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Abstract Recently the proof of the factorization in heavy
quarkonium production in the NRQCD color octet mecha-
nism is given at next-to-next-to-leading order (NNLO) in the
coupling constant by using diagrammatic method of QCD. In
this paper we prove factorization in heavy quarkonium pro-
duction in the NRQCD color octet mechanism at all orders
in the coupling constant by using the path integral method of
QCD. Our proof is valid to all powers in the relative veloc-
ity of the heavy quark. We find that the gauge invariance
and the factorization at all orders in the coupling constant
require gauge-completed non-perturbative NRQCD matrix
elements that were introduced previously to prove factoriza-
tion at NNLO.

1 Introduction

In the last two decades, the NRQCD color octet mechanism
[1] for heavy quarkonium production has been very success-
ful in explaining experimental data at high energy colliders
such as at Tevatron [2—-10] and at LHC [11-28]. In its original
formulation [1] the proof of the factorization in heavy quarko-
nium production in the NRQCD color octet mechanism was
lacking. The proof of the factorization is an essential require-
ment to study heavy quarkonium production at high energy
colliders. Factorization refers to separation of short-distance
effects from long-distance effects in quantum field theory.
Recently the proof of the factorization in heavy quarko-
nium production in the NRQCD color octet mechanism is
given at next-to-next to leading order (NLLO) in the cou-
pling constant by using diagrammatic method of QCD [29—
31]. However, the proof of factorization in heavy quarkonium
production in the NRQCD color octet mechanism at all orders
in the coupling constant is still missing. In this paper we will
prove factorization in heavy quarkonium production in the
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NRQCD color octet mechanism at all orders in the coupling
constant by using the path integral method of QCD.

The typical non-perturbative NRQCD matrix element in
heavy quarkonium production is given by [1]

(010,10) = (01x T (0)K,£(0) (af;am)ET O)K,x (0)|0) (1)

where £ is the two component Dirac spinor field that anni-
hilates a heavy quark, yx is the two component Dirac spinor
field that creates a heavy quark, aL is the operator that creates
the heavy quarkonium H in the out state. The factors K, and
K| are products of a color matrix (either a unit matrix or 7¢),
a spin matrix (either a unit matrix or o), and a polynomial
of the covariant derivative D. The color and spin indices on
the fields x and & have been suppressed.

The production cross section for heavy quarkonium H at
transverse momentum Pz in NRQCD factorizes into a sum
of perturbative functions times universal matrix elements,

dUA+B—>H+X(PT) = Zd&A+B—>QQ[11]+X(PT) (On) (2)
n

where each NRQCD non-perturbative matrix element (O,,)
represents the probability of a heavy quark—antiquark pair
in state [n], such as a color singlet or a color octet etc., to
produce the heavy quarkonium state H.

The fragmentation function for parton i to evolve into a
heavy quarkonium at large Py is factorized according to [32]

Dryi(zme, 1) = Y d;_, o512 mer 1) (On) 3)
n

in terms of the same NRQCD non-perturbative matrix ele-
ments, along with perturbative functions d; _, 00[n] (z, me, 1)
that describe the evolution of an off-shell parton into a heavy
quark—antiquark pair in state [r], such as a color singlet or a
color octet etc.

In a first glance it can easily be seen that the non-
perturbative NRQCD matrix element in Eq. (1) is not gauge
invariant unless it is a color singlet S-wave non-perturbative
matrix element. Hence one expects that any non-canceling
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infrared divergences in the perturbative Feynman diagrams of
heavy quark—antiquark production with short-distance coef-
ficient cannot be factorized into the definition of the non-
perturbative NRQCD matrix element in Eq. (1) in the study
of heavy quarkonium production at high energy colliders in
the NRQCD color octet mechanism.

This is explicitly shown in [29-31] where the NNLO
coupling constant calculation shows that the above non-
perturbative NRQCD matrix element in Eq. (1) is not con-
sistent with factorization of infrared divergences unless it is
a color singlet S-wave non-perturbative matrix element. By
using the calculation at NNLO in the coupling constant and
to all powers in the relative velocity of the heavy quark it
was shown in [29-31] that the octet S-wave non-perturbative
NRQCD matrix element which is gauge invariant and is con-
sistent with the factorization of infrared divergences is given
by

(010410) = (01 T (0)K,.e£(0) 2V (0),
x(ayam) @Y 000t 0K, . x (0|0) (@)

where

o0
™ (0) = Pexp [—igT<A)c / du.A“(l)\)],
0
(T(A)C)ab — _ifabc (5)

is the gauge link or the non-abelian phase in the adjoint rep-
resentation of SU(3), A*“(x) is the gluon field, P is the path
ordering and /" is the light-like four-velocity.

Note that a necessary condition for NRQCD factoriza-
tion is that the long-distance behavior of the non-perturbative
NRQCD matrix element must be independent of the light-
like vector /**. Such a dependence would be inconsistent with
NRQCD factorization because the infrared divergences of
(O,,) must match those of the cross sections, in which there
is no information on /**. In [29-31] we have verified the /"
independence of the infrared pole at NNLO in the coupling
constant and to all powers in the relative velocity of the heavy
quark.

Since the NRQCD matrix element in Eq. (1) is a non-
perturbative quantity in QCD it cannot be calculated by using
perturbative QCD methods. It is well known that a non-
perturbative function cannot be studied by using perturbative
methods, no matter how many orders of perturbation theory
are used. Hence the path integral formulation (as opposed to
diagrammatic method using perturbation theory) is necessary
to study the properties of non-perturbative quantities in QCD
at all orders in the coupling constant. The only path integral
formulation to study factorization of soft and collinear diver-
gences at all orders in the coupling constant in quantum field
theory is given by Tucci in [33], which is exact for QED but
is not exact for QCD. We have extended this path integral
approach to QCD to prove factorization in QCD at all orders
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in the coupling constant in [34]. In this paper we will extend
this path integral approach to prove NRQCD factorization
at all orders in the coupling constant in heavy quarkonium
production. We will prove that the long-distance behavior
of the non-perturbative NRQCD matrix element is indepen-
dent of the light-like vector /#* at all orders in the coupling
constant.

The paper is organized as follows. In Sect. 2 we briefly
describe the lagrangian density in NRQCD and in QCD. In
Sect. 3 we discuss infrared divergences in NRQCD and in
QCD. In Sect. 4 we include the heavy quark in the path inte-
gral formulation of QCD. In Sect. 5 we describe infrared
divergences in NRQCD and the light-like Wilson line in
QCD. In Sect. 6 we show that the eikonal current of the
light-like charge generates pure gauge field in quantum field
theory. In Sect. 7 we show how the pure gauge field in quan-
tum field theory can be used to describe soft (infrared) diver-
gences. In Sect. 8 we study the heavy quark—antiquark non-
perturbative matrix element in the presence of a light-like
Wilson line in QCD. In Sect. 9 we prove factorization in
heavy quarkonium production in the NRQCD color octet
mechanism at all orders in the coupling constant and to all
powers in the relative velocity of the heavy quark. In Sect. 10
we show that the factorization theorem is a key ingredient in
calculation of NRQCD heavy quarkonium production cross
section at collider experiments. Section 11 contains conclu-
sions.

2 Lagrangian density in NRQCD and in QCD

The lagrangian density in QCD including heavy quarks is
given by [35]

3
1 ,
—ZF;‘VF‘”“ + Y Wily" Dy — milyn
=1

+W[y*D, — MV (6)

Locp =

where F"'“ is the full non-abelian gluon field tensor, ¥ is
the Dirac field of the light quark (I = u, d, s), W is the Dirac
field of the heavy quark, D* is the covariant derivative, y*
is the Dirac matrix, m; is the mass of the light quark and M
is the mass of the heavy quark.

In NRQCD an ultraviolet cutoff A ~ M is introduced.
The lagrangian density in NRQCD is given by [1]

LNRQCD = Liight + Lheavy + L @)
where

] 3
Liight = =7 Fi, F"" + Y D — mulyn, @®)

=1
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D’ D?
[fheavyst iDt“FW ";:‘f‘X [ZDt_w} X )

and
"% — x"(D*)x]
SMz[s (D - gE — gE - D)

—x (D~gE—gE~D)x]
[é (@iD x gE — gE x iD)

8L =
8M3

8M2
o€ — XT(iD x gE — gE x iD) -0 x]

-2 [£TgB ot — xTgBox]+ - (10)
2M

where D; and D are the time and space components of the
covariant derivative D* and E and B are electric and mag-
netic components of the gluon field tensor and o is the Pauli
spin matrix. The dimensionless coefficients cy, ¢3, c3, c4, etc.
in Eq. (10) are obtained by matching NRQCD with QCD [1].

