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In a series of papers, we examine the physical unitarity in a massive Yang-Mills theory without the
Higgs field in which the color gauge symmetry is not spontaneously broken and kept intact. For this
purpose, we use a new framework proposed in the previous paper Kondo [arXiv:1208.3521] based on a
nonperturbative construction of a non-Abelian field describing a massive spin-one vector boson field,
which enables us to perform the perturbative and nonperturbative studies on the physical unitarity. In this
paper, we present a new perturbative treatment for the physical unitarity after giving the general properties
of the massive Yang-Mills theory. Then we reproduce the violation of physical unitarity in a transparent
way. This paper is a preliminary work to the subsequent papers in which we present a nonperturbative
framework to propose a possible scenario of restoring the physical unitarity in the Curci-Ferrari model.
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I. INTRODUCTION

In the Yang-Mills theory [1] and quantum chromody-
namics (QCD) for strong interactions, both the renorma-
lizability and the physical unitarity are satisfied, as
demonstrated first in Ref. [2]. Moreover, it is also known
[3] that the massive Yang-Mills theory satisfies both the
renormalizability and the physical unitarity, if the local
gauge invariance is spontaneously broken by the Higgs
field [4] and the gauge field acquires the mass through the
Higgs mechanism by absorbing the Nambu-Goldstone
particle associated with the spontaneous symmetry
breakdown. In other words, both the renormalizability
and the physical unitarity survive the spontaneous break-
ing of the gauge symmetry.

It is a long-standing problem [5—15] to clarify whether
it is possible or not to construct a massive Yang-Mills
model blessed with both the physical unitarity and the
renormalizability without the Higgs fields, in which the
local gauge symmetry is not spontaneously broken. Here
the Lagrangian is assumed to be written in polynomials of
the fields (we exclude the nonpolynomial type [12] from
our discussions). We are anxious to find such a model for
understanding the mass gap and confinement caused by the
strong interactions [16-20], since the Higgs field does not
exist and the color gauge symmetry is kept intact in QCD.
Indeed, there are continued attempts to look for an alter-
native way to describe massive non-Abelian gauge fields
without the Higgs field [5—14]. However, all these efforts
were unsuccessful in coping with both renormalizability
and unitarity very well: In all the models proposed so far
for the massive Yang-Mills theory without the Higgs fields,
it seems that the renormalizability and the physical unitar-
ity are not compatible with each other, although there are
some models which satisfy either the renormalizability or
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the physical unitarity. See Refs. [13,14] for reviews and
[15] for later developments.

For this purpose, we start once again from the Curci-
Ferrari (CF) model [8], which is a massive extension
of the massless Yang-Mills theory in the most general
renormalizable gauge having both the Becchi-Rouet-
Stora-Tyutin (BRST) and anti-BRST symmetries [21].
In preceding studies for the CF model [8-11], the CF
model is proved to be renormalizable, whereas the
CF model has been concluded to violate physical unitary
[9-11]. However, the preceding studies are restricted
to considerations in the perturbation theory. We need a
nonperturbative framework to draw a definite conclusion
to this issue.

In a previous paper [22], therefore, we have presented
a nonperturbative construction of a massive Yang-Mills
field XK, which describes a non-Abelian massive spin-
one vector boson with the correct physical degrees of
freedom without the Higgs field [3]. This is achieved
by finding a nonlinear but local transformation from the
original fields in the CF model to the physical massive
vector field K, which is invariant under the modified
BRST and anti-BRST transformation. As an application,
we have written down a local mass term for the Yang-Mills
field and a dimension-two condensate, which are exactly
invariant under the modified BRST transformation,
Lorentz transformation, and color rotation. The resulting
massive Yang-Mills model is regarded as a low-energy
effective theory of QCD, which enables us to understand
the decoupling solution [17] characterizing the deep infra-
red regime responsible for color confinement [23,24].

In a series of papers, we give the perturbative and non-
perturbative studies on the physical unitarity [25] in the
massive Yang-Mills theory constructed in the previous
paper [22]. In the ordinary massless Yang-Mills theory,
the physical unitarity is a first step of understanding color
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confinement [23]: In the intermediate state, the contribu-
tions from the unphysical gauge modes, i.e., the longitudi-
nal and scalar modes, are exactly canceled by those of the
ghost and antighost, which is a special case of the quartet
mechanism [26]. We clarify how the situation changes
in the massive case. Moreover, we clarify the reason for
failures of the preceding attempts from our viewpoint.

This paper is the first of the planned papers for discus-
sing the perturbative and nonperturbative physical unitarity
in the massive Yang-Mills theory without the Higgs field.
In this paper we present a new perturbative treatment for
the physical unitarity after reviewing the general properties
of the massive Yang-Mills theory. Then we reproduce
the violation of physical unitarity in a transparent way.
In subsequent papers, we present a nonperturbative frame-
work to discuss a possible scenario of restoring the physi-
cal unitarity in the massive Yang-Mills theory.

Finally, we mention the difference between the unitar-
ity and physical unitarity of the scattering matrix from
our point of view. For the tree-level scattering amplitude
between two longitudinally polarized vector bosons, it
is known [27-29] that the scattering probability as a
function of the energy E becomes greater than 1 above
a critical value E,., since the amplitude grows with the
energy E like g>E*>/M? where M is the mass of the
vector boson and g is the coupling constant for the self-
interactions among vector bosons. This implies that the
perturbative unitarity breaks down in high-energy E=E,.
Therefore, for the perturbative unitarity to be satisfied, the
energy must be restricted to low-energy E < E_, which is
called the unitarity bound. (The violation of the unitarity
condition for the scattering amplitude in high energy is
understood from the Nambu-Goldstone equivalence
theorem [29] and the low-energy theorem.) In the Higgs
sector of weak interactions in the standard model, the
Higgs particle exists and the exchange of the Higgs
particle affects the amplitude so that the amplitude
approaches a constant at energies far above the Higgs
pole. Consequently, the Higgs mass must be less than
an upper bound. If such new physical degrees of free-
dom do not exist, this behavior is not modified and the
unitarity violation in high energy cannot be avoided
in the massive Yang-Mills theory, since the Nakanishi-
Lautrup (NL) auxiliary field can be integrated out and the
ghosts can play no role in the tree-level amplitude. In our
works, we regard the CF model as a low-energy effective
theory of the Yang-Mills theory to be valid in the region
E < E, for discussing color confinement. We restrict our
examination on the physical unitarity to a sufficiently
low-energy region below a few GeV to evade the unitarity
violation and consider only the physical unitarity, i.e.,
unphysical mode cancellation in our papers. Therefore,
the well-known fact about the unitarity violation in the
above does not contradict our research on the physical
unitarity.
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This paper is organized as follows.

In Sec. II, we introduce a massive Yang-Mills theory
without the Higgs field and define the CF model as a
special case. The CF model is not invariant under the usual
BRST and anti-BRST transformations. However, the CF
model can be made invariant by modifying the BRST and
anti-BRST transformations. The cost of introducing the
mass term is the violation of nilpotency of the modified
BRST and anti-BRST transformations. We point out an
important fact that even the modified BRST (anti-BRST)-
invariant quantity depends on a parameter (3 in the M # 0
case. This should be compared with the M = 0 case,
in which B is a gauge-fixing parameter and the BRST-
invariant quantity does not depend on [, which means
that the physics does not depend on S in the M = 0 case.
This is not the case for M # 0.

