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Effective Lagrangians containing arbitrary interactions of massive vector fields are quantized
within the Hamiltonian path-integral formalism. It is proven that the correct Hamiltonian quanti-
zation of these models yields the same result as naive Lagrangian quantization (Matthews’s theo-
rem). This theorem holds for models without gauge freedom as well as for (linearly or nonlinearly
realized) spontaneously broken gauge theories. The Stueckelberg formalism, a procedure to rewrite
effective Lagrangians in a gauge-invariant way, is reformulated within the Hamiltonian formalism as
a transition from a second-class constrained theory to an equivalent first-class constrained theory.
The relations between linearly and nonlinearly realized spontaneously broken gauge theories are
discussed. The quartically divergent Higgs self-interaction is derived from the Hamiltonian path

integral.

PACS number(s): 11.10.Ef, 11.10.Lm, 11.15.Ex, 11.30.Qc

I. INTRODUCTION

Effective Lagrangians containing massive vector fields
with arbitrary (non-Yang-Mills) self-interactions have
been investigated very intensively in the literature (see,
e.g., [1-3]) in order to parametrize possible deviations of
electroweak interactions from the standard model with
respect to experimental tests of the W*, Z, and ~ self-
couplings. In [1-3] it is always implicitly assumed that
the Feynman rules can be directly obtained from the ef-
fective Lagrangian; i.e., the quadratic terms in the La-
grangian yield the propagators and the cubic, quartic,
etc., terms yield the vertices. This simple quantization
rule is known as Matthews’s theorem [4]. Within the
framework of the the Feynman path-intergral (PI) for-
malism (where the Feynman rules follow from the gener-
ating functional) it can be expressed as follows.

Given a Lagrangian L with arbitrary interactions of
massive vector fields (among each other and with other
fields), the corresponding generating functional can be
written as a Lagrangian PI:

Z[|J] = /’D(p exp {i/d4:c [Lquant (¢, Oup) + Jcp]}
(1.1)
(where ¢ is a shorthand notation for all fields in Lqyant )-
If L has no gauge freedom, the quantized Lagrangian
Lguant occurring in the PI is identical to the primordial
one:
ﬁquant = ﬁ (12)

If £ has a gauge freedom, the generating functional (1.1)
is the same as the one obtained in the Faddeev-Popov
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(FP) formalism [5] with the quantized Lagrangian

Equant =L+ £GF + £FP ghost» (13)
which contains additional gauge fizing (GF) and ghost
terms.

It is well known that, in general, quantization has to
be performed within the Hamiltonian PI formalism. The
naive Lagrangian PI formalism, where (1.1) with (1.2) is
taken as the ansatz for the generating functional, can
only be directly applied to quantize physical systems
without derivative couplings and without constraints.
Thus, to prove Matthews’s theorem, one has to derive
the Lagrangian PI (1.1) with (1.2) or (1.3) within the
Hamiltonian PI formalism.

Matthews’s theorem has been proven by Bernard and
Duncan [6] for effective interactions of scalar fields, i.e.,
for models given by nonsingular effective Lagrangians.
Massive vector fields, however, involve constraints. Thus,
one has to take into account the formalism of quantiza-
tion of constrained systems, which goes back to Dirac [7]
and has been formulated within the path-integral formal-
ism by Faddeev [8] (for first-class constrained, i.e., gauge-
invariant, systems) and by Senjanovic [9] (for second-
class constrained, i.e., gauge-noninvariant, systems). Re-
cent extensive treatises on this subject can be found in
[10,11]. In this paper, I will prove Matthews’s theorem
for effective interactions of massive vector fields taking
into account this formalism.

Since it is in general not possible to find closed ex-
pressions for the velocities and the Hamiltonian in terms
of the fields and the generalized momenta within an ef-
fective theory (if there are higher than second powers of
O, in the Lagrangian), Bernard and Duncan assumed
that the effective interaction terms are proportional to
an € with ¢ < 1 and proved Matthews’s theorem to
a finite order in €. I will proceed similarly; I will as-
sume that the vector boson self-interactions are given by
Yang-Mills interactions (which can be treated straight-
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forwardly within the Hamiltonian PI formalism [8-10])
plus extra non-Yang-Mills interactions, which are pro-
portional to a small €. In the following proof I will only
consider terms which are at most first order in €, neglect-
ing higher powers of €. This treament is justified when
dealing with phenomenologically motivated effective La-
grangians [1-3], since these are considered to investigate
the effects of small deviations from the standard Yang-
Mills couplings.

It will turn out that the result (1.2) or (1.3) is only
correct up to additional quartically divergent terms,! i.e.,
terms proportional to §4(0). In [6] it is argued that these
terms can be neglected, since within dimensional regu-
larization 6*(0) becomes zero. In fact, how to interpret
divergences higher than logarithmic within an effective
(nonrenormalizable) field theory is an open question [13].
In this paper I will also neglect §%(0) terms when estab-
lishing the equivalence of Hamiltonian and Lagrangian
quantization. To give an example of such a term, I will
derive the well-known quartically divergent Higgs self-
interaction term [12,14-16] from the Hamiltonian PI.