3 Infrared behavior in NRQCD and in QCD

Note that in order for the factorization formula to hold in
Egs. (2) and (3) the perturbative functions have to be infrared-
safe by definition because the infrared limit corresponds to
long-distance regime [1]. However, as found in [29,30] the
NNLO infrared pole contribution to order v is given by

210
S3¢ 4

which is not zero where v is the relative velocity of the
heavy quark—antiquark pair. Equation (11) is in the rest frame
of the heavy quarkonium (1B = 0) where P* is the four-
momentum of the heavy quarkniuom and /# is the four-
velocity of the light-like Wilson line which is fixed to be
[* = §"~ along the minus light cone direction in [29-
31]. The presence of a non-zero infrared pole in Eq. (11)
implies that infrared poles will appear in perturbative func-
tions at NNLO and beyond when the factorization is car-
ried out with octet non-perturbative NRQCD matrix element
(xTK,& (a;,a mETK 1 x) in the conventional manner as given
by Eq. (1)in Egs. (2) and (3). On the other hand, when defined
according to its gauge-completed form as given by Eq. (4)
each octet non-perturbative NRQCD matrix element itself
generates precisely the same pole terms given in Eq. (11)
above. This conclusion is valid to all powers in v at NNLO
in the coupling constant [31]. Thus NRQCD can accommo-
date these corrections. Hence our main aim in this paper is
to prove that Eq. (4) is valid at all orders in the coupling
constant.

Note that in NRQCD an ultraviolet cutoff A ~ M is
introduced [1]. Hence the ultraviolet (UV) behavior of QCD

2(P,v,)=«o 1D

and NRQCD differ. However, the infrared (IR) behavior of
QCD and NRQCD remains same [36]. Hence the infrared
behavior in NRQCD can be obtained by studying the corre-
sponding infrared behavior in QCD. Since the matrix element
of the type (X*Kné(a;{aH)STK{iﬂ is the non-perturbative
NRQCD matrix element, it is natural to study its infrared
behavior at all orders in the coupling constant by using the
path integral method. Hence we will use the path integral
method of QCD in this paper.

4 Heavy quarks and the path integral formulation
of QCD

The generating functional in QCD including the heavy quark
is given by [35,37]

Z["? Uua T_Iua 77d» r_)dv 773" ﬁSa 77h’ ﬁh]
= / [d Q1A 1[d Y 1[dy2 1[dy 1[d Y3 ][dyrs 1 [d W] [d W]

(2207
Swb

. 1 1
¢ [ P01 - 50,0 40+

3
+ ) [Wliv* o, —mi + gTv* Q41w
=1
+ i + Yl + Wliy"o, — M
+ 8Ty QNI + MV + Wiy (12)

where Q"¢ is the quantum gluon field, the symbols [ =
1,2,3 = u, d, s stand for three light quarks u, d, s, and the
symbol & stands for heavy quark and

Fi,101 = 0,08 (x) — 8,0%(x) + gf** 0h (x) 05 (x),
F“2 L[01=F [01F"[Q]. (13)

In Eq. (12) the 7,, 14, 7y are external sources for u, d, s
quark fields, respectively, and 7, is the external source for
the heavy quark field and the term 6(6:;0)# is the deriva-
tive of the gauge fixing term under an infinitesimal gauge

transformation [35,37]
5" = gf " QMo + 3o (14)
Note that the determinant det(a(a"“Q )) n Eq. (12) can be
expressed in terms of path 1ntegrat10n over the ghost fields
[35]. However, we will directly work with the determinant
det(*%C0) in Eq. (12).

For the heavy quark Dirac field W (x), the non-perturbative
matrix element of the type (0| W (x) O, ¥ (x) ¥ (x") O}, ¥ (x)|0)
in QCD is given by [33]
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(01¥ (x) 0, W (X)W (x") O, W (x)[0)
8 8 s ., 8
TS (x) SR (x) Snp(x) " Sijp(x”)
X Z[J’ nLh T_’uv ndv r_}dv nS’ r_’.h 77h, ﬁh]

X | I =nu=iu=na=ia=ns=iy=nn=np=0 (15)

if the factors O, and O;, are independent of quantum fields
where the suppression of the normalization factor Z[0] is
understood as it will cancel in the final result (see Eq. (133)).

5 Infrared divergences in NRQCD and light-like Wilson
line in QCD

The gauge transformation of the quark field in QCD is given
by

Y0 = 4T Oy (), (16)

Hence one finds that the issue of gauge invariance and factor-
ization of infrared divergences in QCD can be simultaneously
explained if @?(x) can be related to the gluon field A*“(x).

Before proceeding to the issue of gauge invariance and
the factorization of infrared divergences in QCD let us first
discuss the corresponding situation in QED. The gauge trans-
formation of the Dirac field of the electron in QED is given
by

Y (x) = Wy (). (17)

Hence we can expect to address the issue of gauge invariance
and factorization of infrared divergences in QED simultane-
ously if we can relate the w(x) to the photon field A*(x).

In QED the infrared (or soft) divergence arises only from
the emission of a photon for which all components of the
four-momentum are small. The eikonal propagator times the
eikonal vertex for a soft photon with momentum & interacting
with a light-like electron moving with four-momentum p*
is given by [33,34,38-47]

pH Iz
e — =€ -
p-k+ie l-k+ie

(18)

where [ is the four-velocity of the light-like electron. Note
that when we say the “light-like electron” we mean the elec-
tron that is traveling at its highest speed which is arbitrarily
close to the speed of light (|Z| ~ 1) as it cannot travel exactly
at the speed of light (|7 | = 1) because it has finite mass even
if the mass of the electron is very small. From Eq. (18) we
find

d*k - Ak) '/Oodk
—_— = —¢€l
Qm)*l -k +ie 0

/d4k krp . Ak) = i /Oodu Al 19
X We “Ak) =ie 0 AN (19)
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where the photon field A* (x) and its Fourier transform A* (k)
are related by

d*k
Q2m)*
From Eq. (19) we find

APt (x) = AP (k)e'* . (20)

ie/oodkl A =i/d4xJ“(x)Aﬂ(x) (21)
0

where the eikonal current density J#(x) for the light-like
charge e is given by

JH(x) = el* / dAs@® (x — In). (22)

Now consider the corresponding Feynman diagram for
the infrared divergences in QED due to the exchange of two
soft photons of four-momenta k’f and kg . The corresponding
eikonal contribution due to the exchange of two soft photons
is analogously given by

2 d*k,  d*k, 1-Alko)l - Aky)
Q2m)* Qo) (- (k1 + ko) +i€)(I - ki + i€)

o0 o0
=e2i2/ dm/ dril - A - Adlny)
0 A2

62i2 00 [
= —/ d)»z/ daql - AU - A(Ny). (23)
2! Jo 0

Extending this calculation up to infinite number of soft pho-
tons we find that the eikonal contribution for the infrared
divergences due to soft photons exchange with the light-like
electron in QED is given by the exponential

eiefo dM-Ad) (24)

where [* is the light-like four-velocity of the electron. The
Wilson line in QED is given by

e @5

When A*(x) = A" (IA) as in Eq. (24) then one finds from
Eq. (25) that the light-like Wilson line in QED for infrared
divergences is given by [48]

eie Jo dxtAL() _ —ie [§T dAAGHR) e f5F dAl-AUL) (26)

Note that a light-like electron traveling with light-like four-
velocity I#* produces U(1) pure gauge potential A*(x) at all
the time-space position x** except at the position X perpendic-
ular to the direction of motion of the electron (i -X = 0)atthe
time of closest approach [40,49,50]. When A*(x) = A*()Al)
as in Eq. (24) we find [ - X = Al - [ = A # 0, which implies
that the light-like Wilson line finds the photon field A*(x)
in Eq. (24) as the U(1) pure gauge. The U(1) pure gauge is
given by

A*(x) = 3t (x), (27)
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which gives from Eq. (26) the light-like Wilson line in QED
for infrared divergences

piew() ,—iew(0) _ eiefo*' dx* A, (x)

— pmie o WLAGHD) yie [§FBEAG) - (0g)

which depends only on the end points 0 and x* but is inde-
pendent of the path. The path independence can also be found
from Stokes’ theorem because for pure gauge

F*(x) = " A" (x) — 3" A*(x) =0, (29)
which gives from Stokes’ theorem

ole o del Ap ) _ e [gdy!dxFun () — (30)

where C is a closed path and S is the surface enclosing C.
Now considering two different paths L and M with the com-
mon end points 0 and x* we find

eiefc dxltA,(x) eiefL dx“A/L(x)fiefM dxltA,(x) 1, 31)

which implies that
oie Jo dxt AL ) (32)

depends only on the end points 0 and x* but is independent of
the path, which can also be seen from Eq. (28). Hence from
Eq. (28) we find that the abelian phase or the gauge link in
QED is given by

emie JoT dAAGHD) _ piew(x) (33)

From Eqgs. (17) and (33) one expects that the gauge invari-
ance and factorization of infrared divergences in QED can
be explained simultaneously.

