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Nonperturbative construction of massive Yang-Mills fields without the Higgs field
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In order to understand the so-called decoupling solution for gluon and ghost propagators in QCD,
we give a nonperturbative construction of a massive vector field describing a non-Abelian massive
spin-one particle, which has the correct physical degrees of freedom and is invariant under a modified
Becchi-Rouet-Stora-Tyutin transformation, in a massive Yang-Mills model without the Higgs field, i.e.,
the Curci-Ferrari model. The resulting non-Abelian massive vector boson field is written by using a
nonlinear but local transformation from the original fields in the Curci-Ferrari model. As an application,
we write down a local mass term for the Yang-Mills field and a dimension-two condensate, which are
exactly invariant under the modified Becchi-Rouet-Stora-Tyutin transformation, Lorentz transformation,

and color rotation.
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L. INTRODUCTION

In this paper, we consider a massive Yang-Mills theory
[1] without the Higgs field [2]. A motivation of this
research stems from some nonperturbative phenomena
caused by strong interactions.

(1) Confinement and Green functions.—The deep infra-
red behaviors of the gluon and ghost Green func-
tions are believed to be intimately connected to
color confinement in QCD [3,4]. In the Landau
gauge, the decoupling solution [5-7] for the gluon
and ghost propagators is currently supported rather
than the scaling solution [8] by recent numerical
simulations on large lattices in three and four
spacetime dimensions [9]. Quite recently, it has
been shown [10] that the decoupling solution for
the gluon and ghost propagators can be well repro-
duced from a low-energy effective model of a
massive Yang-Mills theory, which is a special
case of the Curci-Ferrari (CF) model [11]. This
feature is not restricted to the Landau gauge and
is common to manifestly Lorentz covariant gauges,
e.g., the maximal Abelian gauge [12], as pointed
out and demonstrated in Ref. [13]. We can ask how
color confinement in QCD is understood from the
CF model.

(i1) Glueball mass spectrum.—A glueball should be
constructed from the fundamental degrees of free-
dom of QCD, i.e., quark, gluon, and ghost. For
instance, the potential model of Ref. [14] identi-
fies glueballs with bound states of massive gluons.
They are described simply by introducing a
naive mass term for gluons, 1 M2 A , - A*, which
however breaks the Becchi-Rouet-Stora-Tyutin
(BRST) symmetry. We ask how we can introduce
a BRST-invariant mass term for gluons to estab-
lish a firm field theoretical foundation for treating
glueballs, which will enable us to answer how
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precisely the mass and spin of the resulting
glueballs are related to those of the constituent
gluons.
(iii) Vacuum condensates.—Besides gauge-invariant
vacuum condensates represented by (i) with
mass dimension three and (F?%,) with mass di-
mension four, which are very important to char-
acterize the nonperturbative vacuum of QCD,
there might exist an extra dimension-two conden-
sate. In fact, such a lower dimensional vacuum
condensate is needed from the phenomenological
point of view. However, such a condensate cannot
be constructed from gauge-invariant local com-
posite operators in the framework of the local
field theory. A BRST-invariant vacuum conden-
sate of mass dimension two has been constructed
in Refs. [15,16]. However, it is just on-shell
BRST invariant. Can we construct an off-shell
BRST invariant version of vacuum condensate
of mass dimension two?
Another motivation of studying the CF model comes
from the field theoretical interest, since the massive Yang-
Mills theory without the Higgs field has an unsatisfactory
aspect as a quantum field theory. Renormalizability
[17,18] is an important criterion for a quantum field
theory to be a calculable and predictable theory. In addi-
tion, physical unitarity [17-28] is another important
criterion for a quantum theory of gauge fields to be a
meaningful theory, which prevents unphysical particles
from being observed.
In view of this, we remind the readers of the well-known
facts:
(1) The massless Yang-Mills theory satisfies both renor-
malizability and physical unitarity [17,19].

(i1)) The massive Yang-Mills theory in which local
gauge invariance is spontaneously broken by the
Higgs field and the gauge field acquires mass
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through the Higgs mechanism satisfies both renor-
malizability and physical unitarity [18].

In fact, the unified theory of Glashow-Weinberg-Salam
for the electromagnetic and weak interactions based on
the spontaneous symmetry breaking SU(2); X U(1)y —
U(1)gy predicted the massive gauge bosons W', W—,
and Z° which have been discovered in the mid-1980s,
and the remaining Higgs particle is about to be discovered.