Recently, Lagrangians have been considered which con-
tain non-Yang-Mills self-interactions of massive vector
fields within a gauge-invariant framework with sponta-
neously broken symmetry [2,3,12,17]. Thus, to justify
the treatment of these models within the (Lagrangian)
Faddeev-Popov formalism [5], I will prove Matthews’s
theorem also for spontaneously broken gauge theories
(SBGT’s). To do this, I will first consider SBGT’s with a
nonlinear realization of the unphysical scalar fields. Each
of these models can be obtained by applying a Stueckel-
berg transformation [18] to a Lagrangian without gauge
freedom [12,17] which is obtained by removing all un-
physical scalar fields from the gauge-invariant Lagrangian
and which will be shown (within the Hamiltonian for-
malism) to be the unitary gauge (U gauge) of the origi-
nal SBGT. I will reformulate the Stueckelberg formalism
(18] within the Hamiltonian formalism, thereby estab-
lishing the equivalence of (nonlinear) gauge-invariant La-
grangians and the corresponding gauge-noninvariant La-
grangians. This enables a generalization of Matthews’s
theorem to (nonlinearly realized) SBGT’s.

A priort it is not clear that two Lagrangians related
by a Stueckelberg transformation are equivalent, since
such a transformation is not a simple point transfor-
mation because it involves derivatives of the unphysi-
cal scalar fields; however, within the Hamiltonian for-
malism this equivalence can be properly shown. Within
this formalism no more “Stueckelberg transformation”
is performed; instead, when passing from the gauge-
noninvariant (second-class constrained) system to the
gauge-invariant (first-class constrained) system, one en-
larges the phase space [19] by introducing new (unphysi-
cal) variables and additional constraints that express the
new variables in terms of the old ones. Next, one uses the

'The 6*(0) terms can be interpreted as the contributions
of the loops of static ghost fields [12]. Thus, they do not
contribute in the tree approximation.

2855

extra constraints to rewrite the Hamiltonian and the pri-
mordial constraints. Then one-half of the second-class
constraints can be considered as first-class constraints
and the other half as gauge-fixing conditions [20].

The proof of Matthews’s theorem for SBGT’s goes then
as follows: Using the Stueckelberg formalism described
above, I will show that the generating funtional corre-
sponding to a SBGT can be written as a Lagrangian PI
with the quantized Lagrangian being identical to the U-
gauge Lagrangian (i.e., the Lagrangian which is obtained
by removing all unphysical scalar fields from the gauge-
invariant one). This generating funtional has been shown
to be the result of the FP procedure [5] if the (U gauge)
GF conditions that all unphysical scalar fields become
equal to zero are imposed? [12]. Then I will use the
equivalence of all gauges, i.e., the independence of the S-
matrix elements from the choice of the gauge in the FP
procedure [15,21], in order to generalize the result (1.3)
to any other gauge.

Finally, I will prove Matthews’s theorem for Higgs
models, i.e., for SBGT’s with linearly realized scalar
fields. Since each Higgs model is related to a nonlin-
ear Stueckelberg model by a simple point transforma-
tion [12,15,22], which becomes a canonical transforma-
tion within the Hamiltonian formalism and leaves the
Hamiltonian PI invariant, the result for nonlinearly real-
ized SBGT’s can easily be generalized to linearly realized
SBGT’s. As in the nonlinear case, Matthews’s theorem
will first be derived for the special case of the U gauge
and then be generalized to any other gauge.

My proof of Matthews’s theorem will be restricted to
effective Lagrangians, which do not depend on higher-
order derivatives of the fields and which depend on first-
order derivatives of the vector fields only through the
non-Abelian field strength tensor. (The latter require-
ment ensures that the SBGT’s corresponding to such
effective Lagrangians also do not involve higher-order
derivatives.) This includes the phenomenologically most
important interactions [1-3].

In this paper, I will only consider massive Yang-Mills
fields (of course with extra non-Yang-Mills interactions)
where all vector bosons have equal masses and the corre-
sponding SBGT’s. The results can easily be generalized
to any other effective Lagrangian with massive vector
bosons, e.g., to electroweak models. In these cases the
treatment becomes formally more complicated (in elec-
troweak models there are extra first-class constraints due
to the unbroken subgroup and extra second-class con-
straints due to the presence of fermions, which can, how-
ever, be treated in a standard manner) but the physically
important features remain the same. Thus, for clearness

2 This is due to the fact that within this special gauge there
is no GF term (because the FP § function, which usually
serves to introduce the GF term, vanishes when performing
the integration over the unphysical scalar fields in order to
remove these fields from the Lagrangian) and the ghost term
can be expressed as a §*(0) term and thus be neglected here
[12].
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of representation, I will restrict here to the investigation
of simple massive Yang-Mills theories.

This paper is organized as follows. In Sec. II, effective
Lagrangians without gauge freedom are quantized using
the Hamiltonian PI formalism and Matthews’s theorem
is proven for such models. In Sec. I, the Stueckelberg
formalism is reformulated within the Hamiltonian for-
malism, the equivalence of an arbitrary effective theory
without gauge freedom and the corresponding nonlinear
SBGT is established and Matthews’s theorem is proven
for nonlinearly realized SBGT’s. In Section IV, Higgs
models are considered and the above proof is extended
to linearly realized SBGT’s. In Sec. V, the quartically
divergent Higgs self-interaction term is derived from the
Hamiltonian PI. Section VI is devoted to a summary of
the results.