One can recall that the gauge invariant greens function in
QED

X

G(x1, x2) = <0|1p(x2) X exp [ie/ de”A,L(x)i|

1
x1//(x1)|0> (34)

in the presence of a background field A* (x) was formulated
by Schwinger long time ago [51,52]. When this background
field A*(x) is replaced by the U(1) pure gauge background
field as given by Eq. (27) then one finds by using the path
integral method of QED that [33]

@01 (x2) P (x1)]0) g€ D
= (0] (x2) ¥ (x1)|0)

= e 1l PLACHD (011 (x7) Y (x1)[0) 4
weilo M- A G+ (35)

which proves the gauge invariance and factorization of
infrared divergences in QED simultaneously. In Eq. (35) the
(0] (x2) ¥ (x1)]0) is the full Green’s function in QED and
(0] 1} (x2) ¥ (x1)]0) 4 is the corresponding Green’s function in

the background field method of QED. This path integral tech-
nique is also used in [44] to prove factorization of infrared
divergences in non-equilibrium QED.

Hence we find that the gauge invariance and factorization
of infrared divergences in QED can be studied by using the
path integral method of QED in the presence of a U(1) pure
gauge background field. Therefore one expects that the gauge
invariance and factorization of infrared divergences in QCD
can be studied by using the path integral method of QCD in
the presence of a SU(3) pure gauge background field.

Now let us proceed to QCD. In QCD the infrared (or soft)
divergence arises only from the emission of a gluon for which
all components of the four-momentum are small. The eikonal
propagator times the eikonal vertex for a soft gluon with
momentum k interacting with a light-like quark moving with
four-momentum p* is given by [33,34,38-44,47]

pH M

Y S - 36
S pktie ¢ (30

[ k+ie

where [ is the four-velocity of the light-like quark. Note that
when we talk about the “light-like quark” we mean the quark
that is traveling at its highest speed, which is arbitrarily close
to the speed of light (|f| ~ 1) as it cannot travel exactly at the
speed of light (|f | = 1) because it has a finite mass even if
the mass of the light quark is very small. On the other hand
the gluon is massless and hence it always travels at the speed
of light and is exactly light-like. From Eq. (36) we find

d* - A%(k) o0
T¢ = _oT% dx
§ Q) ktie ° 1/0

x/ d*k KA LAY (k) = igT® /-oo dal - A“(Ir)
(27.[)4 0
(37)

where the gluon field A*“(x) and its Fourier transform
AM4 (k) are related by

d*k
(2m)*

AP (x) = AP (k)etkx (38)
Note that a path ordering in QCD is required, which can be
seen as follows; see also [46]. The eikonal contribution for
the infrared divergence in QCD arising from a single soft-
gluon exchange in Feynman diagram is given by Eq. (37).
Now consider the corresponding Feynman diagram for the
infrared divergences in QCD due to the exchange of two
soft gluons of four-momenta ki‘ and kg . The corresponding
eikonal contribution due to the exchange of two soft gluons
is analogously given by

2/ d*ky d*ky T - A%(ko)TP1 - AP (ky)
Qm)* Q)4 (- (k1 + ko) +ie)(l - ki + i€)

oo o0
=g2i2/ dAQ/ dA T - A% TP - AP ()
0 A2

@ Springer
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g2i2 00 o0
= TP/ dsz dA T - A%(Ia) TP - AP ()
. 0 0
(39

where P is the path ordering. Extending this calculation up
to an infinite number of soft gluons we find that the eikonal
contribution for the infrared divergences due to soft gluons
exchange with the light-like quark in QCD is given by the
path ordered exponential

P exp [ig /Ooo dal - A“(ZA)T“] (40)
where [** is the light-like four-velocity of the quark. The
Wilson line in QCD is given by

Peis i &t ALY @n
which is the solution of the equation [53]

S (x) =igT*Af (x)S(x) (42)
with initial condition

Sxi) = 1. (43)

When A*4(x) = A4 (1)) asin Eq. (40) we find from Eq. (41)
that the light-like Wilson line in QCD for infrared diver-
gences is given by [48]

Peigf(v)’f dx“AfL(x)Ta _ I:Pe_igfooo d)J-Aa()H'“\)Tu:I
% Peis o d)hl-Ab(lA)T”‘ (44)

A light-like quark traveling with light-like four-velocity
[* produces a SU(3) pure gauge potential A*“(x) at all the
time-space position x# except at the position X perpendicular
to the direction of motion of the quark (Z- X = 0) at the time
of closest approach [40,49,50]. When A" (x) = A**(Al) as
in Eq. (40) we find [ - ¥ = Al -1 = A # 0, which implies
that the light-like Wilson line finds the gluon field A*“(x) in
Eq. (40) as the SU(3) pure gauge. The SU(3) pure gauge is
given by

1 : a,.a
TUAL(x) = —[0, U] U (x), Ux)=es"""®,
ig
(45)
which gives
Ulxp) = Peit fi M ALMT () = 8T 00 (46

Hence when A" (x) = A*4(Al) as in Eq. (40) we find from
Eqgs. (44) and (46) that the light-like Wilson line in QCD for
infrared divergences is given by

Pei8 Jo dFALIT _ igT 0 (x) ,~igT " (0)

_ [Pe—ig I dAl-A”(x-&-l)L)T“:I /Peigﬁ)oo d)J-A”(lA)Th’ (47)

@ Springer

which depends only on the end points 0 and x* but is inde-
pendent of the path. The path independence can also be found
from the non-abelian Stokes theorem, which can be seen as
follows. The SU(3) pure gauge in Eq. (45) gives

FiL[A] = 8, A% (x) — 3,A% (x) + gf P AL (x) A (x) = 0.
(48)

Note that from Eq. (48) we find the vanishing physical gauge
invariant field strength square F*V“[A]F li‘v [A] when A4 (x)
is the SU(3) pure gauge as given by Eq. (45). Hence in classi-
cal mechanics the SU(3) pure gauge potential does not have
an effect on color charged particle and one expects the effect
of exchange of soft gluons to simply vanish. However, in
quantum mechanics the situation is a little more compli-
cated, because the gauge potential does have an effect on
color charged particle even if it is a SU(3) pure gauge poten-
tial and hence one should not expect the effect of exchange
of soft gluons to simply vanish [40]. This can be verified by
studying the non-perturbative matrix element in QCD such
as (W (x)W(x )W (x")W(x") ) in the presence of a SU(3)
pure gauge background field.

Using Eq. (48) in the non-abelian Stokes theorem [54] we
find

Pel8 fo dt ALWT _ Pexp[ig/dx“dx”
s

% [Peig N dx’*Ag’(x/)T”]
x 2,07 [Pefs I; dx”‘SAz‘u“)TC]] .y (49)

where C is a closed path and S is the surface enclosing C.
Now considering two different paths L and M with the com-
mon end points 0 and x* we find from Eq. (49)

Peig fc dxt A ()T
= Pexp [ig/ dx“AZ(x)T“ — ig/ dx”AZ(x)T“:|
L M
_ [Peig I dx”AiiW“] [Pe—ig Ju dx”A€<x>Th] =1, (50)
which implies that the light-like Wilson line in QCD
Pe's Jo dxt AL ()T (51)

depends only on the end points 0 and x* but is independent of
the path, which can also be seen from Eq. (47). Hence from
Eq. (47) we find that the non-abelian phase or the gauge link
in QCD is given by

®(x) = Pe—igfooodALA“(x—i-lk)T“ _ eigT“w“(x). (52)

In the adjoint representation of SU(3) the corresponding path
ordered exponential is given by
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o0 A . T(A)c C
Pexp —ig/ dAL - AC(x + W) TWe | = 8T @),

fabc (53)

To summarize this, we find that the infrared divergences in
the perturbative Feynman diagrams due to soft-gluon inter-
action with the light-like Wilson line in QCD is given by
the path ordered exponential in Eq. (40), which is nothing
but the non-abelian phase or the gauge link in QCD as given
by Eq. (52) where the gluon field A*“(x) is the SU(3) pure
gauge; see Egs. (45), (46), (47). This implies that the effect of
soft-gluons interaction between the partons and the light-like
Wilson line in QCD can be studied by putting the partons in
the SU(3) pure gauge background field. Hence we find that
the infrared behavior of a non-perturbative matrix element
such as (O|W (X)W (x" )W (x")W(x")---]0) in QCD due to
the presence of a light-like Wilson line in QCD can be stud-
ied by using the path integral method of QCD in the presence
of a SU(3) pure gauge background field.