However, in all the models proposed so far as the
massive Yang-Mills theory without the Higgs fields (in
which the local gauge symmetry is not spontaneously
broken), it seems that renormalizability and physical
unitarity are not compatible with each other. See
Refs. [27,28] for reviews and [29] for later developments.
Indeed, the CF model has been shown to be renormaliz-
able [23,25], whereas the CF model does not seem to
satisfy physical unitarity according to Refs. [23-25].
Although the CF model is not invariant under the usual
BRST transformation, it can be made invariant by mod-
ifying the BRST transformation. But the modified BRST
transformation is not nilpotent.

It is known that nilpotency is the key property to show
physical unitarity in the usual massless Yang-Mills theory,
since the unphysical states form the BRST quartets and the
cancellations occur among the quartets (Kugo-Ojima quar-
tet mechanism) [3,19]. It is not so clear if nilpotency is
necessary to recover physical unitarity in the massive case.
The physical unitarity of the CF model will be discussed
in the perturbative and a nonperturbative framework in
forthcoming papers [30].

Finally, it is instructive to mention the Gribov-
Zwanziger (GZ) model [31] and its modified version
called the refined Gribov-Zwanziger (rGZ) model [32],
in comparison with the CF model, since GZ and rGZ
have been extensively studied in recent years to under-
stand the scaling solution and the decoupling solution,
respectively. Common features to both models are as
follows:

(i) Both models have a dimensionful parameter to be
determined afterwards, i.e., the “mass’ parameter M
in the CF model and the Gribov parameter vy in the
rGZ model.

(i) Both models are multiplicatively renormalizable to

all orders of perturbation theory.

(iii) Both models do not respect the BRST symmetry:
The Lagrangian is not invariant under the BRST
transformation.

(iv) Both models do not have the proof of fulfilling
physical unitarity.

An advantage of the CF model over the rGZ model is
that the CF model is much simpler than the rGZ model in
the following sense:

(i) The CF model has the same field contents as those in

the original Yang-Mills theory, while the tGZ model
has additional unfamiliar fields introduced to rewrite
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the original nonlocal GZ model into a local field
theory.

(i1)) The CF model can explain the decoupling solution
using one parameter M, while the rGZ model needs
one more parameter which is related to the
dimension-two condensate of the extra field (called
the Zwanziger ghost), which is a nonlocal quantity
in the original theory.

(iii)) The CF model has the modified BRST symmetry

[11] which remains a local symmetry and reduces
to the usual BRST symmetry in the limit M — 0,
while the GZ model has differently modified BRST
symmetries which become inevitably nonlocal
[33,34].

This paper is organized as follows. In Sec. II, we obtain
the modified BRST and anti-BRST transformation for the
CF model. Although the result was already known in
the CF paper [11], we give a constructive derivation of
the modified BRST transformation to see how the resulting
modification of the BRST transformation is unique under
certain conditions.

In Sec. III, using the fact that the CF model respects
color symmetry, we rewrite the field equation of the Yang-
Mills field in the Maxwell-like form. This is an important
technical tool needed in the next section to construct the
massive vector field.

In Sec. IV, we construct a non-Abelian massive vector
field describing a massive spin-one particle, which has the
correct physical degrees of freedom and is invariant under
a modified BRST transformation, from the Curci-Ferrari
model without the Higgs field. The resulting massive
vector boson field is written by using a nonlinear but
local transformation from the original fields in the Curci-
Ferrari model. This is the main result. As an application,
we write down the mass term for the Yang-Mills field
and a dimension-two condensate, which are invariant si-
multaneously under the modified BRST transformation,
Lorentz transformation, and color rotation.

In Appendix A, we give a proof that the path-
integration measure is invariant under the modified
BRST transformation. In Appendix B, we show that
even the modified BRST (and anti-BRST) invariant quan-
tity depends on a parameter 8 in the M # 0 case. This
should be compared with the M = 0 case, in which g is a
gauge-fixing parameter and the BRST-invariant quantity
does not depend on B, which means that the physics does
not depend on B in the M = 0 case. This is not the case
for M # 0 [35].