II. MATTHEWS’S THEOREM FOR MASSIVE
VECTOR FIELDS

In this this section, I will quantize a massive Yang-
Mills theory with additional non-Yang-Mills interactions
[1], which are proportional to a parameter ¢ (with e <
1), within the Hamiltonian PI formalism and derive the
simple Lagrangian form (1.1) with (1.2) of the generating
functional upon neglcting terms proportional to €% or to
§4(0).

The effective Lagrangian has the form

1 1
L= Lo+ely=— FI"F}, + - M*ALA;

©w
+eLy(AL, Fy,) (2.1)

.., N) with

F:V = aﬂAg - al/A‘; - gfabcAZA,c,- (22)

For the non-Yang-Mills part of the effective interactions,
given by L, I make the following assumptions: (a) L£j
does not depend on higher time derivatives; (b) £ de-
pends on first time derivatives of Af, only through the
non-Abelian field strength tensor® F2, (2.2). These con-
ditions are fulfilled by the phenomenologically most im-
portant effective interactions, especially by all nonstan-
dard P, C, and CP invariant trilinear interactions of
electroweak vector bosons [1].
From (2.1) one finds the momenta

a

3 Actually, this requirement is equivalent to the demand that
L1 does not depend on A§.
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oL oLy "
7(:1: — :Fia+6 o :A;+81Aa
8Ai 7 a4 0

oLy
- a CAZZ-’AC +€—
gfab 0 A

a

(2.4)

Equation (2.4) can be solved for A% (to first order in €):

oL

Al = 72 — 3, AG + gfapc AL AG — e~ + O(€?)
aAa Fiy—nd
(2.5)
The Hamiltonian is given by
H=nldl— L
1 a,._a a a (o4 1 a a
= mim = w0 AG + g fabem AAG + 1 F5FS
1 _
—5M2(A8A8 — AZAY) — eL1 + O(€?), (2.6)
where L; is given by
Lr= l:IlF‘fzo_,,,g. (2.7)
Equation (2.3) yields the primary constraints
$ =mg =0. (2.8)

The secondary constraints are obtained from the require-
ment that the primary constraints must be consistent
with the equations of motion, i.e., the relations

pe = {¢%,H} =0 (2.9)
must be satisfied. This yields
oL
8 = O + fabemI AT — MPAZ — e+ + O(e?) = 0.
0AS
(2.10)

There are no further constraints. The Poisson brackets
of the primary and the secondary constraints are

. oL
[#2(), B (¥)} = (Mzs gl o))
x83(x —y). (2.11)
Since {#%(x),#%(y)} = 0, one finds
Det :{®, 8} = (—1)N*'Det {47, 45} #0  (2.12)

[with @ = (¢1,¢2)]. Thus, the constraints are second
class. This is due to the fact that £ is gauge noninvariant,
since the mass term and (in general) the non-Yang-Mills
interactions in £ break gauge invariance explicitly.

The generating functional for a second-class con-
strained system is generally given by [9-11]
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Z[J] = / [[PALD7; exp { / d'z[mg Ak —H + JZAZ]} [T16(¢%)5(4%)1Det 2 [{2°(x), B°(y)}6(° — 4°)].  (2.13)

The determinant in (2.13) only yields §%(0) terms which are neglected here. This can easily be seen from (2.11) and
(2.12) by use of the identity* [23]

Det [M,5(x)8*(z — y)] = exp {64(0) / d*z In[det Mab(m)]} (2.14)

(where “Det” expresses the functional determinant and “det” the ordinary one). Dropping the determinant, integrating
out the 7§ due to the presence of [, 6(n§) in (2.13), and using the relation

I;Ia(w;) o /I;Ima exp{—i/d"‘z ,\a¢g}, (2.15)

one finds

1 - 1
Z[J] = /HDA; [Iore [[ DA exp {z / d*z [—waﬂf + wE[AL + 8;(AZ + A%) — gfabc AL(AG + A°)] — T FFG
m,a %,a a

1
+§M2[(A3 + A% (Ag + A%) — A%A® — A2AY]

}. (2.16)

AS - A2 — e, (2.17)

oLy 2 @ An
BAg) + O(€*) + J; AL

+e (E, + A°

The substitution®

which obviously leaves the functional integration measure invariant, yields
1 1
Z[J) = / 124 I o= [ oA exp{i / d*z {—iwfﬂf + i FY — L FRF
®,a i,a a
+%M2(A8Ag — A%A%® — A2A?)

~H1(A}, 0: A5, mi, A%) + J AL

} (2.18)

+ O(€?). (2.19)
AZ—AZ—2°

with

)/ a a _a ya) — ~ aa‘c_l
H[(A”,aiAu,ﬂ'i ,A ) = —e¢€ (.CI + A BAS)

Now the procedure of Bernard and Duncan [6] can be generalized to the model considered here. Introducing sources
K2 and K§ coupled to 7 and A%, one can rewrite (2.18) as

_ 55
— a - 4 a a
Z|J] = /I-I'DA,4 exp{—z/d zHy (Au’aiAwW’ z&Kf\’)}
ma *
x /ng [I 2> exp {i/d‘*m [— %wgw;’ 4 FS — iF;}F;;.

