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c© Società Italiana di Fisica
Springer-Verlag 2000

Renormalizability and model-independent description
of Z′ signals at low energies

A.V. Gulova, V.V. Skalozubb

Dniepropetrovsk State University, 49050 Dniepropetrovsk, Ukraine

Received: 4 July 2000 / Published online: 23 October 2000 – c© Springer-Verlag 2000

Abstract. The model-independent search for signals of heavy Z′ gauge bosons in low-energy four-fermion
processes is analyzed. It is shown that the renormalizability of the underlying theory containing Z′, formu-
lated as a scattering in the field of heavy virtual states, can be implemented in specific relations between
different processes. Considering the two-Higgs-doublet model as the low-energy basis theory, the two types
of Z′ interactions with light particles are found to be compatible with the renormalizability. They are
called the Abelian and the “chiral” couplings. Observables giving the possibility to uniquely detect Z′ in
both cases are introduced.

1 Introduction

The existence of the heavy Z ′ gauge boson is predicted
by a number of grand unified theories (GUTs) and su-
perstring theories [1]. The mass of this particle is ex-
pected to be of the order of mZ′ ≥ 500GeV, and there-
fore it cannot be produced at present day accelerators.
Various strategies of searching for signals of Z ′ as a vir-
tual heavy state were developed and different observables
suitable for its experimental detection have been intro-
duced (see the survey of [2] and references therein). The
model-dependent and model-independent Z ′ searches at
e+e− colliders are discussed (see, for instance, the re-
port of [3]). A popular model assumes that at low en-
ergies the Z ′ interactions with ordinary particles of the
standard model (SM) can be described by the effective
gauge group SU(2)L×U(1)Y ×Ũ(1). An alternative choice
is the gauge group SU(2)L × SU(2)R × U(1)B−L [2,4].
These models are considered as the remnants of underly-
ing theories which are not specified. The low-energy effec-
tive Lagrangians (ELs) take into consideration the most
general property of renormalizable theories, ensured by
the decoupling theorem [5,6] – the dominance of renor-
malizable interactions at low energies. The interactions of
non-renormalizable types, being generated at high ener-
gies due to radiation corrections, are suppressed by the
inverse heavy mass 1/mZ′ . Therefore, it is possible not to
consider them in leading order at lower energies. Another
popular description is the introduction of the EL, consid-
ered as the sum of all effective operators with dimensions
n ≥ 4, constructed from the fields of light particles. The
coefficients of these operators are treated as independent
unknown numbers to be determined in experiment. For
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more details see [7]. In general, the number of possible
Z ′ couplings is large. So, it is difficult to introduce ob-
servables allowing a unique detection of Z ′ signals. In this
regard, it is desirable either to decrease the number of the
independent Z ′ parameters on some reasonable grounds
and to introduce observables most sensitive to the Z ′ vir-
tual states. In any case, the main idea is to find correla-
tions between the Z ′ couplings at low energies.

A straightforward way to find the correlations is to
specify the underlying theory describing interactions at
energies ∼ ΛGUT and to consider the running of the cou-
plings from high to low energies ∼ mW by using the renor-
malization group (RG) equations. In this approach, each
underlying theory leads to the unique values of the pa-
rameters and, hence, the corresponding correlations are
model-dependent ones. Another way is to specify a basis
low-energy theory (for instance, the SM can be chosen)
and to determine the relations between the Z ′ parameters,
following from some model-independent arguments. These
correlations are to be model independent. Naturally, they
remain dependent on the chosen basis low-energy theory.

In [8,9] a method for the derivation of model-indepen-
dent correlations between the parameters of physics be-
yond the SM has been developed, and new observables
suitable for searching for the Z ′ boson in four-fermion
processes were introduced. This approach is based on the
principles of the RG and the decoupling theorem [5]. As
was argued, any virtual heavy particle can be treated as
an “external field” scattering the SM particles. The ver-
tex describing the interaction with the field contains a nu-
meric factor, which is considered as an arbitrary parame-
ter. Actually, it is generated by the decoupling and there-
fore depends on the underlying model. Due to renormal-
izability, the scattering amplitude in the “external field”
satisfies a simple relation (called the RG relation), which
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includes the β and γ functions entering the RG equation.
These functions have to be calculated with the light parti-
cles only, and with the vertex factor. Hence, relations be-
tween different vertex factors follow. Then, these can be
implemented in a number of model-independent observ-
ables corresponding to the specific heavy virtual state, in
particular to the Z ′ gauge boson [9].

In [8] as the low-energy basis model the minimal SM
(with one scalar doublet) has been chosen. However, at
present there is little information about the scalar fields.
In this regard, the theory with two scalar doublets is in-
tensively studied [10,11]. The two-Higgs-doublet model
(THDM) is also known as the low-energy limit of some
E6 based GUTs, which predict the Z ′ gauge boson. In
the present paper, the results of [8] are generalized to the
THDM case. We analyze in detail both the Abelian and
the so called “chiral” types of the Z ′ couplings to the light
particles. As for the type of the latter, it was derived as fol-
lows. We first assumed the most general parameterization
of Z ′ interactions with the SM fields and then derived the
generator structures, compatible with the renormalizabil-
ity. As will be shown in what follows, there is an important
difference between these two types of interactions.