In Sec. III, we summarize the result obtained in the
previous paper [22] on a nonperturbative construction of
a non-Abelian massive Yang-Mills field XK, under the
requirements which guarantee (i) the modified BRST
(and anti-BRST) invariance, (ii) correct degrees of freedom
for describing a massive spin-one particle, and (iii) the
expected transformation rule under color rotation. We
write down the massive vector field explicitly in terms of
the original Yang-Mills field, the Faddeev-Popov (FP)
ghost field, the FP antighost field, and the NL field in the
CF model.

In Sec. IV, we give a perturbative framework of the CF
model in terms of the new field variable XK ,. We give the
Feynman rules up to the order g.

In Sec. V, we check the physical unitarity in the massless
Yang-Mills theory. Using a simple example, it is demon-
strated in the lowest order of perturbation theory that the
physical unitarity follows from the cancellation among
unphysical modes: the longitudinal and scalar modes of
the Yang-Mills field together with the FP ghost and
antighost.

In Sec. VI, we review a conventional argument for the
violation of physical unitarity in the massive Yang-Mills
theory without the Higgs field. Using a simple example
corresponding to the previous section, we show that the
violation of physical unitarity follows from the incomplete
cancellation among unphysical modes: the scalar mode
with the FP ghost and antighost.

In Sec. VII, we begin with a new analysis on the
physical unitarity of the CF model based on a novel
framework using the field XK, given in Sec. III. In this
section, we give a new perturbative analysis using the
result of Sec. V. We confirm that the physical unitarity is
indeed violated in the CF model in the framework of the
perturbation theory in the coupling constant. It is easily
seen that the violation of physical unitarity follows from
the incomplete cancellation among unphysical modes:
the NL field (corresponding to the scalar mode) with the
FP ghost and antighost. We discuss how to avoid the
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violation of physical unitarity within the perturbative
framework.

In the final section, we summarize the results and
mention the perspective on the next work.

In Appendix A, we calculate the Jacobian associated
with the change of variables from the original CF model
to the new theory written in terms of new variables.
In Appendix B, the Feynman rules are given up to the
next order g2, with which we supplement the results of
Sec. V.

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

In order to look for a candidate of the massive Yang-
Mills theory without the Higgs field, we start from the
usual massless Yang-Mills theory in the most general
Lorentz gauge formulated in a manifestly Lorentz cova-
riant way. The total Lagrangian density is written in terms
of the Yang-Mills field A, the FP ghost field C, the
antighost field C, and the NL field V. As a candidate of
the massive Yang-Mills theory without the Higgs field, we
add the “mass term” L,,:

Lovm=Lym+ Lo + L, (1a)
Lyn= —%TW'}"“", (1b)
LGF+FP=%.N~:N+§N~N
+N~6“ﬂ#—§g.’]\f~(i(_3><(3)
+iC-90 D, [ AL +E X 0)-(ex0)
=N-9»A,+iC-0*D,[A]C

+§(W-W+W~W)+%N~N (1o)
£m=%M2.5ZlM~.’A“ + BMZiC-C, (1d)

where a and B are parameters corresponding to the gauge-
fixing parameters in the M — 0 limit, D, [ A]C(x) :=
0,C(x) + g A(x) X C(x), and

N = —-N +giC X C. (2)

The a = 0 case is the CF model with the coupling
constant g, the mass parameter M, and the parameter 3.
In the Abelian limit with vanishing structure constants
fABC€ =0, the FP ghosts decouple and the CF model
reduces to the Nakanishi model [30].

In what follows, we restrict our considerations to the
a =0 case. In the a = 0 case, Lyy + Lgr+pp 1S con-
structed so as to be invariant under both the usual BRST
transformation,
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5A,(x) = D,[ALK),
8C(x) = — %cu) X C(x),

8C(x) = iN(x), )
6N (x) =0,
and anti-BRST transformation,
6A,(x) =D,[AIC(),
5C0) = — S0 x C(),
i 2 4
6C(x) = iN (x),
SN (x)=0.
Indeed, it is checked that
0Lyy =0, 0 Lgpipp = 0, (5)
6Ly =0, 6 Lpire = 0. (6)
This is not the case for the mass term £, i.e.,
6L, #0. (7)

Even in the presence of the mass term L,,, however, the
total Lagrangian L%,/ can be made invariant by modify-
ing the BRST transformation [8]: Sprer = A6’ with a
Grassmannian number A and

8 A,(x) = D,[AL),
8'C(x) = — gcu) X C(x),
8'C(x) = iN(x),

&' N (x) = M2C(x).

The modified BRST transformation 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 6’ L%\, = 0 follows from

0=206"(Lgp+rr + L), )

)

while
'L, #0,

Similarly, the total action is invariant under a modified
anti-BRST transformation &’ defined by

S’ﬂﬂ(x) = Dﬂ[ﬂ](_f(x),
50(x) = — %é(x) X C(x),
&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:

0" Lpipp # 0. (10)

(1
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&' N(x) = g N (x) X C(x) — M*C(x),
&' N (x) = g N'(x) X C(x) + M2C(x).

Moreover, the path-integral integration measure
DADCDCDN is invariant under the modified BRST
transformation. Indeed, it has been shown in Ref. [22] that
the Jacobian associated to the change of integration varia-
bles ®(x) — P'(x) = O(x) + A6’ ®(x) for the integration
measure is equal to one.

However, the modified BRST transformation violates
the nilpotency when M # 0:

(12)

A, x)=0, §§Ck) =0,
5'6'C(x) = i8' N (x) = iM2C(x) # 0, (13)
8'8' N (x) = M28'C(x) = —M2§C(x) X C(x) # 0.

The nilpotency is violated also for the modified anti-BRST
transformation when M # O:

5'5’ﬂlu(x) =0, 6'6'C(x) =0,
8'6'C(x) = i6' N'(x) = —iM*C(x) # 0, (14)
5'6' N (x) = —M28'C(x) = Mzgé(x) X C(x) # 0.

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 # O case:

18,51A,(0 = 0,
{8/, 8")C(x) = iM*C(x),

{8/, 8'}C(x) = —iM>C(x),
{6/, 6" YN (x) = 0.
In th_e limit M — 0, the anticommutativity is recovered,
{6',6'} — 0.
Let W be the generating functional of the connected

Green functions defined from the vacuum functional Z[J]
with the source J for an operator O as a functional of ®:

e = 7]J]
- [ Dﬂ@C@é@j\rexp{is;;;g{M
+i [ dPxJ(x) - (Q(x)}. (16)

Then the derivative of W with respect to 8 is given by

W[Jl _1alnz[J] 1. - 9Z[J] oS
B i IB _72[”1 B _< 2B >
(17)
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where

tot
. [dD [18’ ( ic- c)+1M2lc c] (18)

This follows from the fact that Lgp pp + L, is written
as [22]

/ 18 0
£GF+FP+ £ l6 J,Zl’u ‘52"# +EZC'C

+ §M2ié C+ %M%’Ztﬂ - AR (19)

If we require the modified BRST invariance of the
vacuum,

Oprsrl0) = 0, (20)
we find the B8 dependence of W[J]:

M_ f dPx M2<1C(x) C)y, #0. (@21

Therefore, for M # 0, W[J] depends on the parameter S.
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. The B dependence of the CF model was pointed
out also in Ref. [31] using different arguments.