1
+5 M (AGAG — A*A® — AAT) + JRAY + mEKE + /\“Kﬁ} }

(2.20)

Ki=K3=0

4Another way to see this is to rewrite the determinant as a functional integral over Grassmann variables which yields a ghost
term Lghost = —M>n5ine — engs afaLaAb 75 + O(€?). The ghost fields are static, i.e. there are no kinetic terms for them, only mass
terms and couplings to the A% fgelds. This means all ghost propagators are simply inverse masses and thus all ghost loops
are quartically divergent. Thus, the ghost term can be replaced by a §*(0) term which yields the same contribution to matrix
elements as the ghost loops [12].

5 After this substitution the source J§ becomes coupled to A3 — A® instead of AF. However it does not affect physical matrix
elements to remove the coupling of A* to Jg§ [21].
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Performing the Gaussian intergrations over ¢ and A® one gets

Z17] = / IIDAZ exp {1, / d*z Lo + J;;Ag]}

- ) é
3 4 a A T 7
xexp{ z/d T Hr (A”’azA“’idKf’i5K§>}

X exp {i/d4x [%Kfo + %Kf\’Kf{ + K} :6] }

: (2.21)
K¢=K3=0

where Lo is the massive Yang-Mills part of the effective Lagrangian (2.1). The use of the functional identity [24]

P [%] GIK]

K=0

yields

Z[J) = /[{DA; exp{i/d4w[£o + J;;Ag]}

X exp /d4$ - % (W

xexp{~i/d4z72[ (A%,0;A

Since H; (2.19) is proportional to €, the third exponential in (2.23) can be expanded in powers of e:

exp{-i/d‘*zﬂl (Az,aiAﬁ,pf,p‘;‘)} =1—i /d‘*zﬁl (Ag,0:A%,p%,p5) + O(€%).

:G[%} F[p] ) (2.22)

) -5 () + 75 ()
,p?,p'i)} o (2.23)
(2.24)

Obviously, second-order functional derivatives with respect to the p’s acting on this expression yield terms which are
proportional to €2 or to §4(0) and which are both neglected here. Thus, the second-order derivatives in the second
exponential in (2.23) can be omitted. The second and the third exponential in (2.23) together reduce to

) -
exp{/d‘izFi‘g (ﬁ>}exp{—i/d4x’}{1 (AZ,BiAZ,p;‘,p‘;)}

= exp{—i/d%ﬁ, (Az,aiAz,p?,pi)}

With the definitions of H; (2.19) and of £; (2.7) one finds

Hi (45,0,45, 02, p%)

pPi=F%

px=0

(2.26)

The insertion of (2.25) with (2.26) into (2.23) yields
[apart from the €2 and §%(0) terms]

Z[J] = /H'DAZ exp {i/d4a: [Lo+ €Ly + JsAﬁ]} )
n,a
(2.27)

which is the expected result, namely, the naive
Lagrangian path integral (1.1) with (1.2).  Thus,
Matthews’s theorem is proven for effective self-

interactions of massive vector fields (within a gauge-

pPi=Fj

p3=0

= —eL1(A¥, F*) + O(e?).

pi=p5=0

(2.25)

noninvariant framework).

This proof can easily be generalized to Lagrangians
which also contain effective interactions of the massive
vector fields with other fields (scalar, fermion, or addi-
tional vector fields). To derive this result, one adds in
(2.1) the kinetic and mass terms of the extra fields as
well as the couplings without derivatives to £y and the
derivative couplings to £; and then goes through the
same procedure as above. Thus, Matthews’s theorem
also holds for effective vector-fermion and vector-scalar
interactions.®

% An application of this result, which will become important
in Sec. IV, is to consider Lo as the U gauge Lagrangian of a
(minimal) Higgs model, while £ contains additional effective
interactions of the vector and Higgs fields.
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III. THE STUECKELBERG FORMALISM

In this section, I will generalize Matthews’s theorem
to SBGT’s with nonlinearly realized symmetry which
contain arbitrary gauge boson self-interactions within a
gauge-invariant framework [2,12,17]. It has been shown
in [12,17] that each theory given by an effective La-
grangian of the type (2.1) can be rewritten as a (nonlin-
early realized) SBGT by applying Stueckelberg transfor-
mations [18]. On the other hand, each nonlinear SBGT
(without higher derivatives) can be obtained by applying
a Stueckelberg transformation to a Lagrangian of type
(2.1). Thus, I will reformulate the Stueckelberg formal-
ism within the Hamiltonian formalism in order to show
the equivalence of effective Lagrangians which are related
by Stueckelberg transformations.

The Stueckelberg formalism can be most easily formu-
lated within the matrix notation. With ¢, being the gen-
erators of the gauge group, which are orthonormalized
due to

tr (tq,ts) = %&lb, (3.1)
one defines
A, = Ajta, (3.2)
.9 a
<p_zM<p ta, (3.3)
U = exp(p). (3.4)

The ¢* are the unphysical pseudo Goldstone scalars. The
Stueckelberg transformation is defined as

A, - —éU*DuU= UtA,U - ‘ute,U
g

1
=UtA,U + Ma,m“UTQa (3.5)

(D,U is the covariant derivative of U) with

Qa = (ta + (@ta + tu‘P)
1
+§(902ta + ptap + tap®) + - ) - (3.6)

