
(G69)

(G70)

(H6)

(H7)

(H8)
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Check completed above Now 20241226 15:15 czw San Dimas

:q’—%lg - 2‘;9} [qf j G | & 1%@] (H9)

1 1
T T )@ — ame) " (a5 + ahe) gy — q;G)] (H10)
N (@1 + dme )1(q1 — ) * (g2 + qmc)l(QQ - qu)] (H11)
BT —lqﬁnc & —1q?nj B [q% —lmg T2 _1 mg] (H12)

1 1
— + . H13
(i —m2) pz+(mé—m§)} (F13)

Stop 20241226 22:12 czw San Dimas po powrocie z Altadeny

1. Gluon mass in bound states

Moreover, on the basis of [K. Serafin, M. Gomez-Rocha, J. More and S. D. Glazek, Dynamics of heavy quarks in the
Fock space, in preparation], one can expect that the results for quarkonium states are not significantly sensitive to the
value of mq already when it exceeds ~ 0.5 GeV for c¢ or ~ 0.8 GeV for bb states. However, the Hamiltonian H of
Eq. (??) depends on the gluon mass parameter mg,, which requires consideration of the limit m, — 0.

Stop 20240907 23:41 sob Ekologiczna

Appendix I: COMMENTS to include on technical issues

Estimates of error: symmetries of the spectrum, such as rotational symmetry. Dependence on s > 0. Convergence of
eigenvalues like in papers with Wilson and Mlynik. Fate in QCD allows one to check “the magnitude of errors” by
comparison with data.

RGPEP does more for us than the Melosh transformation did, ¢f. [68, [69], because it provides the relation between
the current and constituent quarks no matter in what frame of reference one works.

We have opened access to small-x logarithmic effects that point out how to look for confinement on the Hilbert
space of QCD. How is this related to logarithmic running of the coupling constant?

Hamiltonian approach and relativity: The role of the fixed point.

Binding in quantum mechanics requires mass defect and I secure the mass defect by positive mss squared counterterms
that tend to infinity when mgy — 0.

Relativity and counterterms, why would the results be relativistic? Only for relativistic value of the coupling
constant?

The issue has a long history, starting with the pre-QCD treatment light quarks [68], [69].

The transition amplitudes, obtained using perturbation theory, involve the quadratic, linear (for sharp cutoffs), and
logarithmic dependence on A.

Jump to Sec. 7?7, Eq. ?7?). Also: Explain the relationship to AdS/QCD inspired phenomenology via
1/y in the integral over y that results from writing [+ = \/muL, or using the transverse momentum
transfer variable ut = [+ \/m

The effective theory cannot be derived in perturbative expansion by any procedure that does not neutralizes small
denominators because small-z and large k+ divergences are sensitive to the small denominators.

H® = fHP +C8) + (fo = fsf)AHD HY (
= fHPD +CO + (fo — fof ) AHDHY — ff1HP (
= [THO +CE+(f = 1) [AHOHEY + B (13

H® = HZ + 03 +c3) . (

T se T se
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H® = fHP +CF + (fs = fof)AHMHY (I5
= LHD +CP + (fo— £uf) [AHOHD + BO| — (f = £HHP (16

= [THO +CP 4+ (f = 1) [AHOHD + HP] (17
H? = HY + 2 +0? . (I8

H® = [HD + O+ (f = 1HAHVHY (19)
= FHP +CP +(f = f) |[AHOHED + B - (f - 11)HY (110)
= [TE@ +CP + (f - £) [AHOHD + HP] . (111)

Once the severe small-z singularities ~ 1/2? are under control one can begin studies of the logarithmic effects due to
terms ~ 1/x. An example of such effects is provided in the case of heavy quarkonia where the logarithmic divergences
are capable to describe confinement in the following way: in the limit mg — 0 the quark self-interaction terms diverge
but the exchange cancels the divergence in colorless states.

(More readable exposition, explanation of boost to IMF = larger P means less evolution from bare theory, which
explains Bjorken scaling and its violation.) The infrared singularities in the limit of vanishing gluon mass are handled
using the general features of the RGPEP. Namely, all small denominators are absent in perturbative computation
of renormalized Hamiltonians. The mechanism is somehwat similar to the one found in models in 141 dimensional
QCD of a large number of colors, except that the transverse momenta are included and taken care of by the RGPEP
factors. The distinct logarithmic small-x divergences, specific to the front form of QCD, can thus be identified and
shown to cancel out. The cancellation occurs for globally colorless states and hints at a computationally verifiable
scenario for describing confinement of color. Unlike in the lattice or perturbative forms of QCD, the scenario applies
to the renormalized Hamiltonian operator acting in the space of states of virtual quarks and gluons.