III. DEFINING A MASSIVE YANG-MILLS FIELD

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

i) K » has the modified BRST invariance (off mass

shell):

8K, =0. (22)

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

K, =0. (23)

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

K, (x) = UK, (U, U = explie® Q4]
(24)
which has the infinitesimal version:
0K, (x) =& X K,(x). (25)

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

We observe that the total Lagrangian of the CF model is
invariant under the (infinitesimal) global gauge transfor-
mation or color rotation defined by

SP(x) 1= [e€iQFC, ®(x)] = & X D(x),

_ (26)
for®=A, N,CC,
Sop(x) :=[e%iQC, p(x)] = —iep(x), 27)
where ¢ is a matter field, which is also written as
SDA(x) = fABCBDC(x), 28)

890a(x) = _iSA(TA)ab¢b(x) = _iSA(TA¢)a;
0,A

where the conserved Noether charge 04 := [d’xJ_ 5.,
obtained from the color current ./ golor is called the color
charge and is equal to the generator of the color rotation.
It has been shown [22] that such a field K, is obtained
by a nonlinear but local transformation from the original
fields A, C, C, and N of the CF model:
Ky=A,~M 2, N—-gM?A, XN
+gM29,CXiC+g*?M (A, XC)XiC. (29)

In the Abelian limit or the lowest order of the coupling
constant g, K, reduces to the Proca field for massive
vector:

7

K,— A, -1 (30)

M2 12

It should be remarked that U u is invariant under the

Abelian version of the modified BRST, but it is not invari-

ant under the non-Abelian modified BRST transformation.
The new field K, is converted to a simple form:

N :=U,.

K = A0+ idE AL, B
It has been explicitly shown in Ref. [22] that the field K,
defined by (29) or (31) satisfies all the above properties.
The field XK, plays the role of the non-Abelian massive
vector field and is identified with a non-Abelian version of
the spin-one massive vector field. Equation (29) gives a
transformation from A ,, N, C, and Cto K -

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:

1
MR, (x) - HH(x) (32)

PHYSICAL REVIEW D 87, 025017 (2013)

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) - Kk (x)). (33)

This dimension-two condensate is off-shell (modified)
BRST invariant and should be compared with the
dimension-two condensate proposed in Refs. [32,33]:

1 _
(52400 A + BC) - Cw)),
which is only on-shell BRST invariant. .
The original CF Lagrangian L£9,,[ A wCC N ] is
written in terms of A o C, C, and N. The new theory is

specified by L[ K wC C, N'] written in terms of &K s
C, C, and N with the symmetry

(34)

85, (x) = 0,
§0(x) = iN(v),

8'C(x) = — gcu) X C(x),

(35)
&' N (x) = M?C(x).

IV. PERTURBATIVE FRAMEWORK OF THE
MASSIVE YANG-MILLS THEORY

Equation (29) gives a transformation from A, C, C,
and N to K ,. In order to write explicitly the non-Abelian
massive Yang-Mills theory without the Higgs field, we
rewrite the original Lagrangian written in terms of A ,,
N, C, and C into the new Lagrangian written in terms of
Ky, N, C, and C. For this purpose, we need the inverse
transformation of (29), namely, A , as a function of XK,
N, C, and C. But the inverse transformation cannot be
given in a closed form, since (29) is a nonlinear trans-
formation. In order to perform the perturbative calculation,
it is sufficient to know the order by order expression of the
inverse transformation. By using (29) in the form

- -2 -2
A=Ky AM 79, N+gM > A, XN
—gM29,CXiC—g*M 2( A, XC)XiC,  (36)
we find that the right-hand side contains the order g% g,
and g2 terms. By iterative procedures, we obtain
A, =K, +M 29, N —gM2%Cx0a,C
) —4 2
+gM7PK, XN+ gM %9, N X N + O(g?).
(37
The propagator of K, is obtained from the order g" terms,
ie., .JZlM = KM + #8,,,7\/’, as in the Abelian case, and
hence the propagator is not modified from the Proca case.
However, the vertex functions among K > C, C, and N in

the massive theory are modified by the order g' terms from
those of A x> G, C, and N in the original theory. This fact
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has been overlooked in all the preceding studies. The
preceding works [5—11] are based on the observation that
the vertices in the massive case are the same as in the
massless case. However, this observation is correct only
if the relationship between the original field A, to the
massive field K, is linear as in the Abelian case. This is
not the case in the non-Abelian case, as our construction of
the massive field K, clearly shows. The vertices in the
massive theory are modified in terms of the vector field
XK, in addition to the FP ghost, the FP antighost, and the
NL field. For the correct identification of the massive
vector field K s ONE needs the FP ghost, the FP antighost,
and the NL field, in addition to the original Yang-Mills
field A ,,. This could be a loophole of avoiding the results
of the preceding analyses for the violation of physical
unitarity.

It is checked if this is true or not.

To check the physical unitarity in the nontrivial lowest
order in the perturbation with respect to the coupling
constant g, the original Lagrangian LoV, is rewritten
order by order of the coupling constant g as follows:

Lep= Lo+ L+ 0(g), (38)

L= —%(aMKV 9,5, + %MQKM LKk
1

M2

+ BM2iC - C, (39)

N2+ BN =i,

8 v 8
Ly==50,5,=8,5,) (KX K 5520, K,
= 8,9C,) (N X 5" N) =255, (N X N)
+ﬁ(aﬂ<v ~9,%,,)- (i04C X 87C— i9"C X 94C)

—gXK, - (iCXaHC)+g XK, - (id*CXC)

+%aﬂj\r- (i0,CXC) —ggj\f' (CXC).  (40)
The Feynman rules are given up to three-point vertices of
O(g) as follows.
Propagators (Fig. 1):
(a) Massive vector propagator (K% (k) K5(—k))

i Kk,
TR Mt (g’” ay: )5AB' 1

(b) FP ghost propagator (CA(k)C?(—k))
i

Tt TAYR @

PHYSICAL REVIEW D 87, 025017 (2013)
k
O SVAVAVAVIVAVAV AP 7o
k.
(b) @A B
k
(c) JVA _________ - B

FIG. 1. Feynman rules for propagators: (a) massive vector
propagator, (b) FP ghost propagator, (c) NL field propagator.

(c) NL (auxiliary) field propagator (N4 (k) N B(—k))

- —iMZ 5B (43)
k> — BM? + ie '

Three-point vertices (Fig. 2):
(d) KKI vertex (Kﬁ(k,)Kﬁ(kz)Kg(&)}

_ingBCV,U,Vp (klr k2’ k3)r (44)
with
V,uz/p(klr k2’ k3) = (kl - k2)pg,u1/ + (k2 - k3),u,g1/p
+ (k3 - kl)ugp,u,' (45)

(e) KCC vertex (C*(k;)CB(ky) K (k3))

— igfABAM ™k, (ky - k3) — ko, (ky - K3)]
+ ki, — k2p}. (46)

() KN N vertex (N4 (ky) NB(ky) KE(k3))

igM =2 fABCIM 2k, , (ks * k3) — ko (ky - k3)]
+ klp - k2p}' (47)

(g) INCC vertex (CA(ky)CE (kr) N (k3))

igfapclM 2k, - ks — B/2]. (48)

These rules should be compared with the following
Feynman rules for the original Lagrangian.