Thus, in order to derive the model-independent con-
straints we choose the THDM as the low-energy basis the-
ory (notice that the minimal SM is a particular case of the
THDM). Then, we introduce a general parameterization
of couplings linear in Z ′, which is independent of the spe-
cific underlying theory. As a result, the derived RG cor-
relations are model-independent ones. They hold for the
THDM as well as for the minimal SM. Moreover, the exis-
tence of other heavy particles with masses mi ≥ mZ′ does
not affect these correlations.

As will be shown, there are two completely different
sets of Z ′ couplings to the SM fields compatible with
renormalizability. The first one describes the Abelian Z ′,
which respects the additional Ũ(1) symmetry of the low-
energy EL. In this case the Z ′ couplings to the axial-vector
fermion currents have a universal absolute value. The sec-
ond set corresponds to the chiral Z ′, which interacts with
the SM doublets, only. One has to distinguish these neu-
tral Z ′ gauge bosons because they are described by differ-
ent operators.

The content of this paper is as follows. In Sect. 2 the
general parametrization of interactions involving the Z ′
and the SM fields is introduced. The RG correlations be-
tween the Z ′ couplings are derived in Sect. 3. In Sect. 4
they are compared with the specific values of the Z ′ cou-
plings in the GUTs based on the E6 group. In Sect. 5 the
observables suitable for the detection of the Z ′ signals are
proposed. The results of our investigation are discussed in
Sect. 6.

2 Parametrization of the Z′ couplings

In the present paper we analyze the four-fermion scatter-
ing amplitudes of order ∼ m−2

Z′ generated by the virtual Z ′
states. Vertices of interactions with more than one Z ′ field
contribute to the amplitudes involving several virtual Z ′

states. The latter processes are of order m−4
Z′ and higher.

Therefore, in what follows we consider the vertices linear
in Z ′ only.

To introduce a general parameterization of the vertices
involving the SM fields and being linear in the Z ′ field, let
us impose a number of natural conditions. First of all, the
interactions of renormalizable type are dominant at low
energies ∼ mW . The non-renormalizable interactions gen-
erated at high energies due to radiation corrections are
suppressed by the inverse heavy mass 1/mZ′ (or by other
heavier scales 1/Λi � 1/mZ′) and therefore at low ener-
gies can be neglected to leading order. We assume that
the Z ′ is the only neutral vector boson with mass ∼ mZ′ ,
and the Z ′ gauge field enters the theory through covari-
ant derivatives with a corresponding charge. We also as-
sume that the SU(2)L × U(1)Y gauge group of the SM
is a subgroup of the GUT group. In this case, a product
of generators associated with the SM subgroup is a lin-
ear combination of these generators. As a consequence, all
structure constants connecting two SM gauge bosons with
Z ′ have to be zero. Hence, the interactions of gauge fields
of the types Z ′W+W−, Z ′ZZ, and other are absent at
tree level.

Let φi (i = 1, 2) be two complex scalar doublets:

φi =
{
a+i ,

vi + bi + ici√
2

}
, (1)

where vi denotes corresponding vacuum expectation val-
ues, a+i are complex fields, and bi, ci are real fields. By
diagonalizing the quadratic terms of the scalar potential
V (φ1, φ2) one obtains the mass eigenstates: two neutral
CP -even scalar particles, H and h, the neutral CP -odd
scalar particle, A0, the Goldstone boson partner of the Z
boson, χ3, the charged Higgs field, H±, and the Goldstone
field associated with the W± boson, χ±:

a+1 = χ+ cosβ −H+ sinβ,

a+2 = H+ cosβ + χ+ sinβ,
c1 = χ3 cosβ −A0 sinβ,
c2 = A0 cosβ + χ3 sinβ,
b1 = H cosα− h sinα,
b2 = h cosα+H sinα, (2)

where
tanβ =

v2
v1
, (3)

and the angle α is determined by the explicit form of the
potential V (φ1, φ2). For instance, the CP -conserving po-
tential, which has only CP -invariant minima, can be used
[10,11]:

V =
2∑

i=1

[
−µ2iφ†

iφi + λi(φ
†
iφi)

2
]

+ λ3(Re[φ†
1φ2])

2 + λ4(Im[φ†
1φ2])

2

+ λ5(φ
†
1φ1)(φ

†
2φ2). (4)
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This is consistent with the absence of the tree-level flavor-
changing neutral currents (FCNCs) in the fermion sector.
The corresponding value of α is [11]

tan 2α = −v1v2 (λ3 + λ5)
λ2v22 − λ1v21

. (5)

At low energies, when all heavy states are decoupled, the
Z ′ interactions with the scalar doublets can be parame-
terized in a model-independent way as follows [2]:

Lφ =
2∑

i=1

∣∣∣∣
(
∂µ − ig

2
σaW

a
µ − ig′

2
Yφi
Bµ

− ig̃
2
ỸφiB̃µ

)
φi

∣∣∣∣
2

, (6)

where g, g′, g̃ are the charges associated with the SU(2)L,
U(1)Y , and the Z ′ gauge groups, respectively, σa are the
Pauli matrices,

Ỹφi =

(
Ỹφi,1 0

0 Ỹφi,2

)
(7)

is the generator corresponding to the gauge group of the
Z ′ boson, and Yφi is the U(1)Y hypercharge. The condition
Yφi

= 1 guarantees that the vacuum is invariant with
respect to the gauge group of the photon.

The vector bosons, A, Z, and Z ′, are related with the
symmetry eigenstates as follows:

B → A cos θW − (Z cos θ0 − Z ′ sin θ0) sin θW,
W3 → A sin θW + (Z cos θ0 − Z ′ sin θ0) cos θW,

B̃ → Z sin θ0 + Z ′ cos θ0, (8)

where tan θW = g′/g is the value of the Weinberg angle
adopted in the SM, and

tan θ0 =
g̃m2

W

(
Ỹφ1,2 cos2 β + Ỹφ2,2 sin2 β

)
g cos θW (m2

Z′ −m2
W / cos2 θW)

. (9)

As is seen, the mixing angle θ0 is of order ∼ m2
W /m

2
Z′ .

That results in the corrections to the interactions between
the SM particles being of order ∼ m2

W /m
2
Z′ . To avoid the

tree-level mixing of the Z boson and the physical scalar
field A0 one has to impose the condition Ỹφ1,2 = Ỹφ2,2 ≡
Ỹφ,2.

Now, let us parameterize the fermion–vector interac-
tions introducing the effective low-energy Lagrangian [2,
4,12]

Lf = i
∑
fL

f̄Lγ
µ

(
∂µ − ig

2
σaW

a
µ − ig′

2
BµYfL

− ig̃
2
B̃µỸfL

)
fL (10)

+ i
∑
fR

f̄Rγ
µ

(
∂µ − ig′BµQf − ig̃

2
B̃µỸR,f

)
fR,

where the renormalizable type interactions are admitted
and the summation over all SM left-handed fermion dou-
blets, fL = {(fu)L, (fd)L}, and the right-handed singlets,
fR = (fu)R, (fd)R, is understood. Qf denotes the charge
of f in the positron charge units,

ỸfL =

(
ỸL,fu 0

0 ỸL,fd

)
, (11)

and YfL equals −1 for leptons and 1/3 for quarks.
Renormalizable interactions of fermions and scalars are

described by the Yukawa Lagrangian. To avoid the exis-
tence of the tree-level FCNCs one has to ensure that at the
diagonalization of the fermion mass matrix the diagonal-
ization of the scalar–fermion couplings is automatically
fulfilled. In this case the Yukawa Lagrangian, which re-
spects the SU(2)L×U(1)Y gauge group, can be written in
the form

LYuk = −
√

2
∑
fL

2∑
i=1

{
Gfd,i

[
f̄Lφi(fd)R

+ (f̄d)Rφ
†
ifL

]
+ Gfu,i

[
f̄Lφ

c
i (fu)R + (f̄u)Rφ

c†
i fL

]}
, (12)

where φci = iσ2φ∗
i is the charge conjugated scalar dou-

blet, and the Cabibbo–Kobayashi–Maskawa mixing is ne-
glected. Then, the fermion masses are

mf =
2mW

g
(Gf,1 cosβ +Gf,2 sinβ) . (13)

As was shown by Glashow and Weinberg [13], the tree-
level FCNCs mediated by Higgs bosons are absent in the
case where all fermions of a given electric charge couple
to no more than one Higgs doublet. This restriction leads
to four different models, as discussed in [11]. In what fol-
lows, we will use the most general parameterization (12)
including the models mentioned as well as other possible
variations of the Yukawa sector without the tree-level FC-
NCs.

By using (6), (10), and (12) it is easy to derive the
Feynman rules which are collected in Appendix 6.

3 RG relations

In this section we consider the correlations between the
parameters ỸL,f , ỸR,f , Ỹφi,1, and Ỹφi,2 appearing due to
the renormalizability of the underlying theory.

As is well known, S-matrix elements are to be invariant
with respect to the RG transformations, which express the
independence of the location of the normalization point κ
in the momentum space. In a theory with different mass
scales the decoupling of heavy-loop contributions at the
thresholds of the heavy masses, Λ, results in the impor-
tant property of low-energy amplitudes: the running of all
functions is regulated by the loops of the light particles.
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Therefore, the β and γ functions at low energies are deter-
mined by the SM particles only. This fact is a consequence
of the decoupling theorem [5].