It can be mentioned here that in soft collinear effective
theory (SCET) [55-57] it is also necessary to use the idea
of background fields [37] to give a well-defined meaning to
several distinct gluon fields [41].

As mentioned earlier, in NRQCD an ultraviolet cutoff
A ~ M is introduced [1]. Hence the ultraviolet (UV) behav-
ior of QCD and NRQCD differ. However, the infrared (IR)
behavior of QCD and NRQCD remains same [36]. Hence
the infrared behavior in NRQCD can be studied by study-
ing the corresponding infrared behavior in QCD. Hence
we find that the infrared behavior of the non-perturbative
NRQCD matrix element (0|x'K,&(a}amE K, x10) in
Eq. (1) can be obtained by studying the infrared behavior
of the non-perturbative matrix element in QCD of the type
(0]W (x) 0, ¥ (X)W (x") O W (x")|0) where O,, O} areappro-
priate factors which identify the state of the heavy quark—
antiquark system such as the color singlet state or color octet
state etc.

Note that a massive color source traveling at a speed much
less than the speed of light cannot produce a SU(3) pure gauge
field [40,49,50]. Hence when one replaces a light-like Wilson
line with a massive Wilson line one expects the factorization
of infrared divergences to break down. This is in confirma-
tion with the finding in [58,59] which used the diagrammatic
method of QCD. In the case of a massive Wilson line in QCD
the color transfer occurs and the factorization breaks down.

(T(A)C) b=

6 Eikonal current of the light-like charge generates
pure gauge field in quantum field theory

In order to study factorization of infrared divergences by
using the background field method of QED, the soft-photon
cloud traversed by the electron is represented by the pure

gauge background field A*(x) [33] due to the presence of
the light-like Wilson line, where one represents the quantum
photon field by Q*(x). As mentioned above, in classical
mechanics we have the assertion that the gauge field that is
produced by a highly relativistic (light-like) particle is a pure
gauge [40,49,50]. One may ask if this assertion is correct
in quantum field theory. In this section we will show that
this assertion is correct in quantum field theory. We will use
the path integral formulation of quantum field theory for this
purpose.

The generating functional for the gauge field in quantum
field theory in the presence of an external source J*(x) in
the path integral formulation is given by

Z1J] = / [dQle! [ A=A FLICI ¢ GO +7:01 (54
where Q*(x) is the quantum photon field and
FIQ] = 9" Q" (x) — 3" Q" (x),

Fp 0] = F*[Q]F,[0]. (55)
The effective action Sefr[J] is given by [60,61]

_ZlJ] s
00 el /] 56
(010} =70 = ¢ (56)
where
1

Seee[J] = —5 / d4xd4x/J“(x)Dlw(x —xNJV () 57

where D, (x — x’) is the photon propagator.
The photon propagator in the coordinate space is given by

1 (a—1)
Dﬂv(x - x/) = 8_2 I:g/w + T3u3u:| 5(4)()6 — x’).
(58)

Using Eq. (58) in (57) we find

Serld1 = =3 [ @07 gt 0,0 1700
(59)
From the continuity equation we have
A J"(x) = 0. (60)
Using Eq. (60) in (59) we find
1 4 1
Set[J] = _E/d x]“(x)ﬁJM(x). (61)

6.1 Derivation of Coulomb’s law for static charge
in quantum field theory

First of all, by using the path integral formulation of the
quantum field theory we will derive Coulomb’s law for static
charge. Note that the derivation of the Coulomb law by using
the path integral formulation of quantum field theory is not

@ Springer
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necessary to prove factorization theorem. We have included it
here only to demonstrate the correctness of the prediction of
the path integral formulation in quantum field theory which
we will use (see below) to show that the eikonal current of
the light-like charge generates pure gauge field in quantum
field theory.

In order to derive Coulomb’s law by using the path integral
formulation of quantum field theory we consider two static
charges at positions X and X' , respectively. The current den-
sity for this two static charges is given by

JH(x) = e85 (% — X) + €593 (x — X). (62)

Using Eq. (62) in (61) and neglecting the self energies we
find in the time interval ¢ that

Sniy] =é? /dtv 8(X — X'
X

1, 1
—te =7 V - =
v2 X — X|

which gives the (effective) potential energy Veg[J] of the
interaction between two static charges to be

&2

VI = = (64)
X — X|

which reproduces the Coulomb law. Hence we have shown

that the assertion that a charge at rest generates a Coulomb

gauge field is correct in quantum field theory.

—tViIT,  (63)

€

6.2 Effective lagrangian density of light-like eikonal
current in quantum field theory

Similarly using the above procedure in quantum field theory
we will show that the assertion that a light-like charge gener-
ates pure gauge field is correct in quantum field theory. This
can be shown as follows.

The eikonal current density of the charge e with light-
like four-velocity [ is given by Eq. (22). By using the path
integral formulation of quantum field theory we find by using
Eq. (22)in (61) that for light-like eikonal current the effective
lagrangian density is given by

62 (12)2
L = ——. 65
ot (¥) = = 0 (65)
For light-like four-velocity we have
> =1"1, =0. (66)

Hence from (65) and (66) we find that for light-like eikonal
current the effective lagrangian density is given by

Lopp(x) =0, 1-x#0 (67)

atall the time-space positions x* except at the spatial position
perpendicular to the motion of the charge (I - X = 0) at the
time of closest approach (xo = 0).

@ Springer

6.3 Interaction between non-eikonal current and the gauge
field generated by light-like eikonal current in quantum
field theory

Similarly by using the above path integral formulation cal-
culation we find from Eq. (AS5) that the interaction between
the (light-like or non-light-like) non-eikonal current and the
gauge field generated by the light-like eikonal current gives
the effective (interaction) lagrangian density

£y = 25 4 2 (g x) = (-x0)q 68)

(- x)3M(g - x)? — g2x2]2

where g is the (light-like or non-light-like) four-momentum
of non-eikonal current of charge e and [* is the light-like
four-velocity of the eikonal current of charge e.

For light-like eikonal current we find from Eqgs. (66) and
(68) that effective (interaction) lagrangian density due to the
interaction between the (light-like or non-light-like) non-
eikonal current of four-momentum ¢g* and the gauge field
generated by the light-like eikonal current of four-velocity
[* is given by

g}}(x)_O for q-x#0, [-x#0. (69)

This is also obvious from Eq. (81).

6.4 Pure gauge field generated by eikonal current
of light-like charge in quantum field theory

Hence from Eqgs. (67) and (69) we find that the eikonal current
for light-like charge generates pure gauge field in quantum
field theory. From Eqs. (67) and (69) we find that the asser-
tion that a light-like charge generates a pure gauge field is
correct in quantum field theory which is consistent with the
corresponding result in classical mechanics [40,49,50].

7 Pure gauge field in quantum field theory describes
soft (infrared) divergence

In this section we will show how the pure gauge field is used in
quantum field theory to describe soft (infrared) divergences.
Consider an incoming electron of four-momentum ¢* and
mass m emitting a real photon of four-momentum k*. The
corresponding Feynman diagram contribution is given by
[62]

1

-y
M g’ — yok? — m)’uf (Ku(q)
-e(k) kY e* (k)
L gy + 2 ) (70)
q-k 2q - k
where we write
-e(k)
Meikonal = _q u(q) (71)
q-k
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and

k”VuJ/ué“(k) "

@ (72)

Mnon—eikonal =

From Eq. (3.2) of [62] we write the gauge field as

GM(k) = I:Gu(k) _ kﬂw} +kML(k)
= elffhys(k) + €hure (k) 73)
where
-e(k

is the physical gauge field [corresponding to transverse polar-
ization of the gauge field] and

k) =k (75)

ch nq €k
pure Tk
is the pure gauge field [corresponding to longitudinal polar-
ization of the gauge field].
Now using Eq. (73) in Eq. (70) we find that the total con-
tribution of the Feynman diagram is given by

M = Meikonal + Mnon—eikonal (76)
where
q - €phys (k) q - €pure (k)
Meikonal = — b u(q) — P u(q)
q-k q-k
. k
_ 4 €pure ( )u(q) 77
q-k
and
kY VoY iu€gpys (k) k" Vo Vu€pure (k)
Mnon—eikonal = ¢M(Q) + wu(g)
2q -k 2q -k
k' yvypu Eghys (k)
= > . 78
@ (78)

Hence in the soft-photon limit (ko, k1, k2, k3) — 0 we
find from the Egs. (70) and (77) that

ek - epure (K)
~ Meikonat = =gy = L5022 )
q-k q-k
00 as (ko ki, ka, k3) — 0, (79)

which implies that the physical gauge field [corresponding
to transverse polarization] does not contribute to the soft
(infrared) divergences in quantum field theory and the soft
(infrared) divergences can be calculated by using pure gauge
field [corresponding to longitudinal polarization] in quantum
field theory.