Propagators (Fig. 3):

(a) Vector propagator (ﬂlﬁ(k)ﬂlf (—k))

i k,uk
- _ v 5AB
2 — M+ e (g’“ 2+ is)

iB kuk,

_ SAB = DAB(1).
k> — BM?* + is k> + ie o (K)

(49)
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A
K,

1 C
{d) A,
e/"?f/B kz
A
A
© ONNNAN L
</VA\ kl
T~ \\‘ k-
(0 I VvV Vv
N B [T
oA
AN
IS -« ]{g
() ® — — — — — e
@B’ T

FIG. 2. Feynman rules for three-point vertex functions:
(d) KKK vertex, (e) KCC vertex, (f) KNIN vertex,
(g) INCC vertex.

(b) FP ghost propagator (CA(k)C?(—k))

1

YR 50
(c) NL field propagator (N4 (k) N B(—k))
kz—gwﬁ 548, (51)
(d) The cross propagator (A% (k) N5(—k))
—ky AB (52)

k> — BM? + ie

k

(b) [ R B
k

(c) A - B
k

O RAVAVAVAVEE B

FIG. 3. Feynman rules for propagators: (a) massive vector
propagator, (b) FP ghost propagator, (c) NL field propagator,
(d) cross propagator.
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A
Jyl‘ ](71

e) C
(e) o
Bk
v
oA
(f) m o/
“r
%B

FIG. 4. Feynman rules for three-point vertex functions:
e) AAA vertex, (f) ACC vertex.

Three-point vertices (Fig. 4):
(e) AAA vertex (A4 (k) AL (ky) AS(k3))

—igfAPV (ki ko, K3), (53)
(f) ACC vertex (C* (k1)CB(ky) AS (k3))
igfapckip- (54)
From the relation
JZlM=.’KM+%8MN+O(g), (55)

we find

(AL A, G)={K () +M 29, N @)K, ()
+M729, N ()
= (K, () I, () + MK, (), N ()
+M 720, N () K, )
+M Ko, N(x)a, N, (56)
which has the Fourier transform
(AL () AT (=K))
= (K (k) K (=) + ik, M2 I (— k) NE (K))
— ik, M~ NA () K (—k))
+ M‘4kMkV<NA(k)NB(—k)>
k,k,

Kk,
Sur ~ 7 T
K —M?>+ie k*— BM?*+ie

= ié‘AB[ - ] (57)

where we have used (41) and (49) and the fact that there are
no mixing propagators:
(KL (=R NE(K)) = 0 = (N ) KE(—k)).  (58)

Thus the original gluon two-point function or propagator is
decomposed into the spin-one and spin-zero parts.
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Another expression for the propagator is the manifestly
(power-counting) renormalizable form:

(AL () AL(—k)

Kk, Kk,
— l'b‘ABI:_ 8uv ~ i _ B tie ] (59)
k> —M?*+ie k*>— BM*+iel

For higher orders, see Appendix B.

V. PHYSICAL UNITARITY OF MASSLESS
YANG-MILLS THEORY

The S matrix or the scattering operator S is unitary:
1=Sts =SSt (60)

This means that for any (initial) state ¥, € V and any
(final) state ¥, € V, the following relation holds:

(Wl W,) = (W, ISTSIW,) = D (ISP, XD, ISIW,),
®,EV

(61)

which is obtained by inserting the complete set of states

{®,} in the total state space V:1 = Y0, VIPXP,I.
On the other hand, the physical unitarity of the S matrix

means that the S matrix is unitary on the physical subspace

Vphys: for any physical state ¥, ¥, € V

<\I}b|q,a> =

phys>
Z <\I}b|ST|q)n><q)n|S|\Pa>’ (62)
®,EV,

phys

where the physical subspace Vphys
v

phys

is defined by
:= {Iphys) € V:{phys|phys) = 0} C V. (63)

The unitarity of the S matrix is rewritten in terms of the
scattering amplitude defined by

S=1+1iT, (64)
into the relation
—i(T — 1Y) =T1T". (65)
Then the unitarity relation reads that for any state ¥,
v, eV,
m(W 71, = 5 (W, T, — (0,1 TH,)

1
=5 2 (WITI®,X®,ITHW,).  (66)
P,V

On the other hand, the physical unitarity requires that
for any physical state ¥, ¥, € Vphys, only the physical
states contribute to the intermediate states:

1
Im<\I’b|T|\Pa> =3

5 2 (WITI® XD, ITHW,).  (©7)

<I)n € Vphys

PHYSICAL REVIEW D 87, 025017 (2013)

In other words, the physical unitarity in gauge theories
states that all the unphysical modes cancel in the inter-
mediate states. The imaginary part is calculated by the
Cutkosky cutting rule [34].

As a simple example, we consider a one-particle
scattering, i.e., a scattering process A — A in which
the initial state is a massless gluon and the final state is
also a massless gluon in the massless Yang-Mills the-
ory as the M = 0 case of the CF model. The Feynman
rules in the M = 0 case have been given in Ref. [33].
In the lowest order of the perturbation theory, the
Feynman graphs of this process are given by Fig. 5.
Each diagram has one closed loop. The initial state and
the final state of a gluon are specified by the polariza-
tion vectors:

g (k) := g2, g (k) == g¥. (68)

For this process up to the order g2, we wish to
check the physical unitarity relation for the scattering
amplitude 7. By applying the Cutkosky rule [34] to
Fig. 5, we find that the imaginary part of the scattering
amplitude T(T* — T7) from a transverse mode 7= to a
transverse mode T~ is given by Fig. 6. Here it should be
remarked that the tadpole diagram does not have the
imaginary part.

The imaginary part of the diagram Fig. 6(a) with a gluon
loop is given by

1.
3 (ig)facV uvalky, ko, k3)
X (_ig)fABC/V,u,'V’a/(_li —ks, _k3)
X 20K (k3) g+ 2m0(k3)5(k3) 8" e (k3)e® (—ks),
(69)

FIG. 5.

In the massless case M = 0, the diagrams contributing to
the amplitude 7(A — A) to the order g2 are given by (a) vector
boson loop, (b) ghost-antighost loop, (c) boson tadpole.