The Stueckelberg transformation (3.5) formally acts like
a gauge transformation, however, with the gauge parame-
ters being replaced by the pseudo Goldstone fields. Thus,
it effects only the mass term and the effective interaction
term Ly in (2.1) but not the gauge-invariant Yang-Mills
term —%F#”Fﬁy. Equation (3.5) can be written in com-
ponents by multiplying with 2¢, and taking the trace.
With (3.1) and (3.2) one finds

a 1
A.# — XabAZ + Myabap.(pba (37)
where the matrices X and Y are defined as
Xap = 2tr (UTtUt,), (3.8)

Yo = 2tr (UTQuta). (3.9)
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X and Y are nonpolynomial expressions in the pseudo
Goldstone fields ¢®. They do not depend on the deriva-
tives 9,¢* and, due to (3.1), they become unity matrices
for vanishing ¢%:
Xab(p® = 0) = You(p® = 0) = dab- (3.10)
The SBGT corresponding to the effective Lagrangian
(2.1) is
s
L7 = ‘ClAMﬁUfA,‘U—;Ufa‘,U’ (3.11)
L can be recovered from £ simply by removing all un-
physical scalar fields in £5:

L =L’ (3.12)

Pa=0"

The non-Yang-Mills part of the effective interactions is
given by the gauge invariant term £7, which is obtained
by applying (3.5) to £;. L5 describes a generalized
gauged nonlinear o model with extra non-Yang-Mills vec-
tor boson self-interactions [12]. Each nonlinearly realized
effective SBGT (without higher derivatives) given by a
Lagrangian £° can be constructed by applying (3.5) to
an effective Lagrangian £ (2.1), which is obtained by re-
moving the pseudo Goldstone fields in £5. I will prove
that the Lagrangians £ and £ are equivalent within the
Hamiltonian formalism.” This is not obvious because the
Stueckelberg transformation (3.5) involves derivatives of
the pseudo Goldstone fields and from the Lagrangian
point of view one can only argue that two Lagrangians
which are related by a point transformation (i.e., a trans-
formation which does not involve derivatives) are equiv-
alent. I will show within the Hamiltonian formalism that
L is the U gauge of £°; i.e., the U gauge of a nonlin-
ear effective SBGT is simply obtained by dropping all
unphysical scalar fields (as one naively expects).

One can easily see that, if £ satisfies the conditions
required at the beginning of Sec. II, £ also satisfies these
demands, since the field strength tensor F,, = Fjt,
transforms under Stueckelberg transformations due to

F,, —U'F,U (3.13)
or, written in components,
F%, — XaF},. (3.14)

For the subsequent treatment it is convenient to rewrite
(3.11) as

s
Lo=L A,~UtA,U-2UTOU =L A Xap A+ & Yarp®
F.,—UF, U AT Xap Al L Yap8:0°
F3—>XaoFY
Ff—>Xap FY

(3.15)

"For simple gauged nonlinear o models without effective in-
teractions this equivalence has been shown within the Hamil-
tonian formalism in [25] (in a very formal way).
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where the following convention has been used: While in a oLs —Fa oLy A 4 8,40
(3.11) the Stueckelberg transformation is applied to A, L Ai 0T ey Ai T e T
everywhere in £ [which automatically implies the trans-
formation of F,, (3.13)] it is in (3.15) only applied to b e | OLY
the A, field where it does not occur as a part of the —9fabeA; Ag +68Ai ) (3.17)
field strength tensor F),,, and F),, becomes then trans- e
formed seperately. I will use this convention throughout
this section 0L _ m, (X A+ L, "’) L} (3.18)
: T, = 3. = ca cb s ich €S- .
The momenta conjugate to the fields in £ are £ Oy T Me ? O¢°
o _ 0L . "
my = YT 0, (3.16)  To first order in € one finds the velocities
J
Al = 72 — 8;A2 + gf, A”AC—B—Cf + O(eé? 3.19
a — '3 1410 9Jabe 1410 EaAi Fiao_)"? (6)) ( )
P YN (Y g —M X, AG)
=Y Y| xC — Gazf — M X A5 | + O(€?) 3.20
ab cb @ a(pc Fg sng be41g ( . )

. —1(y—1
=Y, (ch 1r;

and the Hamiltonian
S _ A ca __ S
H” = WZAZ + 7r$<p L

1 a c 1 a a
gTemE =m0 AG + g faber] AAG + JFGFG

_%Mz [Z (Xapa8)®

a

2
1
- Z (XabA? + MYabaiLPb> }

1 ~1_b
+§ ;(Ybalﬂ' -

b — MXaA8)? — eL7 + O(?).

(3.21)
L3 is gi b
7 1S glven by
FS — S
L7 =L3 F8 e
o =Y (Y e — M X AF)
= EI AS“’“AlebZI"f; (322)

A? 5 Xop A+ A Yap8i®
Ff—Xapm}

Ff—Xao FY

[where (3.15) has been used]. The primary constraints
are

a __ .a __
1 =79 =0

(3.23)

and the secondary constraints, obtained analogously to
(2.9), are

#5 = OimE + gfabeTr A — M Xy Y5 1 = 0.

c (3.24)

—M Xy A§)

[
There are no terms proportional to € in (3.24), since, due

to (3.22), £§ does not depend on Ag (either directly or
through F%).® There are no further constraints. The
constraints are first class due to the gauge freedom of £5
(3.11).