Similarly from Eqgs. (70) and (78) we find that

kY e* (k) k”VvVMEMh s(k)
Mon—eikonal = = true B = ¢M(q)
2q - k 2q - k
— finite as (ko, k1, k2, k3) — O, (80)

which contributes to the finite part of the cross section which
implies that pure gauge field [corresponding to longitudinal
polarization] does not contribute to the finite cross section
and the finite cross section can be calculated by using physical
gauge field [corresponding to transverse polarization].

Hence we find that the non-eikonal-line part of the diagram
as given by Eq. (80) is necessary if we are calculating the
finite value of the cross section but it is not necessary if
we are calculating the relevant infrared divergence behavior.
The relevant infrared divergence behavior can be calculated
by using the eikonal-line part of the diagram as given by
Eq. (79).

For this reason, in the proof of NRQCD factorization of
infrared divergences for heavy quarkonium production at
NNLO in the coupling constant, the non-eikonal-line part
of the diagram as given by Eq. (80) is not considered as the
full calculation of the cross section or fragmentation function
at NNLO will be daunting but fortunately the analysis of rel-
evant infrared behavior at NNLO requires only the eikonal
approximation as given by Eq. (79); see the discussion in the
last paragraph of section 4 of [29]. Similarly the full calcu-
lation of the cross section or fragmentation function at all
orders in the coupling constant by using the non-eikonal-line
part of the diagram as given by Eq. (80) will require non-
perturbative QCD which is not solved yet but fortunately
the analysis of relevant infrared behavior at all orders in the
coupling constant requires only the eikonal approximation
as given by Eq. (79).

Hence we find that we do not need to calculate the finite
value of the cross section (or the full cross section) [which
will require the non-eikonal-line part of the diagram as given
by Eq. (80)] to study the relevant infrared divergence behav-
ior. The relevant infrared divergence behavior can be calcu-
lated by using eikonal approximation as given by Eq. (79).

From Eq. (80) we find that

m
pure gauge field k' yyyu €pure (k)

Mnon—eikonal 26] -k

u(g) =0. 81)

We are interested in the infrared divergence behavior due to
the presence of the light-like Wilson line. We have shown in
Egs. (67) and (69) that the eikonal current of the light-like
charge generates pure gauge field in quantum field theory.
Hence from Egs. (67), (79), (69), and (81) we find that the
soft (infrared) divergence behavior due to the presence light-
like Wilson line can be studied by using pure gauge field in
quantum field theory without modifying the finite value of
the cross section.
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8 Heavy quark-antiquark non-perturbative matrix
element in the presence of a light-like Wilson line
in QCD

We have seen in Sect. 5 that the infrared behavior of the non-
perturbative NRQCD matrix element (0] TK,& (aLa nE"
K] x10) in Eq. (1) can be obtained by studying the infrared
behavior of the non-perturbative matrix element in QCD of
the type (0|W(x) 0,V (x)¥ (x") O, ¥ (x)|0) where O,, O}
are appropriate factors which identify the state of the heavy
quark—antiquark system such as the color singlet state or the
color octet state etc. Similarly, we have also seen in Sect. 5
that the infrared behavior of the non-perturbative matrix ele-
ment in QCD of the type (0| W (x) 0, ¥ (x)¥ (x") O/, ¥ (x')|0)
due to the presence of a light-like Wilson line in QCD can
be studied by using the path integral method of QCD in the
presence of a SU(3) pure gauge background field. Hence
we use the path integral formulation of the background field
method of QCD to study non-perturbative matrix element
(0] (x) 0, ¥ (x)¥ (x") O, ¥ (x")|0) in QCD in the presence
of a SU(3) pure gauge background field as given by Eq. (45).

The background field method of QCD was originally for-
mulated by 't Hooft [63] and later extended by Klueberg-
Stern and Zuber [64,65] and by Abbott [37]. This is an elegant
formalism which can be useful to construct gauge invariant
non-perturbative green’s functions in QCD. This formalism
is also useful to study quark and gluon production from the
classical chromofield [60,61] via the Schwinger mechanism
[66], to compute B function in QCD [67], to perform calcu-
lations in lattice gauge theories [68] and to study evolution of
QCD coupling constant in the presence of a chromofield [69].

In the background field method of QCD the generating
functional is given by [37,63-65]

Sawb

the background field by A*¢. The determinant det(%)
in Eq. (82) can be expressed in terms of path integration over
the ghost fields [35,64,65]. However, we will directly work
with the determinant det(*<-12)) in Eq. (82).

Note that the gauge fixing term ﬁ(G“(Q))2 in Eq. (82)
[where G*(Q) is given by Eq. (83)] is invariant for gauge
transformation of A/‘i:

SAZ =gf® CAZa)C + 98,0, (type I transformation),

(85)
provided one also performs a homogeneous transformation
of Qf [37,64,65]:

a __ abc Ab ¢
800 = gf " Qhof. (86)
The gauge transformation of the background field Aﬁ as

given by Eq. (85) along with the homogeneous transforma-
tion of Qf in Eq. (86) gives

bcyab b .
8(AZ+QZ)=gf” ‘(AM+QM)a)‘+8Mw“, (87)
which leaves —%F “lzw[A + Q] invariant in Eq. (82).
For fixed AZ’ i.e., for

SAZ =0, (typell transformation) (88)
the gauge transformation of Qf, [37,64,65]:

804 = gf " (AL + 00" + 30 (89)

gives Eq. (87), which leaves —}‘F “lzw[A + Q] invariant in
Eq. (82).

Extending Eq. (82) to include the heavy quark [by using
the lagrangian density from Eq. (6)] we find that the gener-
ating functional in the background field method of QCD is
given by

_ 5Ge : . O . . .
ZIA. 0. 7] = /[dQ][dw][dw] det( (Q)> o QU= P2 (A Q1= 5 (G2 (@) T iy By —mtg Ty (A+ QY 1Y+ - Q-+ +im]

(82)

where Q"“(x) is the quantum gluon field and the gauge fixing
term is given by

G“(Q) = 0, 0" + gf** Al 0" = D, (410", (83)
which depends on the background field A#¢ and

FiIA+ Q] = 9,[A% + Q41 — 3,[A% + Q4]
+gf P LAD + OBIIAS + Q5. (84)

We have followed the notations of [37,63-65] and accord-
ingly we have denoted the quantum gluon field by Q#“ and

@ Springer

Z[A, J, Nu,s ﬁus Nd s ﬁa', Ns, ﬁs, Nh, ﬁh]
= / [d Q1A 1[dy 1[dy2 1[dya 1 [d 3] [dyrs ] [d W] [d W]

e (49120
Sawb

X ex i/d4x — lFa2 [A+ QO] — L(Ga(Q))2

P R 2o
3

+J-Q+ ) [Diliv" o —mi+ gTy"(A+ Q)3
=1

+i + Y| + WliyHo, — M

+eT Y (A+ Q) IV + ¥ + ‘Ifnhﬂ- (90)
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Note that in the absence of external sources a pure
gauge can be gauged away from the generating func-
tional. However, in the presence of external sources a pure
gauge cannot be gauged away from the generating func-
tional. It is useful to remember that, unlike QED [33],
finding an exact relation between the generating functional
ZUJ, Mus Mus Md> Nd» Ns» Ns» M Mal in QCD in Eq. (12) and
the generating functional Z[A, J, 0y, Ny, Nd, Nd, Nss Nss Mhs
np] in the background field method of QCD in Eq. (90) in the
presence of a SU(3) pure gauge background field is not easy.
The main difficulty is due to the gauge fixing terms, which
are different in the two cases. While the Lorentz (covari-
ant) gauge fixing term _ﬁ@u 0% in Eq. (12) in QCD is
independent of the background field A#?(x), the background
field gauge fixing term — ﬁ (G“(Q))?in Eq. (90) in the back-
ground field method of QCD depends on the background
field A*4(x) where G“(Q) is given by Eq. (83) [37,63—
65]. Hence in order to study the non-perturbative matrix ele-
ment in the background field method of QCD in the pres-
ence of a SU(3) pure gauge background field we proceed as
follows.