M=0
2Im = ~Q +\*'/~Q o
(a)
FIG. 6. In the massless case M = 0, the physical unitarity of

the amplitude T(T* — T7) to the order g2 is checked according
to the Cutkosky rule using the diagrams (a) vector boson loop,
(b) ghost-antighost loop.
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where we have adopted the Feynman gauge 8 = 1 for the
gluon propagator and the factor 1/2 is the symmetrical
factor due to two identical particles. This is written as

2827 fapcfanc Tung™™ 8" T, 0(KY) S(k3)0(K)5(K3),
(70)

where we have defined

282 fapcfapc TP PPV T 1, 0(K)8(k3)0(K9) 8 (K3)
1

X N = N

TO(K)8(k3)27wO(K3) 8(k3),

which is obtained from (70) by the replacement:

2
g — prit =% gli(kp)ed" (ky),
a=1
2 (73)
g = P = 3 elk)e; ko),
b=1
where P correspond to the two transverse polarization
states for the massless spin-one modes 7=.
By using the decomposition

g/m’ = —pur 4 Q/m’,
QrH = (KIRY + KK (ky - k),

/

gvv — _Pw/ + Qm/

!

Q" = (ki + k5ky)/(ky - ky),

(74)

the difference between (69)=(70) and (72) is calculated
from

g#,u’gVV’ — puu' prv — _pML’QVV’ — pVV’QML’
+ Qe QY (75)

where Q are rewritten using the polarization vectors for the
longitudinal (L) and the scalar (§) modes:

!

QrH = sf(kl)szﬂ/(kl) + S’S‘(kl)szﬂ/(kl), 76)
QVV/ = SZ(kz)ng/(kz) + Sg(kz)szv/(kz).
By using the relationships
Tyeo(k)er(ky) = Ty, 87 (k)eg(ky)
—i)kie%(k =S
_ (ki e%(ks) (o ) 77)
0 (c=T,L),

and

(ig)fABCV,uva(klr kZ’ k3)(_ig)fABC’V,u/V/a/(_kl’ _k2

PHYSICAL REVIEW D 87, 025017 (2013)
T

ny = V,u,va(klr k2! k3)8a(k3);

: (71)
T;L/V/ = V/.L/I//O(’(_kl’ _k21 —k3)8a (—k3)

In the massless case M = 0, the physical unitarity
requires the imaginary part of the sum of the second-order
diagrams to be equal to

, —k3)27O(K) S(k3) P+ 270(k9) S(k3) P £ (ks) e (—k3)

2
Z (igfapcVuvalki, ko, k3))eli (ky)ey (ky) e (k3)(ig fape Vi (ki ko k3)) ed (ky)e} (ko)e® (—ks)
a,b=1

(72)
Tuped (k)es” (k) =Te (ky)es (ky)
_ | ikiwe® (=k3) (0=3) 78)
0 (c=T,L),

we find that the first and second term in the right-hand side
of (75) give vanishing contributions.
The relationship (77) is derived as follows. First, we find

Vivalky, ka, k3)e] (ky) = V 0k, ko, k3)k
= (ky = ko) ooy + (ky = k3) kog
+ (k3 ky — ki - k2)8ap
= —kioki, T k3oksy, (79)

where we have used k2 = 0 and k3 = O for the massless
on-shell momenta. Then we have

Vvalky, ko, ks)el (ky)e] (ky) e (ks)
= —kio&%(k3)k 86 (ki) + k3o % (k3)k3 86 (ky),  (80)

where k;,e%(k3) = 0 for the physical transverse mode,
while kl,u,séf(kl) = 0, klMSlLL(kl) = _lkl,uk’r =0 for
massless on-shell k;, and kmsg(kl) = | for massless
on-shell k;.

Thus, only the last term in (75) gives a nonvanishing
contribution:

4827 fapcfapcrkiae®(k3)k o e® (—ks)
X 9(K)8(K2)0(KY) S (K3). 81)

This difference is exactly provided by the imaginary part
of the second diagram of Fig. 6(b) with a ghost loop:

025017-9



KONDO et al.

M=0,

|r r -
2 a ~
(a)

FIG. 7. In the massless case M = 0, mode cancellations occur
to ensure the physical unitarity for the one-particle amplitude
T(T* — T7) for the transverse mode T to the order g2. In the
amplitude, two diagrams (a) from the longitudinal mode L and the
scalar mode S are canceled by a ghost-antighost C, C diagram (b).

5

e

+
o
g’ﬂ

SR

N

(=D(=igfapckia)igfanckin)e®(ks)e® (—ks)
X 2m0(K0) 5 ()2 0(k) S(K2)

= —4gm fapcfanckiae® (k3)k e (—ks)
X O(k9)8(k3)O(Kk3)5(k3), (82)

where we have used the original gluon-ghost-antighost
vertex (given in Ref. [33] at & = 1/2 corresponding to
a=0), Yigfapckia = ko) = igfapclkis +1ks,), and
the property of polarization vectors, ks,e“(k3) =0, to
obtain the first expression. Thus, the unitarity relation is
satisfied in the massless case M = 0.

The physical unitarity is ensured by mode cancellations.
See Fig. 7. The contributions from the longitudinal mode L
and the scalar mode S are canceled by a ghost-antighost C,
C one.

VI. PHYSICAL NONUNITARITY OF
MASSIVE YANG-MILLS THEORY

In this section, we reproduce the violation of physical
unitarity in the massive Yang-Mills theory without the
Higgs field based on the conventional argument, which
shows the utility of the massive field XK in discussing the
physical unitarity of the CF model in the next section.

In order to see a difference between massless gauge
theory (M = 0) and massive vector theory (M # 0), we
consider the one-particle scattering, i.e., a scattering pro-
cess U — U in which the initial state is a massive vector
boson and the final state is also a massive vector boson.
Here U, is defined by

1

U,=A,——5d,N, oo A, =U

1
30N, . +— 0, N,

M M2 M
(83)

In the lowest order of the perturbation theory, the
Feynman diagrams of this process are given by the same
graphs as those in Fig. 5 where the propagators are
replaced by the massive ones and the vertex functions are
unchanged. Therefore, the imaginary part is given by the
diagrams of Fig. 8.

The imaginary part of the diagram Fig. 8(a) with a loop
of massive vector boson is

PHYSICAL REVIEW D 87, 025017 (2013)

TR,

(P)

FIG. 8. Inthe massive case M # 0, the physical unitarity of the
amplitude T(U — U) for the physical spin-one vector mode U to
the order g? is checked according to the Cutkosky rule using the
diagrams (a) vector boson loop and (b) ghost-antighost loop. The
physical unitarity is violated due to the incomplete cancellation.

1.
E(_lg)fABCV,uvoz(kly k2’ k’;)
X (ig)fapc'Vurv o (—ki, —ky, —k3)
X 2mO(k)) 8 (k2 — M?)gh+
X 2mO(k)S(k3 — M?)g"" e%(k3)e® (—ks),  (84)

where the factor 1/2 is the symmetrical factor due to two
identical particles. The imaginary part (84) is written as

2g2772fABCfABC/Tp,VgMM/gVV/TM’V’
X B(k(l’)&(k% — M2)0(k8)5(k§ — M?), (85)
where we have defined
T

ny = V,u,va(klr k2! k3)8a(k3);
T‘M/V/ = V,U,/V/a/’(_kl’ _kz, _k3)8a/(_k3).

(86)

In the massive case M # 0, the physical unitarity
requires the imaginary part of the second-order diagram
to be equal to

2827 fapcfapc TP PPV Ty
X O(k9)8(kt — M?)O(k)6(k3 — M?)