II. THE CURCI-FERRARI MODEL AND THE
MODIFIED BRST SYMMETRY

As a candidate of the massive Yang-Mills theory without
the Higgs field, we start from the Lagrangian density of the
usual massless Yang-Mills theory in the most general
Lorentz gauge [36] plus the “mass term” L,,:
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tot —
wim = Lym + Lopsre + Ly

1
£YM = _Z:}:/.LV : f’uvr (la)
£GF+FP=§N'N+N‘8”ﬂ#—ggw'(i@XC)

+iCanD,[ALC+ ggz(i@ X C) - (i€ X ©)

=N-9*A, +iC- 9*Du[AlC

+§(JV-JV+N-N), (1b)
L, = %MQJZLM - A* 4+ BM2C - C, (1)

where $ is a parameter corresponding to a gauge-fixing
(GF) parameter in the M — 0 limit," @M is the covariant
derivative defined by

D, [Alokx) =0d,0kx) +gAX X 0(x), (2)

and N is defined by

N = —-N +giC X C. (3)

Here the total Lagrangian density is written in terms of the
Yang-Mills field A ,, the Faddeev-Popov ghost field C,
antighost field C, and the Nakanishi-Lautrup (NL) field 2V,
if we use the terminology in the usual massless Yang-Mills
theory. This is the CF model [11]. In the Abelian limit with
vanishing structure constants f48¢ =0, the Faddeev-
Popov ghosts decouple and the CF model reduces to the
Nakanishi model [37].

The original Yang-Mills Lagrangian Ly, is invariant
under the gauge transformation:

0A,(x)=D,[Alw(x). 4

We remember that Lyy + Lgpopp is constructed so as to
be invariant under both the usual BRST transformation:

6A,(x)=D,[A]Ck),
6C(x) = —5C(x) X C(x),

T 5)
8C(x) = iN (x),
SN(x)=0
and anti-BRST transformation:
Sﬂﬂ(x) = Dﬂ[ﬂl](_f(x),
6C(x) = — %é(x) X C(x), ©)

8C(x) = iN(x),
S N(x) = 0.

'We can add a term SN - N with another gauge-fixing
parameter .
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Indeed, it is checked that both Lyy and Lgp.pp are
invariant under the BRST and anti-BRST transformations:

6Lyy =0, 6 LGrirr =0, @)

6Ly =0, 6 Lpirp = 0. (3)
We try to introduce a mass term L,, so that the total
Lagrangian L!°,, remains invariant under the BRST
transformation. However, we will find that the total
Lagrangian is no longer invariant under the usual BRST
transformation, once the “mass term” L, is introduced
into the Yang-Mills theory. Indeed, we observe for a spe-
cific choice 8 = 0:
6L, =MC- A, #0, 9)
where we have used (A, X AR =g (A, X A)A=
g””fABCﬂlﬁ AS=0.

In what follows, therefore, we consider if the total
Lagrangian can be made invariant by modifying the
BRST transformation. For this purpose, we reexamine
the BRST invariance of the GF + FP term, and we try to
find such a modified BRST transformation &'.

Suppose that the modified BRST transformation &’ of
A " has the same form as the usual BRST transformation:

8 A, (x) = D,[ALXK), (10)

to guarantee the invariance of the original Yang-Mills
action:

5l£YM = 0. (11)
In order to realize 6’ L%\, = 0, we require
0=38"(Lgrsrp + L) (12)

Here we cannot require the invariance of the respective
part, Lgripp or L,,, since we observe below that the
choice (10) inevitably leads to 8’ L,, # 0, which means
6' Lripp # 0 to guarantee &' L9, = 0.

First, we consider the 8 = 0 case for simplicity. Then
we have

6' Lgipp = &' (N -0+ A, +iC- oD, [A]C)
=N -0+ A, + N -orD,[ALC
+i6'C- oD, [A]IC —iC- 9»8'8' A,
(13)
while
6L, =MrC- A, =-MC-9* A, +0. (14

In order to determine the modified BRST transformation
for other fields, we perform:
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0'(Lgp+rp + L)
= (&N —MC)-9# A, + (N +i8'C)- 0nD,[ AL
—iC-om Dﬂ[ﬂ](&c +§c>< c), (15)

where we have used
5’5’&2\# = 5’(fD#C)

=06'(0,C+gA, XC()
=9,0C+g(D,0)XC+gA,XdC

=D,6C+ %(Dﬂc XC+CxD,O0)
- @#[3'c+§(c><0)]. (16)
The requirement (12) is satisfied, if we adopt

8N =MC,  8C=iN, 6C=-— %(c X C).