Actually, the decoupling results in the redefinition of
the parameters of the theory at the scale Λ and removing
all heavy-particle loop contributions proportional to lnκ
from the RG equation [6,14]:

λa = λ̂a + aλa ln
Λ̂2

κ2
+ bλa ln2

Λ̂2

κ2
+ · · · ,

X = X̂

(
1 + aX ln

Λ̂2

κ2
+ bX ln2

Λ̂2

κ2
+ · · ·

)
,

(14)

where we use the notation λa to refer to the charges, and
X represents all fields and masses. Hats over quantities
denote the parameters of the underlying theory. They in-
clude the loops of both the SM and the heavy particles,
whereas the quantities without hats are calculated assum-
ing that no heavy particles are excited inside loops. The
matching between both sets of parameters (λa, X and λ̂a,
X̂) is chosen at the normalization point κ ∼ Λ,

λa |κ=Λ= λ̂a |κ=Λ, X |κ=Λ= X̂ |κ=Λ . (15)

Since the sets of the parameters λa, X and λ̂a, X̂ differ at
the one-loop level, it is possible to substitute one set for
another.

As is shown in [8], the redefinition of fields and charges
(14) allows one to eliminate the one-loop mixing between
heavy and light virtual states. Therefore, virtual states
of heavy particles can be treated as the “external fields”
scattering the SM particles. The renormalizability of the
underlying theory leads to some relations for the vertices
describing this scattering, called the RG relations.

Let us consider the four-fermion amplitudes caused
by the Z ′ boson exchange. In lower order in the ratio
m2

W /m
2
Z′ the process f̄1f1 → Z ′∗ → f̄2f2 can be repre-

sented as scattering of the initial, f1, and the final, f2,
fermions in the “external field” 1/mZ′ with the corre-
sponding vertex factors Γf1Z′ , Γf2Z′ . The quantity ΓfZ′

contains no contributions of heavy particle loops. Thus, it
can be computed as a linear combination of the parame-
ters ỸL,f , ỸR,f , Ỹφi,1, and Ỹφi,2.

The RG invariance of the vertex leads to the equation

D
(
f̄ΓfZ′f

1
mZ′

)
= 0, (16)

where the effective low-energy RG operator [6] is defined
as follows:

D ≡ ∂

∂ lnκ
+
∑
a

βa
∂

∂λa
−
∑
X

γX
∂

∂ lnX
,

βa =
dλa
d lnκ

, γX = −d lnX
d lnκ

, (17)

and the coefficient functions βa and γX are computed tak-
ing into account the loops of the light particles.

The relation (16) ensures that, as a consequence of
renormalizability, the mathematical structure of the lead-
ing logarithmic terms of the vertices, calculated in one-
and higher-loop approximations, coincides with that of
the tree-level structures. The standard usage of (16) is to
improve the scattering amplitudes calculated in a fixed or-
der of perturbation theory. In contrast, in what follows we
will apply (16) to obtain an algebraic relation between the
parameters ỸL,f , ỸR,f , Ỹφi,1, Ỹφi,2, which are to be con-
sidered as arbitrary numbers, since the underlying theory
is not specified. Let us explain this idea in more detail. In
case when the underlying theory is specified (ỸL,f , ỸR,f ,
Ỹφi,1, Ỹφi,2 have to be computed as discussed before), and
the β and γ functions as well as the S-matrix elements are
calculated in a fixed order of perturbation theory, (16) is
just the identity. If the underlying theory is not speci-
fied, whereas the β, γ functions and S-matrix elements
are computed in a fixed order of perturbation theory, the
equality (16) may serve to correlate the unknown parame-
ters Ỹ . In the case of the four-fermion processes mediated
by the gauge Z ′ boson, the number of independent β func-
tions is less than the number of RG equations. Therefore,
a non-trivial system of equations correlating the originally
independent parameters occurs.

The one-loop RG relation for the fermion–Z ′ vertex is
[8]

f̄
∂Γ

(1)
fZ′

∂ lnκ
f

1
mZ′

+ D(1)
(
f̄Γ

(0)
fZ′f

1
mZ′

)
= 0, (18)

where Γ (0)
fZ′ and Γ (1)

fZ′ denote the tree-level and the one-
loop level contributions to the fermion–Z ′ vertex, and D(1)

is the one-loop level part of the RG operator,

D(1) ≡
∑
a

β(1)a

∂

∂λa
−
∑
X

γ
(1)
X

∂

∂ lnX
. (19)

As follows from (18), only the divergent parts of the one-
loop vertices Γ (1)

fZ′ are to be calculated. The correspond-
ing diagrams are shown in Fig. 1. The following expres-
sions for the right-handed and the left-handed fermions,
respectively, have been obtained:

∂Γµ
fRZ′

∂ lnκ
=
γµ

8π2

{
g2Q2

f ỸR,f tan2 θW +
4
3
g2s,f ỸR,f

+ G2
f,1

[
2T 3

f

(
Ỹφ,2 + Ỹφ1,1

)
+ ỸL,f + ỸL,f�

]
+ G2

f,2

[
2T 3

f

(
Ỹφ,2 + Ỹφ2,1

)
+ ỸL,f + ỸL,f�

]
+ O

(
m2

W

m2
Z′

)}
,

∂Γµ
fLZ′

∂ lnκ
=
γµ

8π2

{
g2

2
ỸL,f� +

4
3
g2s,f ỸL,f

+ g2ỸL,f

[
1

4 cos2 θW
+
(
Q2

f − |Qf |) tan2 θW]
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Z ′
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Z ′
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Z ′
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Z ′
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f

Z ′

f

f

Z ′
A,Z

f

f

H,h

f

f

f

f

W

f

H,h

f

H,h

A0,χ3

A0,χ3

A0,χ3

f ,

f ,

f ,

f ,

f ,H±,χ±

H±,χ±

H±,χ±

Fig. 1. One-loop contributions to the divergent part of ΓfZ′

+
(
G2

f,1 +G2
f,2
) (
ỸR,f − 2T 3

f Ỹφ,2

)
+ G2

f�,1

(
2T 3

f Ỹφ1,1 + ỸR,f�

)
+ G2

f�,2

(
2T 3

f Ỹφ2,1 + ỸR,f�

)
+ O

(
m2

W

m2
Z′

)}
, (20)

where f and f� are the partners of an SU(2)L fermion
doublet (namely, l� = νl, ν�l = l, q�u = qd, and q�d = qu),
T 3
f is the third component of the weak isospin, and gs,f is

the QCD charge for quarks, zero for leptons.
The fermion anomalous dimensions can be calculated

by using the diagrams of Fig. 2:

γfR =
1

16π2

[
g2Q2

f tan2 θW +
4
3
g2s,f

+ 2
(
G2

f,1 +G2
f,2
)
+O

(
m2

W

m2
Z′

)]
,

γfL =
1

16π2
[
g2
(
Q2

f − |Qf |) tan2 θW
+

4
3
g2s,f +

g2

2
+

g2

4 cos2 θW
+G2

f,1 +G2
f,2

+ G2
f�,1 +G2

f�,2 +O
(
m2

W

m2
Z′

)]
. (21)

The RG relations (18) considered in lower order in m2
W /

m2
Z′ lead to the equations for the parameters ỸL,f , ỸR,f ,

f f

f

A,Z

f f

f

H,h

f f

f

A0,χ3

f f

f ,

W

f f

f ,

H±,χ±

Fig. 2. One-loop contributions to the fermion mass operator

Ỹφi,1, and Ỹφi,2:

4π2ỸR,f

(
β
(1)
g̃

g̃2
+ γ(1)

m2
Z′

)
=

−G2
f,1

[
2T 3

f

(
Ỹφ,2 + Ỹφ1,1

)
+ ỸL,f + ỸL,f� − 2ỸR,f

]
−G2

f,2

[
2T 3

f

(
Ỹφ,2 + Ỹφ2,1

)
+ ỸL,f + ỸL,f� − 2ỸR,f

]
,

4π2ỸL,f

(
β
(1)
g̃

g̃2
+ γ(1)

m2
Z′

)
=
g2

2

(
ỸL,f − ỸL,f�

)

+
(
G2

f,1 +G2
f,2
) (

2T 3
f Ỹφ,2 + ỸL,f − ỸR,f

)
−G2

f�,1

(
2T 3

f Ỹφ1,1 − ỸL,f + ỸR,f�

)
−G2

f�,2

(
2T 3

f Ỹφ2,1 − ỸL,f + ỸR,f�

)
. (22)

One has to derive two sets of relations, which ensure the
compatibility of (22). The first one is

Ỹφ2,1 = Ỹφ1,1 = −Ỹφ,2 ≡ −Ỹφ,
ỸL,f + ỸL,f� = 0, ỸR,f = 0. (23)

It describes the Z ′ boson analogous to the third compo-
nent of the SU(2)L gauge field. The characteristic features
of these interactions are the zero traces of the generators
and the absence of couplings to the right-handed singlets.
In what follows, we shall call this type of interaction the
“chiral” Z ′. The second set,

Ỹφ1,1 = Ỹφ2,1 = Ỹφ,2 ≡ Ỹφ,

ỸL,f = ỸL,f� , ỸR,f = ỸL,f + 2T 3
f Ỹφ, (24)

corresponds to the Abelian Z ′ boson. In this case the SM
Lagrangian appears to be invariant with respect to the
Ũ(1) group associated with the Z ′. The first and the sec-
ond relations in (24) mean that appropriate generators
are proportional to the unit matrix, whereas the third
relation ensures the Yukawa terms to be invariant with
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respect to the Ũ(1) transformations. Introducing the Z ′
couplings to the vector and the axial-vector fermion cur-
rents, vfZ′ ≡ (ỸL,f + ỸR,f )/2, a

f
Z′ ≡ (ỸR,f − ỸL,f )/2, one

can rewrite the second and the third of (24) in the follow-
ing form:

vfZ′ − afZ′ = vf
�

Z′ − af�

Z′ , afZ′ = T 3
f Ỹφ. (25)

As is seen, the couplings of the Abelian Z ′ to the axial-
vector fermion currents have a universal absolute value
proportional to the Z ′ coupling to the scalar doublets. The
solutions derived are the same as in the case of the minimal
SM considered in [8]. Notice that the two correlations (23)
and (24) lead to the same Z ′ couplings to each of the scalar
doublets.