Since in first-class constrained systems the solutions of
the equations of motion contain undetermined Lagrange
multipliers, one has to remove this ambiguity by im-
posing additional gauge fixing (GF) conditions [8,10,11],
such that the number of GF conditions is equal to the
number of first-class constraints. Constraints and GF
conditions together have to form a system of second-
class constraints being consistent with the equations of
motion. A convenient way to construct these conditions
[10] is to start with primary GF conditions x§ and to
construct secondary GF conditions by demanding

{xi,H°} =0, (3.25)
which ensures consistency with the equations of motion.
To prove the equivalence of £ (2.1) and £° (3.11) it is
most convenient to construct the U gauge by imposing
the primary GF conditions

X; =¢®=0. (3.26)

Equation (3.25) yields then the secondary GF conditions®

oLS
Bﬂ'g

C__
(3

x5 =Y (V' ne — MXy AS) — € + O(€e?) = 0.

(3.27)

81n fact, to all orders in €, A§ becomes replaced by 1—\14—}’1;17r2,
and F2 by Xasme. Thus, H;7 does not depend on A§ and
(3.24) holds exactly.

°The GF conditions do not fulfil Faddeev’s requirement

{x“,xb} = 0 [8]. In fact, this restriction is unnecessary
(10,11,26].
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Using the primary GF conditions!® (3.26), the relation
(3.10) and the defintions of £ (3.22) and L (2.7) one
can express the Hamiltonian (3.21), the secondary con-
straints (3.24), and GF conditions (3.27) as

1 a,_a a a a c 1 a a
HE = ST T 0iAG + gfapemI ALAG + it
1 a a a 1 a
_EMZ(AOA0 — AZA?) + 3 ;(7"3 — MAZ)?
—eL1 + O(€?), (3.28)
% = ;e + gfapem AS — Mmg =0, (3.29)
“ oLy
Xz = mg — M AG —65;‘_5 +O0(e?) =0 (3.30)
with
Lr=L3 =L 3.31
= gamo ~ THago gy (351

Xg =7g — MAJ — €

” +O(€*) = 0. (3.32)

M 0A$
Applying the secondary GF condition (3.32), one can
rewrite the Hamiltonian (3.28) as (2.6) and the con-
straints (3.23), (3.29) as (2.8), (2.10) (to first order in €),
i.e., as the Hamiltonian and the constraints correspond-
ing to the gauge-noninvariant Lagrangian £ (2.1). Fi-
nally, the GF conditions (3.26) and (3.32) can be omitted,
since they involve the fields ¢® and # and neither the
Hamiltonian nor the constraints depend on these fields
anymore. Thus, the Lagrangians £ and £5 in (3.11) de-
scribse equivalent physical sytems, £ being the U gauge
of L.

Because of the equality of the Hamiltonians and the
constraints corresponding to £° and £, £ can be quan-
tized as described in the previous section; the generat-
ing funtional turns out to be (2.27). This, however, is
identical [apart from §%(0) terms, which are neglected
here] to the generating functional obtained in the (La-
grangian) Faddeev-Popov formalism [5] if one imposes
the (U gauge) GF conditions (3.26) [12]. Because of the
equivalence of all gauges [15,21], (2.27) yields the same S-
matrix elements as the Faddeev-Popov PI corresponding
to £5 in any other gauge (e.g., R¢ gauge, Lorentz gauge,
Coulomb gauge). Thus, Matthews’s theorem is also valid
for SBGT’s with nonlinearly realized symmetry.

It should be noted that this result cannot be directly
obtained within the R gauge (which is most adequate for
loop calculations) because the Rg gauge GF condition

9The insertion of the GF conditions into the Hamiltonian
and the other constraints corresponds de facto to a redefini-
tion of the Lagrange multipliers in the total Hamiltonian, i.e.,
the Hamiltonian from which follow the equations of motion
’H‘qgw = HT 4+ Aa®e +5\axq (where ®, stands for all constraints,
Xa for all GF conditions and the A, and A, are the Lagrange
multipliers). In the Hamiltonian PI (2.13) this insertion is
justified due to the prensence of the § functions.
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X*=0"AL —EMp® =0 (3.33)
is not a GF condition within the Hamiltonian formal-
ism. This is because (3.33) cannot be written as a re-
lation among the fields and the conjugate fields alone,
due to the presence of the velocity A in x* that is not
expressable through the momenta [remember the con-
straint (3.23)]. Therefore, when quantizing £° within
the R gauge, one has to proceed indirectly as outlined
above by first constructing the U gauge and then using
the equivalence of all gauges (i.e., the invariance of the
S-matrix element under a change of the gauge in the FP
procedure!!) [15,21] in order to rewrite this result in the
R, gauge.

The procedure outlined in this section shows how to
interpret the Stueckelberg formalism on the Hamilto-
nian level. While the gauge-noninvariant Lagrangian £
is related to the gauge-invariant Lagrangian £° by a
Stueckelberg transformation (3.5), one can pass from the
second-class constrained Hamiltonian H to the first-class
constrained Hamiltonian H° by the following procedure:
One enlarges the phase space by introducing the unphys-
ical variables ¢® and 7, and the extra constraints (3.26)
and (3.27), which make the new variables dependent on
the others and leaves the number of physical degrees of
freedom unchanged. Next, one rewrites, using the ad-
ditional constraints (3.26) and (3.27), the Hamiltonian
as (3.21) and the primordial constraints as (3.23) and
(3.24). Finally, half of the constraints, namely the new
ones, are considered as GF conditions.!?