- %(ingBCTwsf(kl)sZ(kz))

X (igfape Tuwet (k)ey (k)"
X 2mwO(k9)S(kK2 — M)2m0(k)d(k3 — M?),  (87)

which is obtained from (85) by the replacement:

3
grH — P = Zl el (k)el; (k)
J=

. (88)
g = P =3 el (k)el; (ko).
j=1
Using the decomposition for M # 0,
, , k™ w , , kukv’
gHH = —pri ;\/121 , gV =—-pP"+ 12‘/122’ (89)

where P selects three polarization states (", T, L) for
the massive spin-one boson U, the difference between
(84) = (85) and (87) is calculated from
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, k;kzg’ _ pwv k’;szf
M M
kiky kgky
Mm* M
The contribution from the first term of the right-hand side
of (90) to (85) is given by

gu,u’gW’ — pru' pvY — _ pun

(90)

1 , ,
ZgZW szABCfABC’T/LVS;‘L(kl)kZS;‘L (k)5 T 1,
X ﬁ(k(l))é(k% - M2)0(kg)5(k% — M?). 91)
This is zero, since
Tﬂugﬁ(kl)kéj = Sf(kl)v,uva(kl’ k2’ k3)k58a(k3)
= S;L(kl)[_kl,u,kla + k3,uk3a/
+ k%g,u,a/ - k%g,u,a]sa(k3)
= —ky&f (k))koe%(ks)
+ k3 e (ky)ksae®(ks) = 0, 92)

where we have used k3 = k3 and k w€( (k) = 0. Similarly,

the contribution from the second term of (90) is vanishing.
The third term of (90) gives

KRy Kk
M?>  M?

287 fagcfasc Ty Ty 93)

Using the property
Tk ks = —kikiae®(k3) + ki - kskzqe®(k3)
= —M?ki%(k3), (94)

we obtain the difference:

287 fapcfapckiae® (k3)kipe® (—k3)
X Q)82 — M2)O(KYSUE — M?). (95

This difference must be provided by the imaginary part
of the diagram Fig. 8(b) with a loop of massive ghost which
is given by

(= De(k3)e® (—k3)(—igfanckia)igfapc(—kaw))
X 27005 — M2 mO(K)S(E — M)

= —4g2m fapcfanckiae® (k3)k e (—k3)
X O(k))8(kt — M?)6(k9)6(k3 — M?), (96)

where we have used k, = —k; — k3 and k3,e%(k;) = 0.
The ghost contribution (96) is precisely of the same form
as (95) and comes with the opposite sign. However, the
massive vector contribution (95) cancels against half the
massive ghost contribution (96). See Fig. 9.

Thus, it is found that there is a discrete difference
between massless theories and massive theories. This

PHYSICAL REVIEW D 87, 025017 (2013)

U U vy U 77! @, U
i~ g 4 = eieg e F )
(,; ' 7 v
(a) (b)
FIG. 9. In the massive case M # 0, the incomplete mode

cancellation among unphysical modes to the order g2 prevents
us from ensuring the physical unitarity for the one-particle
amplitude T(U — U) for the physical spin-one vector mode U.
In the amplitude, a diagram (a) from the scalar mode S is
overcanceled by a ghost-antighost diagram (b), leaving one-
half of (b) nonvanishing.

means that the massless theory cannot be obtained as a
limiting case of the massive theory. The origin of the
difference goes back to the difference between the sum
over polarizations. In the next section, we reexamine the
physical unitarity in the CF model based on our method.

VII. PERTURBATIVE ANALYSIS OF PHYSICAL
UNITARITY IN THE CF MODEL

In order to reexamine the physical unitarity in the
massive Yang-Mills theory, i.e., the CF model, we con-
sider the simplest case of the one-particle amplitude
T(XK — XK) in the perturbation theory, as considered
in Ref. [5].

According to the Cutkosky rules, the physical unitarity
up to the order g? is checked by calculating the diagrams in
Fig. 10 with one closed loop.

The imaginary part for the diagram Fig. 10(a) is

AV
(a)Se = (5)(lg)fABC VEre (ki ky, ks)

X(=ig)fapcV*7 ¥ (—ky, —ky, —k3)
X 2mO(kY) SN T, i (k) )2 O(K9)SBE L, (ky), (97)

where we have defined

FIG. 10.

In the massive case M # 0, the physical unitarity of
the amplitude T(JK — XK) to the order g2 is checked according
to the Cutkosky rule using the diagrams (a) massive vector
boson, (b) ghost-antighost, (c) NL field.
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Remember that the three polarization vectors sﬁ{)(k)( j=
1,2, 3) for the spin-one massive vector field K, obey the
relation

TG TR kyykyy
Z oy (kl)SM/ (k1) = —guu + 2
./jl (99)
N i ) k ,,k v
& (ka)e) (k) = =g, + =135

=1

~

PHYSICAL REVIEW D 87, 025017 (2013)

Therefore, (a) is a physical contribution coming from the
spin-one massive vector boson XK. The physical unitarity
requires that the contributions other than (a), i.e., the con-
tributions (b) and (c) from the unphysical fields C, C and
N, are canceled in the same order of the coupling.
Therefore, we consider the contributions from unphysical
fields.

The imaginary part for the diagram Fig. 10(b) with a
closed loop of the massive FP ghost and antighost reads

(b)fjg? = (=1)(=ig) fapciM 2V (ki ko k3) + kio — koo big farp cAM ™2V o (ky ko, k) + ki o1 — koo 2200(KS) 8(k — BM?)

X 2m0(K)8(k2 — BM?)

= _4g2772fABCfABC’{M72Va(kl’ k, k3) tkio— k2a}{a—>a’}0(k?)5(k% - ,3M2)9(k(2))5(k% - ,BMZ)-

(100)

The imaginary part of the diagram (c) with a closed loop of the NL field reads

1

(0)25 = (7>(_i)%fABC{M72Va(k1’ ko, k3) + kio — kZa}i%fA’B’C’{M72Va’(klr ky, k3) + kigr — kogr}

2

X M22m0(k9)8 (k3 — BM?) 84 M*2mo(k3)8(k3 — BM?) 8B

=28 fapcfapcAM 2V ki, ky, k3) + ki — kpoHa — a/}0(K9)5(k3 — BM*)6(k9)5(k3 — BM?).

Hence, adding the NL loop (c) to the ghost loop (b) yields
the half of (b): (b) + (c) =1(b), since (c) = —1(b).
Therefore, we have shown the CF model does not satisfy
the physical unitarity for the M # 0 case independently
from B in the perturbation theory. The incomplete cancel-
lations of the unphysical modes against the physical
unitarity are summarized in Fig. 11. This result should be
compared with the massless case where the physical modes
in the massless case M = 0 are the two transverse parts.
In the massless case M = 0, for the amplitude 7 — T of
the transverse mode 7=, two diagrams (a) from the longi-
tudinal mode L and the scalar mode S are canceled by a

‘ ‘
AP G
a7 Y
e B R B
o SRR
7
1 J\
(a) (b)
‘ ‘
Lok JUCTT
E EARIAN
1 > 1N
= A G I A
K G G
RERT R
1 1
(b)

FIG. 11. In the massive case M # 0, incomplete mode can-
cellations violate the physical unitarity for the one-particle
amplitude to the order g2.