7)

Thus we have found a modified BRST transformation:

' A, (x)=D,[A]IC(x),

5’?()6) = —5C(x) X C(x), 18)
8'C(x) = iN(x),

&' N (x) = M?C,

which deforms the BRST transformation of the NL field
and reduces to the usual BRST transformation in the limit
M — 0. It should be remarked that

&L, #0, 6 Lopimp # 0. (19)

Similarly, the total action is shown to be invariant under
a modified anti-BRST transformation &' defined by

6'A,(x)="D,[AC(),

t?'é(x) = —_%C(x) X C(x), 20)
6'C(x) = iN(x),

&' N (x) = —M*C(x),

which reduces to the usual anti-BRST transformation in
the limit M — 0. It is sometimes useful to give another
form:

&' N(x) = g N (x) X Clx) — M*C(x),

_ _ _ 2D
' N (x) = g N (x) X C(x) + M*C(x).

However, the modified BRST transformation violates
the nilpotency:
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6'6' A ,(x)=0,
8'8'C(x)=

- . . (22)
6'8'C(x)=id' N (x) =iM>C(x) # 0,

8'8' N (x) = M?8'C(x) = —M?*4C(x) X C(x) # 0.

The nilpotency is violated also for the modified anti-BRST
transformation:

S’S’ﬂu(x) =0,

8'6'C(x)=

8'8'C(x)=id' N (x) = —iM2C(x) # 0,
'8 N (x)=—M28'C(x)= Mzg(_f(x) X C(x) #0.

(23)

In the limit M — 0, the modified BRST and anti-BRST
transformations reduce to the usual BRST and anti-BRST
transformations and become nilpotent.

Moreover, it is checked that the modified BRST and
modified anti-BRST transformations no longer anticom-
mute in the M = 0 case:

{8,614, =0,

{8, é’}c_f(x) = —,-M_zax), 24)
{8, 8"}C(x) = iM>C(x),
{6/, 8" YN (x) = 0.

In the limit M — 0, the anticommutativity is recovered:
{6,6't— 0.

Next, we consider the 8 # 0 case. By using the modified
BRST transformation, Lgg, pp is rewritten as

Lgp+rp

= Ba_P

= — . 122 I
5[1C (8 ./’ZlM+2 4glC><C>]

=o' |:l (6“./’4 +'§N—§gleC)] 5’.7\f
=—§' é o IB B 2
= iC-{o J’leﬁ—i.?\f —ng><C —M iC-C
=i6’5’(%j4ﬂ A +§1C c) Prpic-c. (25)

Using the fact that only the transformation of the NL field
&' N is modified in the modified BRST transformation,
we find
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61£GF+FP
=N -0r A, + SN - .’N—%BS’.’N-(i@X 0)
—M2C- 9 A, + BMC- N—gﬁMzc(iéxc)
=M*C-9* A, +,8M2[.’N-C— i@-%(CxC)]

= —MZS’(%J’ZLM : ;Zw) — BM?8'(iC-C). (26)

Therefore, a simple choice of the 8-dependent mass term
L, satisfying 6'(Lgpypp + L,,) = 0 is indeed given by

L,=-M*A,- A*+ BM?iC-C. 27)

1
2
Moreover, the path-integral integration —measure
DADCDCDIN is invariant under the modified BRST
transformation. Indeed, it is shown in Appendix A that the
Jacobian associated to the change of integration variables
D(x) = P'(x) = P(x) + A6’ P(x) for the integration mea-
sure is equal to one.
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III. FIELD EQUATIONS AND COLOR SYMMETRY

The field equations are obtained as follows:

5 tot —
8?\“ = ij[;zl]}‘m -9, N +gid,CXC
+M?A, +gJ, =0,
§ Lot ,8 _
= QM — — 9] =
SN +rA,+ BN 2glC><C 0,
S Lot B _
= gm -= 2C =
5 d I)M[J’Zl]c 2g.?\f><C—i—,BM C=0,
tot — - -
65£C = -D,[Alia*C —ggj\f X iC — BM?*iC = 0,