IV. HIGGS MODELS

Finally, Matthews’s theorem has to be proven for
SBGT’s with linearly realized symmetry, i.e., Higgs mod-
els, which contain effective (non-Yang-Mills) gauge boson
self-interactions [3,12]. This result will simply be ob-

1! Actually, loop calculations within the U gauge suffer from
ambiguities in the determination of the finite part of an S-
matrix element [27,28]. Therefore, for practical calculations
it is useful to rewrite the PI obtained within in the U gauge in
the R¢ gauged form in order to remove these ambiguities. In
fact, loop calculations within the U gauge yield the same S-
matrix elements as loop calculations within the R, gauge, but
only if the correct renormalization prescription is used [28];
other renormalization prescriptions yield distinct results. In
the R; gauge these ambiguities are absent.

12 A similar transition from a second-class constrained sys-
tem to a first-class constrained system has recently been inves-
tigated in several works [20]. However, there no phase space
enlargement is performed with the outcome that the resulting
model contains only half as many first-class constraints as the
original model has second-class constraints. In my treatment
the number of constraints remains unchanged, since, due to
the phase space enlargement, new constraints are introduced.
The method of connecting first- and second-class constrained

systems by performing a phase space enlargement goes back
to [19].
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tained by showing the equivalence of a linear Higgs model
to a nonlinear Stueckelberg model [with (an) additional
physical scalar(s)].

Since the Higgs model corresponding to a massive
Yang-Mills theory cannot be written in a general form for
an arbitrary gauge group, I restrict to the case of SU(2)
symmetry (i.e., to = %Ta, a = 1,2,3). The extension to
other gauge groups is straightforward.

Any effective Lagrangian (2.1) can be extended to
a Higgs model by constructing the Stueckelberg La-
grangian (3.11) and then introducing a physical scalar
field h and linearizing the scalar sector of the theory [12]
via

v o v 1PaTq
EU = :/—5 exp (~——v )
S B = [0+ h) +igara)], (41)

V2

where v is the vacuum expectation value of the Higgs
field, v = %. The Lagrangian of the Higgs model cor-

responding to (2.1) becomes

cH =5

- V(®) (4.2)

U
with the Higgs self-interaction potential V(®) which
yields the nonvanishing vacuum expectation value. In
distinction from £5 (3.11), £ is is not equivalent to the
effective Lagrangian £, since there is an additional phys-
ical degree of freedom. However, £LH contains the same
effective vector boson self-interactions as £ and £5. In
fact, £5 is the limit of £ for infinite Higgs boson mass
[2,12]. Each effective Higgs model (without higher deriva-
tives) can be constructed this way from a Lagrangian of
type (2.1).

To extend the results of the previous two sections to the
Lagrangian (4.2), one uses the fact that even within a lin-
early realized SBGT the scalar fields can be parametrized
nonlinearly [12,15,22] by the point transformation

v+ h
V2

[with U and ® given by (4.1)]. The Lagrangian of the
Higgs model in which the scalar sector is nonlinearly re-
alized,

¢ —

U (4.3)

HS _ rH
£ =L ié—)ﬂff;‘U’ (4.4)

describes a Stueckelberg model with one additional phys-
ical scalar h. Thus (remembering the last paragraph of
Sec. II), the results of the previous two sections can be
used to quantize £75; the generating functional takes
the Lagrangian form (1.1) with the quantized Lagrangian

Cquant = Eg = ‘CH’S|

= LH| (4.5)

®a=0 $a=0"

It is now easy to establish the equivalence between LH
and L5 since a point transformation (i.e., a transforma-
tion which does not involve derivatives) such as (4.3) be-
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comes a canonical transformation within the Hamiltonian
formalism; i.e., the Hamiltonians and also the constraints
corresponding to L¥ and £LFS are related by canonical
transformations.'® Thus, the physical systems described
by both Lagrangians are equivalent on the Hamiltonian
level. [,g becomes the U gauge of L¥; i.e., also for a
linearly realized Higgs model the U gauge is obtained
naively by removing all unphysical scalar fields.

Because of the invariance of the Hamiltonian PI under
canonical transformations [8], the generating funtional
obtained when quantizing the linear Lagrangian £¥ also
has the form (1.1) with (4.5), which is again identical
[apart from §%(0) terms| to the result of the Faddeev-
Popov procedure if the (U gauge) GF conditions (3.26)
are applied [12]. As in the previous section, this result
can be generalized to any other gauge. This completes
the proof of Matthews’s theorem for any effective La-
grangian, which satisfies the conditions required at the
beginning of Sec. II.

The treatment of this section shows that the Stueckel-
berg formalism, which was originally introduced in order
to construct Higgs-boson-less SBGT’s [17,18], also rep-
resents a powerful tool when dealing with Higgs models
[12,22].

V. THE QUARTICALLY DIVERGENT HIGGS
SELF-INTERACTION

In all previous sections, I have neglected the quarti-
cally divergent §%(0) terms. In this section I will quantize
the SU(2) Higgs model (without effective non-Yang-Mills
vector boson self-interactions) thereby taking into account
the 6*(0) terms to derive the well-known quartically di-
vergent Higgs self interaction [12,14-16], which serves as
a simple example for such a term.