(101)

|

ghost-antighost C, C diagram (b). The NL mode N is
nonpropagating in the massless case and does not contrib-
ute to this cancellation.

In the massive case M # 0, for the amplitude K — K
of a physical particle XK, a diagram (a) from the scalar
mode S ( = the NL mode ) is not sufficient to cancel
the ghost-antighost C, C diagram (b). An additional
bosonic contribution is necessary to realize the complete
cancellation.

In the massless case M = 0, the physical modes are
given by two transverse modes 7=. Then the two unphys-
ical modes in the gluon, i.e., the longitudinal mode L and
the scalar mode S, are canceled by a ghost and antighost C,
C. Two bosonic modes are exactly canceled by two fermi-
onic (anticommuting) modes. It should be remarked that
the scalar mode is identified with the NL mode N, which
is nonpropagating in the massless case.

, L,S(= NN : nonpropagating); C, C, (102)

In the massive case M # 0, the physical modes are given
by a longitudinal and two transverse modes. A remaining
unphysical mode, i.e., a scalar mode, is not sufficient to
cancel the ghost and antighost contributions. Therefore, the
elementary fields in the original action of the CF model are
not sufficient to respect the physical unitarity. There must
be a mechanism which supplies the CF model with an extra
(bosonic) mode. (Note that the NL field /N is propagating
in the massive case and therefore the NL mode is expected
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to play the important role in the cancellation in the massive
case, in sharp contrast to the massless case. However, the
NL mode is identical to the scalar mode on mass shell and
hence cannot be counted as another independent field.)

Finally, we discuss how to avoid the violation of physi-
cal unitarity. The violation of the physical unitarity is
avoided by restricting the relevant energy to the low-
energy region such that the ghost and antighost pair cannot
be created. This can be done by adjusting the parameter in
the CF model. Since the ghost and antighost have the same
mass /BM, the allowed region is

E <2BM,

A shortcoming of this scenario is that 8 = 0 is not allowed
to maintain physical unitarity, since the results of numeri-
cal simulations on the lattice are available only in this
case B = 0.

At first glance, the cancellation of unphysical modes
works well even in the massive case by using the argument
similar to that done in the gauge-Higgs model with the
renormalizable R; gauge. The pole masses of unphysical

fields C, C, N are the same:

(103)

E? < 4BM>. (104)

2 2 2 2
m; = mz = mj, = M~

2 (105)

In the limit 8 — oo, unphysical fields C, C, N decouple
from the theory, leaving the physical field K, in the
theory. Therefore, it seems that the physical unitarity holds
even in the massive case. However, this is not the case, as
we have shown in the above. What is wrong in this argu-
ment? This argument is based on the fact that 3 is a gauge-
fixing parameter and the physics does not depend on this
parameter B, which is indeed shown in the massless case
M = 0. However, even the BRST-invariant quantities
depend on B for M # 0. Therefore, the physics depends
on 3 for M # 0, and the physics for 8 — oo is different
from that for 8 < co. In this sense, the above result, i.e.,
violation of physical unitarity in the massive case, does not
contradict this argument.

In order to maintain the physical unitarity in the massive
Yang-Mills theory without the Higgs field, therefore, we
need a nonperturbative approach, which will be given in
subsequent papers in preparation.

VIII. CONCLUSION AND DISCUSSION

In order to understand color confinement in QCD in the
light of recent developments, we have considered a ‘‘mas-
sive” Yang-Mills model without the Higgs field, especially
the CF model, since the CF model is regarded as a good low-
energy effective theory of QCD and it is much simpler than
the refined Gribov-Zwanziger model (see, e.g., Ref. [22]).

We have examined the physical unitarity of the CF
model which is known to be renormalizable. For this

PHYSICAL REVIEW D 87, 025017 (2013)

purpose, we have used the field K (x) with the following
properties:
(1) XK is invariant under an extended BRST transforma-
tion, 6’ K, (x) = 0 (off shell).
(ii) XK is divergenceless, 0* K, (x) = 0 (on shell).
(iii) XK transforms according to the adjoint representa-
tion under color rotation. K, (x) = UK ,(x)U™".

(iv) K is invariant under the FP conjugation.
K, (x) — K, (x).

Thus, we have identified Kﬁ with a physical and massive
vector field with correct degrees of freedom as a non-
Abelian spin-one massive vector boson. K is obtained
by a nonlinear but local transformation from the original
fields in the CF model.

We have checked in a new perturbative treatment
whether or not the CF model satisfies the physical unitarity.
Then we have confirmed the violation of the physical
unitarity in the perturbative treatment and we have clarified
the reason in the massive Yang-Mills theory without the
Higgs field. The perturbative analysis for the physical
unitarity imposes a restriction on the valid energy together
with the parameter of the CF model, E*> < 48M?, in order
to confine unphysical modes (ghost, antighost, scalar
mode). However, 8 = 0 is not allowed in this scenario.

The conclusion obtained in this paper still leaves a
possibility that the nonperturbative approach can modify
the conclusion. In a subsequent paper, indeed, we will
propose a scenario in which the physical unitarity can be
recovered in the CF model thanks to the FP conjugation
invariance. Indeed, we will show that the norm cancellation
is automatically guaranteed from the Slavnov-Taylor iden-
tities if the ghost-antighost bound state exists. In this way,
the physical unitarity can be recovered in a nonperturbative
way. To show the existence of the bound state of ghost and
antighost, the Nambu-Bethe-Salpeter equation is to be
solved. This is hard work to be tackled in subsequent
papers.
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APPENDIX A: CHANGE OF VARIABLES
The original theory is given by

ZmYM = [Dﬂ :DC:D(_:@NeZS:?YM[-ACéN] (Al)

The exact change of variables, A,,C, CN —
X, C C, 2N, could be performed through the relationship
A = J’Zl[.’KM, C, C, N'] according to
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% a ﬂ tot 7 >
Zym = [foKfDCDCiDNI (A) oISl ACCN]
I(K)
- [ DxDeDEDN SN, ()
where
SOLK GG NT =S [ A, CC NT—iln, (A3)

where J is the Jacobian associated with the change of
variables from A ,, C, C, N in the original Lagrangian
to K, C, C, N in the new theory.

We proceed to check the modified BRST (mBRST)
invariance of the new theory. The action is mBRST invari-
ant by construction. We have already shown that the inte-
gration measure DA DCDCDN is mBRST invariant.
The mBRST invariance of the measure DX DCDCDN
is also checked in the same way. Therefore, the Jacobian J
must be mBRST invariant too, i.e., 8'J = 0.

However, we do not know the exact expression of
A = le[.’KM, C,C, N as a functional of X,.C, C, N,
although we know the exact expression of K =
j([ﬂlw C,C, N as a functional of A, C, C, N as
given in (29). We know just the order by order relation
for A = le[,’KM, C,C, N'] as given in (37). Hence we can
calculate the Jacobian J order by order of the coupling
constant g. Thus, the mBRST invariance of J can be
checked order by order in the coupling constant g,
although the full mBRST invariance cannot be checked
because we do not know the exact form of J. Here it should
be remarked that &' N = M?C and &6'C = i/N" do not
change the order, while 6'C = — %g(C XC)and 6’ A, =
D, [A]C increase the order of g by one.