By changing QO — O — A in Eq. (90) we find that

ZLA, T, 0 s s o s Tis iy 7] = e~/ 8574 / [d Q1Y 1[d ¥ 1[d¥1[dYa11d Y3 1[d 3 1[dP][d W] det (

Note that
Al (x) = A% (x) + gf 0 ()AL (x) + 0 (x)  (94)

in Eq. (85) is valid for an infinitesimal transformation (0w <<
1), which is obtained from the finite equation

T4A" (x) = UT A% (U™ () + 13, U0~ (x).
g
U(x) = 8T (), 95)

Simplifying infinite numbers of non-commuting terms we
find

I:e—igThwb(x) T4 eigT"‘w"(x) ] — [e—gM(x)]abTil; (96)
ij

where

Mp(x) = [0 (x). 97)

Hence from Eqgs. (95), (96), and [49] we find that

A (x) = [e8M D AL (x)

[eng -1

b
M) ]ab (O™ (x)] (98)

Swb

66‘}(@)

el da[~1F92 101 4 (G4 +7-0+3 1, [1/}1 liy "o, —mi+gTy" Qz]wz+ﬁn/fz+m&z]+ Dl 8y~ Mg Ty Q1+ W+ By, |

O

where the gauge fixing term from Eq. (83) becomes

G4 (Q) = 8, Q" + gf 7 A} Q1 — B, AM
= Du[A]Q" — 9, A", (92)

and Eq. (86) [by using Eq. (85), a type I transformation [37,
64,65]] becomes

804 = gf*" Qb o + 9,0 (93)

Equations (92) and (93) can also be derived by using a type 11
transformation, which can be seen as follows. By changing
0 — O — Ain Eq. (90) we find Eq. (91) where the gauge
fixing term from Eq. (83) becomes Eq. (92) and Eq. (89) [by
using Eq. (88)] becomes Eq. (93). Hence we obtain Egs. (91),
(92), and (93) whether we use the type I transformation or
type II transformation. Hence we find that we will obtain the
same Eq. (120) whether we use the type I transformation or
type II transformation.

where M, (x) is given by Eq. (97). Similarly, the equation
Q) (x) = Q4 (x) + gf "0 () QL (x) + B’ (x) (99

in Eq. (93) is valid for an infinitesimal transformation (0w <<
1), which is obtained from the finite equation

TQ[ (x) = U)T* Q% (x)U ™" (x)

1
+§[3MU<x)]U*‘(x), (100)
which gives
Q" (x) = [#M,, 05 (x)
M) _q b
+ | o ) (80" ()] (101)

where M, (x) is given by Eq. (97).
Changing the integration variables from unprimed to
primed variables in Eq. (91) we find
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Swb

_ _ - —~ —i [d*xJ-A / T/ ’ T / T / T,/ / 8G.L;(Q/)
ZIA, J, 0y, Tu, N, 1ds s, Tss hs Tl = € /[dQ 1[dyi1[dy 1[dys 1[dyn Jldya][dy3][dW ] [d W] det | ————

e fd“x[—iF“fw[Q’]—ﬁ(G;(Q’))ZH-Q#Z?:l [v?,’ liyH oy *mng”V"jS’]*//[JrﬁH//[Jrl/_f/m]Jr q”[i)/uau*MJrgTu)/ﬂQﬁ]\p/+ﬁh‘1’/+‘1’lﬂh]

(102)

This is because a change of variables from unprimed to
. . . . gMx) _q
primed variables does not change the value of the integration. AR (x) = 9Pl (x) |:e :| (109)
b

Under the finite transformation, using Eq. (101), we find gM(x)
" 007 _ gM(x)
[dO'] = [dQ] det [@] = [dQ] detfe ] where M, (x) is given by Eq. (97). By using Egs. (101) and
— [dQlexp[Tr(n[eM ™)) = [dO] (103  (109)in Eq. (108) we find

where we have used (for any matrix H)

“Q) = a“[[egM(“]abQZm
e8Mx) _
[—} [aﬂwb(x)]]
Similarly the fermion fields transform accordingly, see gMx)  lup

Eq. (16), i.e., gM) _
g. (16), 1. +gfabc|:auwe(x)|:e :| ]
be

H a, . a . a,.a M
Yl = T Oy, W) = T Ow), e

detH = exp[Tr(InH)]. (104)

(105) x [[egM(x)]cd Q4% (x)
Using Egs. (101) and (105) we find [egM(x) — 1] [8Ma)d (x)]:|
_ _ _ B gM(x) .4
[dyi1ldy ] = [dyalldy ], [dyslldys] = [dys]ldy: ], M) _ 1
) ) ) ) —d, [B“wb(x)[—] } (110)
[dP511dy4] = [dys][dys], [P ][dw'] = [dP][d¥], 8M(x) Jap
Yiliy" o, —m 4+ gTy" Q1 1y which gives

— vty — a,,ina
= Vil 0t gy m Oyl 4(0') = 91,y 01 ()]

WliyHd, — M+ gT " Q4 1v’ , M) _
) g +gfabe [a“we(x)[w} }[[ew“)]m Q4 (x)
= Wliy" 9 —mi + gTy" Q51W. e § be
e$M) — 1:| d
—— | [ (x)]}. (111)
F 10"l = F*, [0]. (106) [ gM(x) |4 "
Using Egs. (103) and (106) in Eq. (102) we find From Eq. (111) we find
7 7 = = —i [d*xJ-A 7 y - - ‘SG?(Q/)
ZIA, T, s Mus Mds 1ds s Nss Nhs el = e /[dQ][dlh][dI/fl][dwz][dwz][dlﬂa][dlﬂs][d‘lf][d‘I’] det b
K Jdx[= [ F, 101 5 (G4(QN)*+-Q'+ X0 [:Miy“au—mng”y“ Qﬁ]¢l+7_lll/f1’+1/_/l’7ll:|+®[i)/“3u—M""&’Ta)/”Q;i]‘l"f'ﬁh‘l’/-i-q’/nh]' (107)
From Eq. (92) we find
HQ) = 9,07 +gfPALQI — 0, A (108)  GU(Q)) = 9[1e#M W10 00, ()] + gf ¢ [a“we (x)
By simplifying the inﬁnit.e number of non-commuting terms e8M) _q (M), 04 ()] (112)
in the SU(3) pure gauge in Eq. (45) we find [49] gM(x) |, cap ’
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which gives

“(Q") =[e#M 0" 0, (x)

M(x) _
+ 0h ()" [[eSM W] + [a“af(x)[eg—l} ]
be

we find from Eq. (116) that
S§G4 (O’ S[[e&Mx) acd*O°
et[ f(Q)]:det[ [[e#M @] Q,L(x)]}

Swb Swb

n e
¢M () = e [0, 22D
g 11esM a0 (1)) (113) oo S0 o
X
From [49] we find = [det[[egM(")]ac]] |:det I:—‘ZH
Sw
. gM(x) _ 1 500 na
wr igT @ (x)y.. __ uw, b € _ M(x) ( MQ (x))
0 [@ ]l] - lg[a w (-x)] [ gM(_x) :|ab = eXp[Tr(ln[eg * ])] det I:T
i c,C na
xTi‘z[e’gT @ (x)]kj, (114) — det [M] ) (119)
Sw?
Using Eqgs. (117) and (119) in Eq. (107) we find
_ _ _ _ _i . - - - - 8(0,, Q1
ZIA, J, uy s Nds Nds Nss s, M, Th] = € if A /[dQ][d1/f1][dllfl][dlﬁz][dlbz][d%][d%][d‘ll][d\l’] det [%]
ol [ =4 P2, 101 ok (0, 0124+ Q'+ X3, [nliy 0y —mi-+g Ty QU+ v+ m | + ﬂ'/[iy“afmgr“yﬂQ‘:L]\I/+r‘zhxw+@’nh]_
(120)
which in the adjoint representation of SU(3) gives (by using ~ From Eqgs. (109) and (101) we find
T¢ — abc
be = 1) 0" (x) — A% (x) = [#¥D)],, QP (x) (121)

M (x) ¢ egM(x) -1 bacy M(x)

[8"esM ] gg=[0" 0 ()] | ————| &f [ ]ea

M |,

e

(115)

where M, (x) is given by Eq. (97). Using Eq. (115) in (113)
we find

400" = [e#M 40" 0, (x), (116)
which gives
(G4(Q")7 = (3, 0" (x)). (117)
Since for n x n matrices A and B we have
det(AB) = (detA)(detB), (118)

ZIA, ' Nus s ds s Nss Tlss s Tn) = / [dOI[dy 1 1[dyr 1[dy2 ] [dy21[d Y3 ][dys ] [d W] [d W] det [

e fd“X[f%F"fw[Q]fﬁ(auQ’“’)2+J-Q+Z?:1[lﬁzliy"ﬂ,rszrgT“V“QZ]¢1+7711///+¢/771]+ Bl 9y~ Mg Ty QO 1+ W'+ 0

where M, (x) is given by Eq. (97).

Note that Eqs. (120), (121), and (16) are valid whether we
use type I transformation [see Egs. (85) and (86)] or type 11
transformation [see Eqs. (88) and (89)].