Notice that in the case of the Abelian Z ′ boson the
correlations (24) and (25) can be derived on related but
formally different grounds. The point is that the renor-
malizability and gauge invariance of the interactions are
closely connected. Therefore, the requirement of renormal-
izability can be substituted by the requirement of gauge
invariance of the effective low-energy Lagrangian.

In general, the EL respects by construction various (in
particular, Ũ(1)) symmetries. But if non-renormalizable
interactions are admitted, no relations between the arbi-
trary parameters can be found. If only the renormalizable
interactions are taken into account, as in (10), some cor-
relations appear. In fact, to obtain formulae (24) and (25)
it is sufficient to require the Ũ(1) gauge invariance of the
Yukawa terms. Note also that the correlations in (25) are
the same as in the SM for the specific values of the hy-
percharges Yf and Yφ corresponding to the U(1)Y gauge
transformations of fermion and scalar fields. On the other
hand, we did not find any symmetry requirement describ-
ing all possible relations following from (23). Therefore,
the renormalizability requirement looks like the more gen-
eral one.

4 RG correlations and the Z′

in E6 based models

Over the last decades the GUTs based on the E6 gauge
group [15] have been intensively studied. They predict an
Abelian Z ′ boson with a mass mZ′ � mW . Since the low-
energy limit of the E6 GUTs is the THDM considered, it
is of interest to check whether the relations (25) hold for
the specific values of the Z ′ couplings in these models.

There are different schemes of the E6 symmetry break-
ing. One of them is

E6 → SO(10) × U(1)ψ, (26)
SO(10) →
SU(3)c × SU(2)L × SU(2)R × U(1)B−L.

This leads to the so called left–right (LR) model. Another
scheme,

E6 → SO(10) × U(1)ψ → SU(5) × U(1)χ × U(1)ψ, (27)

Table 1. The Z′ couplings to the SM fermions in the E6 and
LR models

f E6 LR

af
Z′ vf

Z′ af
Z′ vf

Z′

ν −3 cos β̃√
40

− sin β̃√
24

3 cos β̃√
40
+ sin β̃√

24
− 1

2α
1
2α

e − cos β̃√
10

− sin β̃√
6

2 cos β̃√
10

−α
2

1
α

− α
2

qu
cos β̃√

10
− sin β̃√

6
0 α

2 − 1
3α
+ α

2

qd − cos β̃√
10

− sin β̃√
6

−2 cos β̃√
10

−α
2 − 1

3α
− α

2

predicts an Abelian Z ′ which is a linear combination of
the neutral vector bosons ψ and χ,

Z ′ = χ cos β̃ + ψ sin β̃, (28)

where β̃ is the mixing angle.
In Table 1 (see [1]) we show the Z ′ couplings to the SM

fermions in the models mentioned (notice that the sign of
the axial-vector couplings in [1] is opposite to the sign of
afZ′). At first glance, some of the couplings in Table 1 are
inconsistent with the relations (25). This requires a more
detailed discussion.

First of all, let us consider the Z ′ couplings to neu-
trinos. It is usually supposed in theories based on the E6
group that the Yukawa terms responsible for the gener-
ation of the Dirac masses of the neutrinos must be set
to zero [15]. Therefore, there are no RG relations for the
Z ′ interactions with the neutrino axial-vector currents, be-
cause the terms proportional to Gν,i vanish in (22). In this
case the couplings aνZ′ given in Table 1 are not restricted
by the relations (25).

Now, let us discuss the Z ′ couplings to charged leptons
and quarks. The values of the couplings satisfy relations
(25) in the case of the LR model. As for models described
by the E6 breaking scheme (27), two possibilities of choos-
ing β̃ are of interest. The first is relevant if the ψ boson is
much heavier than the χ field. In general, this is a natural
condition, since the fields ψ and χ arise at different energy
scales. As a consequence, the field ψ is decoupled, and the
mixing angle β̃ is small (β̃ � 1). In this case the RG re-
lations (25) hold in lower order in β̃ for the Z ′ couplings
to the quarks and charged leptons.

The second possibility occurs if the masses of χ and
ψ are of the same order. This means the tuning of the
vacuum expectation values generating the vector boson
masses. This case cannot be treated straightforwardly on
the basis of the relations (25) since the mixed states of the
Z ′ bosons have to be included into the consideration ex-
plicitly. Although our approach is applicable in this case, it
requires additional investigation. Moreover, the Z ′ mixed
states cause some different exchange amplitudes, which
have to be incorporated into the low-energy observables.
In what follows, we will not discuss the case of two Z ′
bosons having masses of the same order.