In fact, the Jacobian J is calculated as follows. The
integration measure is transformed as

DADCDCDN = DKDCDCDN'J. (A4)

The Jacobian J is calculated as

aaqz(x)]
8 AL(y)
= Det[87,(8% — gM 2 fABC N C

+ gszzfACEfBFEiéCCF)5D(x _ y)]’

J = Det[

(AS5)
where we have used

1

- 8
Kﬁ - ﬂﬁ _WaﬂNA - WfABC\AﬁNC

+ % fABCaﬂcBiéC + ][5;_22 [FAEC pEGF ﬂchiéC.
(A6)

Applying the formula
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Det(1 + X) = exp[trin(1 + X)]

= exp[tr(X) —tr(X?) + = tr(X3)

1
S LCYRE (A7)

to

XAB = _gM—ZfABCjV'C + gzM_zfACEfBFEi(_ZCCF, (AS)

we find that the order g contribution (from the NL field)
vanishes due to f44¢ = 0:

I =TI exp[% EM NN - N + g?M2N,iC - C
+ %gSM_6fABEfBCFfCAGNENFNG
_ g3M—4fABEfBCFfCAGNEiaFcG + 0(g4) i|’
(A9)

where we have used fAECfAEF = N _§CF Therefore, the
correction from the measure to the Lagrangian density
begins with the order g. In other words, J = 1 up to the
order g.

This is also checked by using the relationship up to the
order g (37):

8 A4 (x) -
SKB(y) (O T gM 2 AICNOSP (x =)+ 0(g?)
(A10)

Thus, the Lagrangian density £, = £,[XK,C,C, N']up to
the order g does not change and remains in the form (40),
and the calculation obtained using £, (40) is not affected.

APPENDIX B: LAGRANGIAN AND FEYNMAN
RULES IN THE ORDER g*

The relation A = le[.’K w G C, N'] up to the order g2

is obtained as

A, =K, +—=0,N——=

> 8
“ M2 L szaMCJer(uxN

+Waﬂj\f><3\f g—(zc><a OXN

+%(:KM><N)><N+%(8MNXN)XZN

2 2
50X (I, X 0 =T X (8, N X ) +0().
(B1)

The transformation (B1) leads to
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5 A% (x)
8XKE(y)

Indeed, this gives the same Jacobian as (A9) up to the order g2. In order to check the consistency of the Jacobian (A9),
therefore, we must obtain the Lagrangian density £, in the order g?.

We must take into account the correction coming from the Jacobian J in obtaining the Lagrangian density
L, = L,[K,C C IN]in the order g?. Then the Lagrangian density £, in the order g? is obtained as follows.

— 5[11(5AB + gM72fABCjV‘C _g2M74fACEfBFENCW‘F _g2M72fACEfBFEiéCCF)5D(x_y) + O(g%) (BZ)

2
L= 3 L0-i) L= -5, ) K
*=a,b,c,d,e f,gh

2 2 2
g g y g v
L(Zb)=+2M4(8M.’KV><£N)2—2M4(8M.’KV><N)'(3 KHXN) + g (K X K,) - (0H N X" N)

2
— MK, X N) - (0R K X 0, N )+ M4, X N)- (9" K- X 3, N) —2%(3@ X NP,
£(26)= +g2M—6(an<,u xj\[’).(aﬂj\[xayj\[)’

.E(d) _ _ g2
2 4M8

LY = —g?M2(9#, K" X iC) (K, X C) + g*M (879, K+ X iC) - (K, X C) + g2M~*(* K" X K ,) - (iC X 9,C)
— &M 29" K+ X K ,) - (iC X ,0) + g2M 2(KH x K*)-(i9,C X 9,C) + g*(K,, X C) - (KM X iC),

LY = —g2M4(0,0# K* X iC)- (3, N XC) + g2M~*(d,,0" K+ X iC) - (9, N X C) + g2M (3 , N X C) - (K* X iC)
+ g2 M AKX N)-(i9,C X C),

2
(0, N X0, N)? +%<aﬂwx N,

2
Ly = ‘—;m (i0#CX37C)- (3, N X 8, N)+ g*M ™49, N X N)-(i9#C X C) — M9, N X ) - (iC X d+C),
L= —g—z('aﬂéx 97C)? +g—2('é>< 9,C)> +g—2('aﬂé>< 97C) - (i0,C X 9,C)
S TN a2 O T O O
& - o B,no s
—W(lCXG#C)~(16“C><C)+Z(1C><C) . (B3)
The following are the Feynman rules for the vertex functions of the order g2 obtained from (B3).

(a) KKKIXK vertex:

(I3, () ICE (ky) G (k3) KD (ky)) = — g2 WD, (B4)
with
Wﬁﬁg{f — (fACBD — fAD,CB)gWgM + (fABCD — fAD,BC)glungU + (FACDB — fAB,CD)gWTng’ fABCD — fABE ¢CDE
(B5)

(b) KKN N vertex:

2 2
(I3 (k) ICE (ha) N € (h3) NP (ky)) = — %&w(fAC’BD + fAPBC) — %guv[(kl kst ky kg kg ko) fACEP
2
8
+ (ky ~ kg + ky - ks + ky - k) fAPBC] + W[(klllkzy, + kiykyy, + kyyko, ) fACEP

2
+ (klvk2;t + klvk4,u + k31/k2,u,)fAD,BC] + %fAB,CD(kSVkML - k3,uk4v)' (B6)
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() KN NN vertex:

)
(Kﬁ(kl)j\fB(kz)f]\fc(k;)ND(h» = ;5[_6[(](1 . kz)(fAD,BCk3M + fAC’BDk4M) + (kl . k3)(fAD,CBk2M + fAB’CDk4,u)

+ (ky - kg)(fACPPky, + fABPChy,)] (B7)

(d) NNNIN vertex:

2 2
(NA ) NP ) N ) NPy )) = = L KEIGKEKTWAESE = Sk~ ey + ke = Ky (FACED - fADEC)

nvpo
+ (ky - ks + ky - k) (fAPCP 4 fAPCE) 4 (kg - kg + ke - K3)(fARPC + fACPE)),
(B8)

(e) K IKCC vertex:
(KA () KB (ky)CE (k3)CP (ky)) = — M IKA () KB (ky) N € (ke3) NP (ky)). (B9)

(f) KINCC vertex:

B ) L)

(IKig (k) NB (kp)CE (k3)CP (ky)) = E—z (fAP Pk, — fA9PPky,,) + ;‘%[k%kzu = (ky - kp)ky, JfA9BP. (B10)

(g) N INCC vertex:

_ 2 2
(NAUe) NP o) C )P (k) = [k k) + (ke ks) = (k) = (k- k) IPAPP o+ BTk k) (ke - ko)

= (ky - k3)(ky = kg) | fABCP. (B11)

(h) CCCC vertex:
@I U2 k) = (745 + o8 B2 &) = gty k)|
1 2 3 4 28 VA YR

2 2
+ %[(kl kgt kg k) fABCP + (kg - ky + ky k) fAPBC] + %[(kl < ky)(ky - k) fABCP

+ (ky - ko) (ks = ky) fAPEC], (B12)
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