(28)

where we have used the left derivative and defined the
matter current J, by

—1 d £matter ad ‘EtOt
9 ARA (0 @,)
We observe that the total Lagrangian of the CF model is

invariant under the (infinitesimal) global gauge transfor-
mation or color rotation defined by

= —i(T"¢), (29)

=8

8D(x) :=[eCiQ, P(x)] = e X D(x),  for ®=A, N,CC, (30)
do(x) = [0, (0] = —iep(x), (D)

or
SPA(x) = fAPCEPDC(x),  Sp,(x) = —ie!(T"), ¢, (x) = —ie (T @), (32)

The associated conserved Noether current J* is obtained from

oL oL — oL oL oL
e+ 8C- + 6C - —+ N+ ———+ 86—
30, A,) 3(3,0) 3(,0) 36, N) " °¢ a0,9)

=(eXA,) F*+ (e XC) - (io*C) + (¢ XC) - (—iD*[AID) + (e X N) - (—AF) + J+ - ¢
=g (A, X F'™)+e-(CXig*"C)—e-(iCX DHAIC) + & (A* X N) + & - J*. (33)

.M
2 ‘]color

— 54,

M
color

Thus the Noether current J*# associated with the color symmetry which is conserved 9,7 ..., = 0 is given by

T = A, X FrE 4+ C X ighC — iC X DHAIC + AF X N + J#
= A, X Fr* + ighC X C — DH[AIC X iC + A* X N + J~. G4)

The conserved Noether charge 04 := [ d®xJ% —04 obtained from the color current 7' 0 o is called the color charge and is

color
equal to the generator of the color rotation. Note that 7% has the same expression as the massless case, irrespective of

M=0orM # 0.
Remember that

i6'6' A, = &'(D,[AiC) = 8'(9,iC + g A, X iC)=—*N + gD, [AICXiC—gA, XN, (35)

which has the same form for M = 0 and M # 0. Therefore, we have
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8Tl o T 88 Al =g A, X Frh — gt N
+ gid“*C X C + gJ*. (36)

Using this result, we find that the equation of motion for
A, is cast into the Maxwell-like form

3, F* + gTh o +i6'6' At + M? A =0.  (37)

IV. DEFINING A MASSIVE YANG-MILLS FIELD

We require the following properties to construct a non-
Abelian massive spin-one vector boson field K M(x) in a

nonperturbative way:
1 K . has the modified BRST invariance (off mass
shell):

8%, =0. (38)

(1) K u 18 divergenceless (on mass shell):

K, =0. (39)

(iii) XK, obeys the adjoint transformation under the
color rotation:

K,(x) = UK, (U™, U = explie®0*],

(40)
which has the infinitesimal version:

8K, (x) = & X I, (x). @1)

The field XK, is identified with the non-Abelian version
of the physical massive vector field with spin one, as
assured by the above properties. Here (i) guarantees that
XK, belong to the physical field creating a physical state
with positive norm. (ii) guarantees that J, have the
correct degrees of freedom as a massive spin-one particle,
J
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i.e., three in the four-dimensional spacetime, i.e., two
transverse and one longitudinal modes, excluding one
scalar mode. (iii) guarantees that JC,, obey the same trans-
formation rule as that of the original gauge field A ,.
We find such a field XK, is obtained by a nonlinear but

local transformation from the original fields A o C,C, and
N of the CF model:

Ky=A,~M29,N—gM?2A, XN
+gM29,CXiC+g?M 2(A,XC)XiC.  (42)
In the Abelian limit or the lowest order of the coupling

constant g, K, reduces to the Proca field for a massive
vector:

1
Kuﬁﬂﬂ—ﬁaﬂﬂ\/T: Uy (43)
The new field XK, is converted to a simple form:
Ko = ) + s idE AL, (44
In fact, the definition (44) for K 18 equal to (42):
i _ _
Kﬂ=ﬂl#+W5’(6#C+gA#XC)
i . — .
=ﬂLM+W(zaMN+gI)M[ﬂL]C><C+gJZLM XiN)
1 ~
=ﬂ#—W(aﬂ.7\f+gﬂM XN —-gD,[AICXIC)