A.V. Gulov, V.V. Skalozub: Renormalizability and model-independent description of Z′ signals at low energies 691

5 Observables

Now, let us introduce the observables suitable for the de-
tection of the Z ′ in electron–positron annihilation into
fermion pairs e+e− → V ∗ → f̄f (f �= e, t). The center-
of-mass energy is taken to be in the range s1/2 ≥ 500GeV.
Consider the case of non-polarized initial and final
fermions. Since the t quark is not considered, the other
fermions at these energies can be treated as massless par-
ticles, mf ∼ 0. In this approximation the left-handed and
the right-handed fermions can be substituted by the he-
licity states, which will be denoted as λ and ξ for the
incoming electron and the outgoing fermion, respectively
(λ, ξ = L,R).

Let AV be the Born amplitude of the process e+e− →
V ∗ → f̄f (f �= e, t) with the virtual V boson state in
the s channel (V = A,Z,Z ′). The existence of the Z ′

boson leads to a deviation of order ∼ m−2
Z′ of the cross

section from its SM value. In general, the tree-level devi-
ations originate from two types of contribution. The first
is caused by the Z–Z ′ mixing. Using the results of Sect. 3
the mixing angle θ0 (see (9)) can be calculated as follows:

θ0 � g̃m2
W Ỹφ

g cos θWm2
Z′
. (29)

Because of the mixing there are corrections of order θ0 ∼
m−2

Z′ to the vertex describing the interaction of the Z bo-
son and fermions. Hence, the amplitude AZ(θ0) deviates
from its SM value AZ(θ0 = 0). The second type describes
the interference between the SM amplitude, ASM, and
the Z ′ exchange amplitude, AZ′ . Thus, for the process
e+e− → f̄f the deviation of the cross section is

∆
dσf
dΩ

=
dσf
dΩ

− dσf,SM
dΩ

=
Re [A∗

SM∆A]
32πs

+O
(
s2

m4
Z′

)
,

(30)
where

ASM = AA + AZ |θ0=0 , ∆A = AZ′ +
(

dAZ

dθ0

)
θ0=0

θ0.

(31)
The quantity ∆dσ/dΩ can be calculated in the form

∆
dσf
dΩ

=
∑

λ,ξ=L,R

[
Ief
λξ (s) + Mef

λξ(s)
]
(z + PλPξ)

2
, (32)

where PL = −1, PR = 1, z ≡ cos θ (θ is the angle between
the incoming electron and the outgoing fermion), Ief

λξ de-
notes the Z–Z ′ interference term, and Mef

λξ accounts of
the contributions from the Z–Z ′ mixing:

Ief
λξ =

αemg̃
2T 3

fNf

4πm2
Z′

Ỹλ,eỸξ,f [|Qf |
+ χ(s) (Pλ − ε) (Pξ − 1 + |Qf | − |Qf |ε)] ,

Mef
λξ =

αemgg̃T
3
fNfθ0

4π cos θW(s−m2
Z)

×
[
Ỹξ,f

(
δλ,L − 2 sin2 θW

)
+ 2T 3

f Ỹλ,e
(
2|Qf |sin2θW − δξ,L

)]
× [|Qf | + χ(s) (Pλ − ε)
× (Pξ − 1 + |Qf | − |Qf |ε)] , (33)

where αem is the fine structure constant, Nf = 3 for
quarks and Nf = 1 for leptons, ε ≡ 1 − 4 sin2 θW ∼ 0.08,
χ−1(s) = 16 sin2 θW cos2 θW(1 − m2

Z/s), and δλ,ξ is the
Kronecker delta. The leading contribution comes from the
Z–Z ′ interference term Ief

λξ , whereas the Z–Z ′ mixing
terms are suppressed by the additional factor m2

Z/s. At
energies s1/2 ≥ 500GeV we have Mef

λξ � Ief
λξ .

To take into consideration the correlations (23) or (24)
let us introduce the function σf (z) defined as the differ-
ence of the cross sections integrated in a suitable range of
cos θ [9]:

σf (z) ≡
∫ 1

z

dσf
dz

dz −
∫ z

−1

dσf
dz

dz. (34)

The conventionally used observables – the total cross sec-
tion σf,T and the forward–backward asymmetry Af,FB –
can be obtained by a special choice of z [σf,T = σf (−1),
Af,FB = σf (0)/σf,T]. One can express σf (z) in terms of
σf,T and Af,FB:

σf (z) = σf,T

[
Af,FB

(
1 − z2)− 1

4
z
(
3 + z2

)]
. (35)

Then the deviation ∆σf (z) ≡ σf (z) − σf,SM(z) can be
written in the form

∆σf (z) = 4π
∑
λ,ξ

[
Ief
λξ (s) + Mef

λξ(s)
]

×
(
PλPξ − z − z2PλPξ − z3

3

)
. (36)

Let us compare the observable∆σf (z) with the differential
cross section (32). As is seen, the polynomial in the polar
angle z in (32) is replaced by the function of the boundary
angle z in (36). The overall factor 4π appears due to the
angular integration.