However, since Eq. (95) is used to study the gauge trans-
formation of the Wilson line in QCD, we will use type I trans-
formation [see Egs. (85) and (86)] in the rest of the paper,
which for the finite transformation gives [37,64,65]

T x) = [e$M ] 0 (x)

where M, (x) is given by Eq. (97). From Egs. (120), (121),
and (122) we find

(122)

8(0u Q’“’(X))]
)

wb

(123)

@ Springer
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Under the non-abelian gauge transformation the fermion
sources transform as [37,64,65]

1) = BT On 00, () = ST (). (124)
From Egs. (105) and (124) we find

v =, Wi =y, 0, =0,

W'y, = Uy, (125)

which gives from Eq. (123)

ZIA, T 0 Wy 0y g M Mg M 1] = / [dQ1[dy 1[dy 1[dy21[d Y2 ][d 3 [dy3 1 [dW][d W] det [

in the background field method of QCD is given by [33]

(010 (x) 0 W (X)W (x") 0, W (x')]0) 4
_ 8 58 s ., 8
C S (x) " 8in(x) Sna(x) " Sija(x")
x Z[A, J, Nus ﬁu’ urs ﬁd, Ns,

ﬁS’ Nhs ﬁh]|J:nu:flu:ﬂd:ﬁd:m‘:ﬁx:ﬂh=77h=0 (129)

where the suppression of the normalization factor Z[0] is
understood as it will cancel in the final result (see Eq. (133)).

When the background field A*¢(x) is the SU(3) pure
gauge as given by Eq. (45) we find from Egs. (15), (129),
(127), (124), and (122) that

30y Q”“(x))]
Swb

e S d*x[ = Fa2 101 @ @44 +7- 0+ 3 [Jaliy " by —mi-+g Ty Q4 W-+inyn-+um |+ liy "o, — M+ Ty ¥ Q41w+ -+ |

(126)
Hence from Egs. (126) and (12) we find (O]% (x) 0, W (x) ¥ (x') 0! w(x)|0)
U _ _ _ _ = (0]F (@) (x) 0, " ()W (X)W (x) D (x)
s My s Mas 1 Mss s M 1] % 0/ & (YW (x)]0) 4 (130)

= ZIA T 0y i g g M s My 71 (127)
when the background field A#*“(x) is the SU(3) pure gauge
field as given by Eq. (45).

Hence we find that Eq. (127) is the relation between the
generating functional Z[J, 0y, Ny, Na, Nds Ns» Ns» Nk, ] in
QCD and the generating functional Z[A, J, 0y, Nu» Nd, Nd,
Ns» Ns» Nh» N ] in the background field method of QCD in the
presence of a SU(3) pure gauge background field A*%(x) as
given by Eq. (45).

Note that in QED the corresponding result is [33,44]
ZU,n, 7l = ZIA, J. 0, 7' (128)
when the background field A* (x) is the U(1) pure gauge field
givenby A* (x) = 0" w(x).Equation (35) in QED is obtained
from Eq. (128). Note that unlike Eq. (127) in QCD there is no
J' in Eq. (128) in QED because, while the (quantum) gluon
directly interacts with the classical chromo-electromagnetic
field, the (quantum) photon does not directly interact with
the classical electromagnetic field.

Equation (127) is the main result of this paper.

For the heavy quark Dirac field W (x), the non-perturbative
matrix element of the type (0|W(x)0,¥(x)¥(x")0)
W (x")|0) in QCD is given by Eq. (15) if the factors O, and O,
are independent of quantum fields. Similarly for the heavy
quark Dirac field W (x), the corresponding non-perturbative
matrix element of the type (0| (x) 0, ¥ (x) ¥ (x") O/, W (x")|0)

@ Springer

if the factors O, and O;, are independent of quantum fields
where, see Eq. (52),

D (x) = expligT @’ (x)] = Pe~i8 Jo GLAYGHMT (137

Note that the creation operator a;f and the annihilation oper-
ator a, of the quark are related to the quark field via the
equation [70]

Vix) = ZZ\/ V’Z",, lag (p)u(p)e P~

spin p

+aj (p)v(p)e ] (132)

where color indices are suppressed. Hence one finds that the
quark field v (x) or W (x) depends on the creation (annihi-
lation) operator aqT (aq) of the quark but is independent of
the creation (annihilation) operator a}; (ag) of the hadron.
Similarly the gluon field Q*“(x) is independent of the cre-

ation (annihilation) operator aL (ag) of the hadron. Since
aLaH is independent of ¥ (x), W(x), Q*“(x) one can per-
form exactly similar steps to the path integral calculation as

above to find from Eq. (130) that

<0|\Iz(x)oan(x)aLaH\Ir(x/)o;xp(x’)|0)
= (0|\I/(x)cb(x)onqﬂ(x)w(x)aLaH\If(x’)
x®(x") 0! dT (x' )W (x)[0) 4 (133)

where & (x) is given by Eq. (131).
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Under non-abelian gauge transformation as given by
Eq. (95) the Wilson line in QCD transforms as

Peig f:lf dxt A (x)T¢
P ~f a a
=U(xp) [Pe’gfxf AL 0T }U—l(xi). (134)

From Egs. (47) and (134) we find

i o0 LAla a i oo LAQ a
Pe ig Jo dAl-A" (x+I2)T = U(x)Pe ig Jo~ dAl-AY (x+HMT ’

U(x) = expligT“w*(x)], (135)
which gives from Eq. (131)
' (x)=Ux)Px), @T(x) =o' x)Ux). (136)

Hence we find that (0] ¥ (x)® (x) 0, ' (x)W (x)a},an ¥ (x')
@ (x") 0! @ (x")W(x")|0) 4 in Eq. (133) is gauge invariant and
Eq. (133)is consistent with the factorization of infrared diver-
gences in QCD.

9 Proof of the factorization in heavy quarkonium
production in the NRQCD color octet mechanism at
all orders in the coupling constant

The non-perturbative matrix element (0|\If(x)0,,\IJ(x)aL
ap¥(x')0, ¥ (x")|0) in QCD in Eq. (133) is obtained from
the exact generating functional in QCD as given by Eq. (12);
see Eq. (15). Similarly, the non-perturbative matrix ele-
ment (0| W (x) 0, W (x)a;ap ¥ (x') O W (x)|0) 4 in the back-
ground field method of QCD in Eq. (133) is obtained from the
exact generating functional in the background field method
of QCD as given by Eq. (90); see Eq. (129). Hence we find
that Eq. (133) is valid at all orders in the coupling constant
in QCD.

Note that in [29,30] the proof of the factorization is pre-
sented at NNLO in the coupling constant and to v order in
the relative velocity of the heavy quark—antiquark pair. This
is done by restricting the result to v> order by using

PH

py=—+pl ph=——pF

5 (137)

where p|’ is the momentum of the heavy quark, p} is the
momentum of the heavy antiquark, P* is the total momen-
tum of the heavy quark—antiquark pair and p!* is the relative
momentum of the heavy quark—antiquark pair. In the rest
frame of the heavy quark—antiquark pair p, = Mv where M
is the mass of the heavy quark.

Similarly in [31] the proof of the factorization is presented
at NNLO in the coupling constant and to all powers in the
relative velocity v of the heavy quark—antiquark pair. This is
done by obtaining the result for arbitrary p}’ and p5 without
restricting to order p2. Hence in order to be consistent with
the proof of the factorization of [31] to all powers of the

relative velocity v it is necessary to present the final result
for arbitrary p{' and p5.

It can be seen that the non-perturbative matrix ele-
ment (O|\i—’(x)On\ll(x)aLaH\iJ(x’)O,’l\IJ(x’)|O) in QCD in
Eq. (133) is obtained from the exact generating func-
tional in QCD as given by Eq. (12) without putting any
restrictions on the heavy quark and antiquark momenta;
see Eq. (15). Similarly, the non-perturbative matrix ele-
ment (0| W (x) onW(x)aLaH\If(x/)O,;\y(x’) |0) 4 in the back-
ground field method of QCD in Eq. (133) is obtained from the
exact generating functional in the background field method
of QCD as given by Eq. (90) without putting any restrictions
on the heavy quark and antiquark momenta; see Eq. (129).
Hence we find that Eq. (133) is valid for any arbitrary
momenta p’f and pg of the heavy quark and antiquark,
respectively. This implies that Eq. (133) is valid to all powers
in the relative velocity of the heavy quark.

Hence we find that Eq. (133) is valid at all orders in the
coupling constant in QCD and to all powers in the relative
velocity of the heavy quark.

As mentioned earlier, in NRQCD an ultraviolet cut-
off A ~ M is introduced [1]. Hence the ultraviolet
(UV) behavior of QCD and NRQCD differ. However, the
infrared (IR) behavior of QCD and NRQCD remains same
[36]. Hence the infrared behavior of the non-perturbative
NRQCD matrix element (0|x"K,&(a},amE K} x10) in
Eq. (1) can be obtained by studying the infrared behavior
of the non-perturbative matrix element in QCD of the type
(01W (x) 0, W (x)al,an ¥ (x') 0, W (x')|0) where O, O}, are
appropriate factors which identify the state of the heavy
quark—antiquark system such as the color singlet state or the
color octet state etc.