1 -
= A, =50, N =SB AXN +-20,0%iC

M2 M M2
g ;
—i—W(ﬂlM X C) X iC. (45)
The above properties required for the field XK, are

checked as follows:
(i) This is because

8K, =8 A, +566(5,0+ g A, X0 =8 Ap ++58(0,8C + g8 A, X T+ g A, X §0)

i

=6'A, +—(0,6%C+gd” A, xC—g8A,x8C+gdA,x8C+gA, X

M2
i -
=5 A, +-5D,[AFC =0,

where we have used S’JZlM = DM[JZ{](_Z, 6% A, =0,
6”C=iM*C,and 8' A, = D,[A]C.
(i) The field equation is obtained:
5£t0t
5 AH

= D'[AlF,, — 9, N +gia,CXC

+M?A, +gJ, =0, 47

(46)

where we have used the left derivative and defined

the matter current J,, by
" A (')ﬁ“’t
JE = —i(T¢),————.
# ‘oot e,)
The Noether current associated with color symme-
try, which is conserved in the sense 9 MJ ko =0,is

color
given by

(48)
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(ﬁ)lorzﬂvx:}-’y#+ia#@XC_DIL[ﬂ]CXl.é
+ ArX N +JH (49)

Using this result, the equation of motion for A , is
cast into the Maxwell-like form:

3, F"r +gJh  +i6'8' Ar + M> Ar = 0.
(50)
This indeed leads to

1
K, = af‘(ﬂlﬂ +Wi6’5’ﬂ#>

-1
Wa#(avj:‘y,u _’_gjzolor)

-1
= (@407 F,py + g4 T2 =0, (51)

where we have used 949" F,, = —0*0"F,, =0
lor —
and 9# J7" = 0.
(iii) This is trivial from the Lie-algebra form:

1
K= Ay =73 0u N + iz A N]

2
. 8 . 5 8 .
- lW[GMC,lC]—W[[ﬂWC], ZC] (52)

As an immediate application of the above result, we can
construct a mass term which is invariant simultaneously
under the modified BRST transformation, Lorentz trans-
formation, and color rotation:

%MZZKM()C) K (), (53)

This can be useful as a regularization scheme for avoiding
infrared divergences in non-Abelian gauge theories.
Moreover, we can obtain a dimension-two condensate
which is modified BRST invariant, Lorentz invariant, and
color singlet:

(K (x) - KH(x)). (54)

This dimension-two condensate is off-shell (modified)
BRST invariant and should be compared with the
dimension-two condensate proposed in Refs. [15,16]:

(GAuW- Ak@ + pew W) 59

which is only on-shell BRST invariant.

The original CF Lagrangian L%V [ A, C, C, N7 is
written in terms of A ,, C, C, and N'. The new theory is
specified by Lo\ [ K., C, C, N'] written in terms of K s
C, C, and N with the symmetry:

PHYSICAL REVIEW D 87, 025008 (2013)
6K, (x) =0,
6'C(x) = —5C(x) X C(x),
6'C(x) = iN(x),
&' N (x) = M*C(x).

(56)

The proposed model opens a path of resolving the long-
standing problem of reconciling physical unitarity with
renormalizability without Higgs fields. The physical uni-
tarity of the CF model will be discussed in forthcoming
papers [30].

V. REMARKS

A. On the choice of the model Lagrangian

Both the lattice studies and the Schwinger-Dyson equa-
tion studies use the conventional QCD action, with none of
the terms proposed by this paper or by other gluon-mass
modelers, and they all obtain a result suggesting the exis-
tence of a nonperturbative gluon mass. It is certainly
possible to model the gluon mass result in a possibly non-
renormalizable effective action that is to be used at a
classical level (e.g., Ref. [26]) that has none of the com-
plications pointed out by us for our own proposal. Some
readers may ask: Are we suggesting that one abandons the
standard QCD Lagrangian and use ours? If our model is
just as an effective action, why must it be renormalizable,
usually not a requirement for an effective action?
Therefore, we would like to make some comments about
these questions.

(1) We regard our model just as an effective theory in the
sense that it is useful to discuss some aspects on
confinement issue relevant in the low-energy regime.
Therefore, our model as an effective action is not to
be used at high energies where not only “‘unitarity”
is violated, but also “physical unitarity,” which
requires a cutoff at a point (depending on a parame-
ter B of the CF model that is physical but not
determined by the CF theory).