The separation of the small-x divergences from genuine infrared problems with emission or absorption of infrared
gluons is facilitated by the RGPEP design which eliminates small energy denominators from perturbative computation
of renormalized Hamiltonian operators.

The key to the cancellation of severe small-z divergences, ~ 1/x2, using gluon mass and 3 polarization states, is
that the nn part of the gluon exchange can be written as a sum of the term with (p; — p2)? and a term opposite to the
seagull. The part with (pl — p2)? provides the factor 22 in the numerator. It also contains a small denominator. But
the small denominator is canceled by the RGPEP factor f — ff. The seagull and exchange divergences ~ 1/x? cancel
each other exactly. One could introduce counterterms for both. These would be opposite to each other. But they would
also include small denominators with k2 4 mg. Such denominators would make the counterterms infrared divergent
when my — 0. Using my trick with the 3rd gluon, I avoid the infrared transverse denominator that could cause
logarithmic infrared divergence in the limit my — 0, because of the restoration of the seagull-exchange cancellation of
the nn terms.

Gluon mass my is not used to regulate the infrared divergences, such (§? + mg)*2 for small gluon momentum ¢.
These will be overcome using the RGPEP. But the gluon mass is helpful in handling the small-z singularities that
appear at all scales simultaneously.

The degree of evolution depends on PT. The larger P the less evolved the effective particles.

‘t Hooft model is no accident: it works because the leading singularities in QCD cancel out and produce the same
output.

Separation of the most singular terms from the logarithmic dynamics is possible because of the identities implied by
the current conservation, RGPEP analogs of the Slavnov-Taylor identities (Craig Roberts).

(More readable exposition, explanation of boost to IMF = larger Pt means less evolution from bare theory, which
explains Bjorken scaling and its violation.) The infrared singularities in the limit of vanishing gluon mass are handled
using the general features of the RGPEP. Namely, all small denominators are absent in perturbative computation
of renormalized Hamiltonians. The mechanism is somehwat similar to the one found in models in 141 dimensional
QCD of a large number of colors, except that the transverse momenta are included and taken care of by the RGPEP
factors. The distinct logarithmic small-x divergences, specific to the front form of QCD, can thus be identified and
shown to cancel out. The cancellation occurs for globally colorless states and hints at a computationally verifiable
scenario for describing confinement of color. Unlike in the lattice or perturbative forms of QCD, the scenario applies
to the renormalized Hamiltonian operator acting in the space of states of virtual quarks and gluons.
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The separation of the small-x divergences from genuine infrared problems with emission or absorption of infrared
gluons is facilitated by the RGPEP design which eliminates small energy denominators from perturbative computation
of renormalized Hamiltonian operators.

The key to the cancellation of severe small-z divergences, ~ 1/z2, using gluon mass and 3 polarization states, is
that the nn part of the gluon exchange can be written as a sum of the term with (p; — p2)? and a term opposite to the
seagull. The part with (p1 — p2)? provides the factor 2 in the numerator. It also contains a small denominator. But
the small denominator is canceled by the RGPEP factor f — ff. The seagull and exchange divergences ~ 1/x2 cancel
each other exactly. One could introduce counterterms for both. These would be opposite to each other. But they would
also include small denominators with k2 + mi. Such denominators would make the counterterms infrared divergent
when m, — 0. Using my trick with the 3rd gluon, I avoid the infrared transverse denominator that could cause
logarithmic infrared divergence in the limit my, — 0, because of the restoration of the seagull-exchange cancellation of
the nn terms.

Gluon mass my is not used to regulate the infrared divergences, such (7% + mﬁ)_2 for small gluon momentum ¢.
These will be overcome using the RGPEP. But the gluon mass is helpful in handling the small-z singularities that
appear at all scales simultaneously.

The degree of evolution depends on PT. The larger Pt the less evolved the effective particles.

‘t Hooft model is no accident: it works because the leading singularities in QCD cancel out and produce the same
output.

Separation of the most singular terms from the logarithmic dynamics is possible because of the identities implied by
the current conservation, RGPEP analogs of the Slavnov-Taylor identities (Craig Roberts).
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