We are interested in the effect of exchange of soft glu-
ons between the light-like Wilson line and the heavy quark
(and/or antiquark) in the NRQCD color octet mechanism
[29-31]. Hence for the color singlet S-wave non-perturbative
matrix element we find from Eq. (133) that

(010,10) = (01 (0) Ky (0)(aj;am)E " (0) K x (0)|0) (138)

at all orders in the coupling constant which is consistent with
Eq. (D).

When the factors O, O;, contain the color matrix 7% we
find by simplifying infinite numbers of non-commuting terms
[see Eq. (96)] that Egs. (133) and (131) give

(019 (x) 0p 0 ¥ (X)af;an ¥ (x) O} W (x)0)
= (01T (x) 0, ¥ ()P (x)al,am D (x')pa

W (x)0y ¥ (x"10)4 (139)
where
O (x) = Peis I dAI-A"(x+lA)T(A>"’
(TW)gp = —if . (140)
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Hence from Eqgs. (139) and (140) we find that the gauge
invariant octet S-wave non-perturbative NRQCD matrix ele-
ment which is consistent with factorization of infrared diver-
gences at all orders in the coupling constant and to all powers
in the relative velocity of the heavy quark is given by

(010,10) = (01x T (0) Ko £0) DT (0)ep (alyarr)

oM (0)pat (0K}, ,x(0)]0) (141)
where
") (0) = Pexp [—igTWC /0 e AC(z,\)] ,
(T M) = —if*°. (142)

Note that the non-perturbative matrix element (0|¥ (x) 0, W
(x)aLaH W (x") O}, W(x")|0) in the left hand side of Eq. (133)
is independent of /#. Hence all the /** dependence in ®(x)
defined by Eq. (131) in the non-perturbative matrix element
0¥ (x)® (x) 0, (X)W (x)al,an ¥ () (x) O, & (x') ¥
(x)]0) 4 in the right hand side of Eq. (133) is canceled by the
use of background field A*“(x) in the expectation value of the
non-perturbative matrix element (0| (x)0, W (x)aLa qv
(x") 0, ¥ (x")|0) 4 as defined in Eq. (129) in the background
field method of QCD. This proves that the long-distance
behavior of the non-perturbative NRQCD matrix element
(01x () K & 0@ (00 (afyarn) @Y (0)pat  (0) K}, x
(0)|0) in Eq. (141) is independent of the light-like vector
[ at all orders in the coupling constant and to all powers in
the relative velocity of the heavy quark.

To summarize this, we find that Eq. (141), which is found
by using the path integral method of QCD, is valid at all
orders in the coupling constant and to all powers in the rel-
ative velocity of the heavy quark. We have also shown that
the long-distance behavior of the non-perturbative NRQCD
matrix element is independent of the light-like vector [* at
all orders in the coupling constant and to all powers in the
relative velocity of the heavy quark. Equation (4), which is
found by using diagrammatic method of QCD at NNLO in
the coupling constant and to all powers in the relative veloc-
ity of the heavy quark shows that long-distance behavior of
the non-perturbative NRQCD matrix element is independent
of the light-like vector /#* at NNLO in the coupling constant
and to all powers in the relative velocity of the heavy quark.
This implies that the gauge invariance and the factorization at
all orders in the coupling constant require gauge-completed
octet S-wave non-perturbative NRQCD matrix element that
was introduced previously to prove factorization at NNLO.

Hence we find that Eq. (4) is valid at all orders in the
coupling constant and to all powers in the relative velocity
of the heavy quark.

@ Springer

10 Factorization theorem is a key ingredient in
calculation of NRQCD heavy quarkonium
production cross section

As mentioned earlier the definition of the NRQCD heavy
quarkonium production matrix element from heavy quark—
antiquark pair is a non-perturbative quantity, which cannot
be calculated by using perturbation theory no matter how
many orders of perturbation theory is used. From this point
of view the path integral formulation (as opposed to diagram-
matic methods in perturbation theory) is useful to study the
properties of the NRQCD non-perturbative matrix element
of heavy quarkonium production at all orders in the coupling
constant. As mentioned earlier the only path integral formu-
lation to study factorization of soft and collinear divergences
at all orders in the coupling constant in quantum field theory
available is by Tucci [33]. However, the calculation of Tucci
[33] was exact for QED but was not exact for QCD. We have
extended the exact path integral calculation of the proof of
the factorization of Tucci in QED [33] to the proof of the
factorization in QCD at all orders in the coupling constant in
[34] and to the proof of the factorization in NRQCD heavy
quarkonium production at all orders in the coupling constant
in the previous section.

In this section we will show how the factorization theorem
as given by Egs. (130) and (139) are actually akey ingredients
in calculation of NRQCD heavy quarkonium production by
using Eqgs. (2) and (3) where the NRQCD non-perturbative
matrix element of heavy quarkonium production in the color
octet mechanism is given by Eq. (141).

Let us prove how the Egs. (130) and (139) are key ingredi-
ents to prove Egs. (2) and (3) to calculate the NRQCD heavy
quarkonium production in the color octet mechanism. Sup-
pose we calculate the cross section of heavy quark—antiquark
production in the color octet state in the presence of a light-
like quark (or gluon). Then from Eq. (130) we find

(01W (x) 0, W (X)W (x") O, W (x)[0) 4

= (01 ()" (1) 0, @)W () T () T (x")

x 0} ®(x" )W (x)]|0). (143)

Hence from Eq. (143) we find that the A dependence which
arises due to the soft gluon exchanges with light-like quark
(or gluon) is factorized and only appears in the gauge-links
@ (x) in the right hand side where ® (x) is given by Eq. (131).
Equation (143) implies that in the cross section for Q Q pro-
duction in the color octet state at all orders in the coupling
constant the infrared divergences due to the presence of a
light-like quark (or gluon) are factorized only to the gauge
links & (x).

Equation (143) is the exact extension of eq. (1.6) of [33]
of the factorization in QED.
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Hence from Eq. (143) we find that the non-perturbative
matrix element of NRQCD heavy quarkonium production
in the color octet mechanism which cancels these infrared
divergences and is consistent with the factorization theorem
is obtained from Eq. (139) and is given by Eq. (141). This
proves that the factorization theorem as given by Eqs. (130)
and (139) is actually a key ingredient to prove Egs. (2) and
(3) to calculate the NRQCD heavy quarkonium production
cross section in the color octet mechanism at all orders in the
coupling constant.

11 Conclusions

Recently the proof of the factorization in heavy quarkonium
production in the NRQCD color octet mechanism is given at
next-to-next-to-leading order (NNLO) in the coupling con-
stant by using diagrammatic method of QCD. In this paper
we have proved factorization in heavy quarkonium produc-
tion in the NRQCD color octet mechanism at all orders in
the coupling constant by using the path integral method of
QCD. Our proof is valid to all powers in the relative velocity
of the heavy quark. We have found that the gauge invariance
and the factorization at all orders in the coupling constant
require gauge-completed non-perturbative NRQCD matrix
elements that were introduced previously to prove factoriza-
tion at NNLO.
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Appendix A: Interaction between non-eikonal current
and the gauge field generated by light-like eikonal cur-
rent in quantum field theory

From the non-eikonal part of the diagram in Eq. (72) we find

d*k kY A*(k
e vy AT _ /d4xJM(x)A“(x)
Q2m)* 2q-k+ie

(AD)

where the non-eikonal current density J# (x) of the (light-like
or non-light-like) charge e of four-momentum g* is given by

e @
JH(x) = Ey,,y“ da 3 (x —g). (A2)
0

dax,
Hence using Eqgs. (A2) and (22) in Eq. (61) we find that the
interaction between the non-eikonal current and the gauge
field generated by the light-like eikonal current in quantum

field theory gives the effective (interaction) action
. &2 00
Settl 1= lu f d*xpyt / drs@ (x — i)
0

X

91
o / dn 8@ (x —I0)
2

2
_npe 4 |1-9lg - (x —gqro)l 1
"2‘/dx[[q«x—qmn2][amﬁ] A9

where A is the solution of the equation

(x = qr0)"(x — gho)u = 0. (A4)

From Eqgs. (A3) and (A4) we find that the interaction between
the non-light-like non-eikonal current and the gauge field
generated by the light-like eikonal current in quantum field
theory gives the effective (interaction) lagrangian density

& (-q)g-x)—(-x0q°

203 0 — g2x)}
From Eq. (A5) we find that the interaction between the light-
like non-eikonal current and the gauge field generated by the

light-like eikonal current in quantum field theory gives the
effective (interaction) lagrangian density

R
2 (g2 %)

L) =12 (A5)

L (x) = (A6)
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