(i1) In general, the effective model to be valid in the
low-energy regime need not be renormalizable. But
the renormalizability is a good property in perform-
ing calculations in the quantum field theory, and
therefore, we have no reason to abandon the renor-
malizability of the model, if it is maintained. In this
paper, we have adopted the CF model which reduces
in the massless limit to the Yang-Mills theory in the
Lorenz gauge including the Landau gauge. The CF
model happens to be renormalizable in this choice

of the Lagrangian, which has the same field contents
as those in the Yang-Mills theory. But remember
that even if the renormalizability holds in one
gauge, it can be easily lost by taking another gauge.
This means that this kind of renormalizability is of
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some technical character, rather than reflecting the
true physics to be described by the model, which
should be independent of the gauge choice. In our
opinion, on the other hand, the physical unitarity
must hold in any other gauge choice if it holds
for a choice of gauge, in marked contrast to the
renormalizability.

(iii)) We expect that our model incorporates some
important aspects for understanding the decoupling
solution even with a simpler Lagrangian than other
approaches, e.g., coming from dynamically gener-
ated gluon mass due to QCD dynamics (leading
to the momentum-dependent approximate mass
function after solving the nonlinear equations
numerically [38]) and coming from restricting the
integration region to the Gribov region or the
fundamental modular region (leading to a more
complicated refined Gribov-Zwanziger approach
[31,32]), since we do not yet know how to incor-
porate these aspects exactly.

(iv) We hope that our study gives a clue which enables
us to extract two transverse modes (corresponding
to the physical modes in the massless case) from
our model by imposing suitable constraints. If this
is successful, we will be able to give a novel con-
nection between scaling and decoupling.

B. On the meaning of confinement

We remember two papers of Kugo and Ojima [3,19] on
color confinement: The first paper [3] makes the claim that
color confinement requires a certain function u(p) called
the Kugo-Ojima function to have the value u(0) = —1, and
the second paper [19] introduces the quartet mechanism
enforcing physical unitarity, provided that the BRST
operator is nilpotent. The value u(0) = —1 makes the
ghost propagator more singular at zero momentum than
it is in perturbation theory. However, the decoupling
solution in Landau gauge does not fulfill this criterion,
and the ghost propagator is not singular at zero momentum.
In this paper and subsequent papers [30], the gluon is
massive and the ghost propagator is not singular. In addi-
tion, the BRST operator introduced in these papers is not
nilpotent, as pointed out. Therefore, we would like to
make some qualitative comments about how there can still
be confinement in our model in view of the results of
Ref. [3], if the ghost propagator is not singular for generic
values of B, and what significance there is to the physical
parameter 3.

(i) We consider the Kugo-Ojima criterion is a sufficient
condition for color confinement, but it is not a nec-
essary condition for color confinement. Therefore,
the dissatisfaction of the Kugo-Ojima criterion does
not necessarily mean the failure of confinement. In
fact, if we take into account the Gribov copies, the

PHYSICAL REVIEW D 87, 025008 (2013)

Kugo-Ojima formulation based on the usual BRST
method loses its foundation, since it is known that
the usual BRST symmetry with nilpotency no longer
exists after removing the Gribov copies [31,32]
and that the nilpotent BRST transformation can
be constructed by modifying the usual BRST
only when nonlocality of the transformation is
allowed [33,34].

(@i1) It is well known that the existence of the nilpotent
BRST symmetry leads to physical unitarity [3,19].
But, there is no general proof that the loss of nilpo-
tency immediately yields the violation of physical
unitarity. Therefore, even in the absence of nilpo-
tency, we have still room to find the other way of
proving physical unitarity, as we will discuss in
subsequent papers [30].

(iii) There could exist other criteria for color confine-
ment. This viewpoint is supported by the result
of Braun et al. [7], which has shown that both
decoupling and scaling solution exhibit quark
confinement in the sense that the Polyakov loop
average is zero, independently of the gauge choice.
This result suggests the existence of a criterion
for color confinement which is applicable to both

solutions.