From the discussion of the previous two sections it is
clear that it makes no difference to quantize the gauge-
invariant Lagrangian of a SBGT or the corresponding U-
gauge Lagrangian'4 which is obtained by setting ¢, = 0.
Thus, for simplicity, I start from the U-gauge Lagrangian

1
L= JFIFD, + S(0"R)(0uh) + 40P (v + h) AL AL

_V(h7 Pa = 0) (51)
The momenta are given by
oL
T = —— = 0, 5.2
P ok (52)

3For the Hamiltonian and the primary constraints this
statement is obvious and the secondary constraints are ob-
tained from the Poisson brackets (2.9) which are invariant
under canonical transformations.

!*When establishing this equivalence, no §%(0) terms have
been neglected, thus, even concerning the quartically diver-

gent extra terms, quantization of both Lagrangians yields the
same result.
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a oc a At
Ty = — = FiO = Aa + aiAg _ gfabcAgA(ch (53)
04s
aoc ;
Th — —— = h,
. (5.4)

and the Hamiltonian is
H=mn AL +mrh — L
1 1
= —wind + 571',21 — w28; A% + gfabcﬂ'fAi-’Ag

1

1
lFefe
+F5FG +
1 a a a
—59% (0 + h)A(AGAT — AZAT) + V (h, 00 = 0).
(5.5)
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The constraints turn out to be
1 =75 =0, (5.6)
a a C 1 a
¢35 = Ol + gfabcwai — Zgz(v + h)zA0 =0. (5.7)

The Poisson brackets of the primary and the secondary
constraints are given by
a 1 a
{¢1(x),#5(y)} = 190+ R (x—y).  (5.8)
The constraints are second class.
To quantize this, one starts from the Hamiltonian PI
(2.13), integrates out the 7§ to eliminate §(¢2%), uses
(2.15) to rewrite §(¢3), performs the substitution (2.17),

and rewrites the deteminant using (2.12) and (5.8). The
generating functional becomes

1 1 . .
Z[J] = / [[ PADR ] DD [ DA exp {z / d*z [— ST = Ewi + 72FS + mph
uw,a %,a a

1
—EF-"-F.“ - %(aih)(aih) + 1070 +R)P(AGAG — XX — A2AD)

it ig

1
—V(h,pa =0) + J3 AL + th] } Det? (292(1) + h)%6*(z — y)) .

Now one can perform the Gaussian intergrations over 7,
7y, and A% Intergrating out A yields an extra factor
Det~% (1g2(v + h)26%(z — y)). One finds

Z|J] = /HDA;Dh exp {i/d“az £+ JAL + th]}
M,a

1
xDet (gga(v + h)36*(z — y)) . (5.10)
Using (2.14) to exponentiate the determinant, Z[J] be-
comes a Lagrangian PI (1.1) with the quantized La-
grangian

h
Lauant= £ — 3i6*(0) In (1 + ;)

.4 g
= £ —3i6%(0) In (1 + 2Mh)
(after dropping a constant). Thus, the quantized La-
grangian contains, in addition to the primordial La-
grangian, an extra quartically divergent Higgs self-
interaction term.
Alternatively, the determinant in (5.10) can be ex-
ponentiated by introducing Grassmann variables, which
yields the ghost term

(5.11)

* g
Cghost = *M"Iaﬂa - —U;Uah- (512)

2
The ghost fields are static due to the absence of a kinetic
term. Thus, all ghost loops are quartically divergent.
In [12] it has been shown that the ghost loops following
from (5.12) yield the same contribution to the S-matrix

(5.9)

—

elements as the §%(0) term in (5.11) and thus Lgpest can
be replaced by this term.

For the renormalizable Lagrangian (5.1), however, the
quartic divergences from the extra term in (5.11) cancel
against other quartically divergent Higgs self-interactions
arising from vector boson loops [29]. Thus, in this case it
is completely justified to neglect the quartic divergences
altogether as in [6].

VI. SUMMARY

The quantization of Lagrangians containing arbitrary
interactions of massive vector fields (that do not depend
on higher-order derivatives) within the Hamiltonian PI
formalism yields the following results.

The generating functional corresponding to an effec-
tive Lagrangian without gauge freedom is a simple La-
grangian PI with the quantized Lagrangian being iden-
tical to the primordial one [apart from the €2 and §*(0)
terms]. Thus, the Feynman rules follow directly from the
various terms in the effective Lagrangian.

(Linearly or nonlinearly realized) SBGT’s containing
effective vector boson interactions, which are embedded
in a gauge-invariant framework, can be quantized within
the (Lagrangian) Faddeev-Popov PI formalism.

The U gauge of such an effective SBGT is obtained by
removing all unphysical pseudo Goldstone fields.

Lagrangians that are related by a Stueckelberg trans-
formation are physically equivalent.

Using the Stueckelberg formalism, one can rewrite each
effective Lagrangian as a (nonlinearely realized) SBGT
and extend it, by introduction of (a) physical scalar(s),
to a (linearly realized) Higgs model. '
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These statements seem to be obvious from the naive
Lagrangian point of view. However, one has to go
through the more elaborate Hamiltonian treatment of
this article to derive them correctly. The results obtained
in this paper will be generalized to effective Lagrangians
with higher-order derivatives in a forthcoming work [30].
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