(iv) For the significance of the parameter B as a
physical one, we agree that the choice of the beta
determines the content of the theory [35]. In our
opinion, the choice of 8 = 0 will be preferred to
explain confinement, since for confinement to
occur there must exist a mode which carries the
confining force to the long distance. This seems to
be possible only when 8 = 0, i.e., the ghosts are
massless; otherwise, both gluons and ghosts
become massive in the CF model and the confining
force becomes short range. According to Ref. [10],
the simplest case 8 = 0 well reproduces the decou-
pling solution obtained in the numerical simulation
on a lattice.
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APPENDIX A: INVARIANCE OF THE
PATH-INTEGRATION MEASURE

In the massive Yang-Mills theory, the path-integral inte-
gration measure defined by
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DADCDEDN = [] d A% (x)l_[dCA(x)ndCA(x)ndNA(x) (AD)

X, A XA

is invariant under the modified BRST transformation. This fact is shown as follows. For the change of integration variables
O(x) = P'(x) = O(x) + A6’ P(x), the integration measure is transformed as

[T 5 ARG S5AYK) SARN)  5AY(x)
AL 8CE(y) 5CE(y) SNE(y)
85C' (x) 8C' (x) 8C' (x) 5C" (x)
8 AL(y) 8CB(y) 5CE(y) SNE(y)

DA'DC'DCDN' = IDADCDCDN,  J=Det| " ) ) ) (A2)
8C" (x) 8C" (x) 8C" (x) 8C' (x)
AL  8CB(y)  8CB(y) NP
SNMAx)  SN"(x) SNM(x) SN
| SAT()  8CP(L) 8CP(y)  SNE()
The Jacobian J is calculated as
( 5W(5AB + AgfABCCC) AD/ALB[‘A] 0 0
5AB - ABCC 0 0
J = Det e 8P (x —y)
0 0 848 1isAB
L O AM25AB O BAB
réw(é‘AB + AgfABCCE) ADﬁB[A] 0
= Det 0 S4B — NgfABCCcC 0 |8P(x — )
0 0 548
8,,(6% + AgfABECC) 0 0
+ (AM?) - Det 0 0 0 [6P(x—y)
0 S4B 1idAP
= Det[éMVSD(x — y)(648 + AgfABCCO)IDet[ 8P (x — y)(848 — AgfABCCO)] = 1. (A3)
APPENDIX B: 8 DEPENDENCE e = 7[J]
We have shown that Lgg, pp is written as — f DADCDECDN
B .- e
/ . L2 iR —Ean2.0.
Lepsr = 155( Al A, +TiC C) S Mic-C, X exp{iS‘n‘;‘YM +i f dPxJ(x) - @(x)}. (B4)
(B1) : :
Then the average of the operator O is obtained from
while )
Ox) =W == InZ[J] (BS)
1 - _ _
L,==M*A, - A*+ BM2C - C. (B2) 51( ) =0 18J() /=0
2 First, we consider the derivative of W with respect to 8
Thus, we have given by
/1 B - owlJ] 1alnZ[J] 1 _,9Z[J] <8S£,°§(M>
= id'ol = Mo —iC - = — :—ZJ = d s
Lopemn + L, 185<2ﬂ A, +ti c) R )
- 1
+§M2iC-C+5MZJZlM . A" (B3) (B6)
where

Let W be the generating functional of the connected ot
Green functions defined from the vacuum functional Z[J] aSmYM f dPx [15 & ( iC - C) + = : M?iC - C] (B7)
with the source J for an operator O as a functional of ®: 2
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If we adopt the modified Kugo-Ojima subsidiary condi-
tion or the modified BRST invariance of the vacuum:

Q;gRSTl()) =0, (B8)
we find the B8 dependence of W[J]:
W\ J 1 -
a[[;] - f 43 MXC(x) - CL0), # 0. (B9)

Therefore, for M # 0, W[J] depends on the parameter 3.
This result should be compared with the M = 0 case, in
which B is a gauge-fixing parameter and hence W[J]
should not depend on B. In the M = 0 case, any choice
of B gives the same W[J]. However, this is not the case
for M # 0.

PHYSICAL REVIEW D 87, 025008 (2013)

Next, we consider the average of the operator O:
(O@) =z f DADCDEDN eSmi0(x), (BI0)
where Z := Z[J = 0]. The B derivative is given by
i<@( )) = <(9( ); %>
B X x);i— A

where we have defined the connected expectation value
(A; B) := (AB) — (A)XB). Even if the operator O is modi-
fied BRST invariant, i.e., 8’0 = 0, the average (O(x))
depends on B for M # O:

506y =50 [ PyOw:iCk)-Con #0. 12

The B dependence of the CF model was pointed out also in
[35] by using different arguments.
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