In what follows, we consider the observable (36) taking
into account the correlations (23) and (24).

5.1 Chiral Z′

The case of the chiral Z ′ corresponds to the correlations
(23). Because of the absence of the Z ′ couplings to right-
handed fermions the leading contribution to ∆σf (z) is
proportional to the same polynomial in z for any outgoing
fermion f :

∆σf (z) � 4πIef
LL(s)

(
1 − z − z2 − z3

3

)
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=
αemg̃

2T 3
fNf

m2
Z′

ỸL,eỸL,f

(
1 − z − z2 − z3

3

)
× {[|Qf | + 2χ(s) − |Qf |χ(s)] +O (ε)} .

(37)

Therefore, the differential cross section is completely de-
termined by the total one:

∆σf (z) = ∆σf,T

[
3
4

(
1 − z − z2 − z3

3

)
+ O

(
ε,m2

Zs
−1)] . (38)

Comparing the observables for the fermions of the same
SU(2)L isodoublet, {fu, fd}, it is possible to derive the
correlation:

∆σfu
(z) = ∆σfd

(z) (39)

×
[ |Qfu | + 1

|Qfd
| + 1

+O
(
ε,m2

Zs
−1)] .

Hence, the ratio ∆σfu(z)/∆σfd
(z) is independent of z.

It equals 5/4 for quarks and 1/2 for leptons in lower or-
der in ε, m2

Zs
−1. So, the values of the observables in the

∆σfu(z)–∆σfd
(z) plane are at the same curve (a straight

line in the approximation used) for any z specified.
It also follows from (37) that there is a value z = z′

when ∆σ(z′) = 0. As one can check, z′ = 22/3 − 1. Notice
that the observable ∆σ(z′) is just the variable ∆σ− pro-
posed in [16]. This quantity is completely insensitive to
the chiral Z ′ signals. On the other hand, the deviation of
the total cross section, ∆σT, is more sensitive to signals
of the chiral Z ′, since the maximum of the polynomial
1 − z − z2 − z3/3 is at z = −1.

5.2 Abelian Z′

The Abelian Z ′ beyond the minimal SM was considered
recently in [9], where sign-definite observables suitable for
the detection of the Abelian Z ′ have been introduced. The
RG correlations (24) in Sect. 3 coincide with that of [9].
Therefore, the observables for the Abelian Z ′ beyond the
THDM are to be the same as in the case of the minimal
SM.

In the case of the chiral Z ′ the RG correlations (23)
suppress the amplitudes corresponding to the processes
with right-handed fermions. This is not the case for the
Abelian Z ′. However, one can switch off some contribu-
tions to the observable (36) by specifying the kinematic
parameter z. In what follows, it will be convenient to use
the Z ′ couplings to the vector and axial-vector fermion
currents [vfZ′ ≡ (ỸL,f + ỸR,f )/2, a

f
Z′ ≡ (ỸR,f − ỸL,f )/2].

Because of the correlations (25) the absolute value of the
axial-vector couplings is universal for all types of SM
fermions, aZ′ ∼ Ỹφ. So the observable ∆σf (z) has the
form

∆σf (z) =
αemg̃

2

m2
Z′

(40)

z∗

500 600 700

0.320

0.318

0.316

0.314

0.312

s
√

Fig. 3. z∗ as the function of s1/2 (GeV)

×
[
Ff
0 (z, s)a2Z′ + Ff

1 (z, s)veZ′v
f
Z′

+ Ff
2 (z, s)aZ′vfZ′ + Ff

3 (z, s)veZ′aZ′
]
.

As was argued in [9], one is able to choose the value of
z = z∗, which switches off the leading contributions to
the leptonic factors F l

1, F l
2, and the factor Ff

3 . The ap-
propriate value of z∗ can be found from the equation

χ(s)
(
1 − z∗2)−

(
z∗ +

z∗3

3

)[
1 + χ(s)ε2

]
= 0. (41)

The solution z∗(s) is shown in Fig. 3. This switches off
the factor at veZ′vlZ′ . As is seen, z∗ decreases from 0.317
at s1/2 = 500GeV to 0.313 at s1/2 = 700GeV. In what
follows the value of s1/2 is taken to be 500GeV, because z∗
and ∆σ(z) depend on the center-of-mass energy through
the small quantity m2

Z/s (such contributions are of order
3%).

With the above discussed choice of z∗, one can intro-
duce the sign-definite observable ∆σl(z∗):

∆σl(z∗) =
αemg̃

2

m2
Z′

F l
0(z

∗, s)a2Z′ (42)

= −0.10
αemg̃

2Ỹ 2
φ

m2
Z′

[1 +O (0.04)] < 0.

Notice that the value of ∆σl(z∗) is universal for all types
of SM charged leptons. There are also sign-definite observ-
ables for the quarks of the same generation:

∆σq(z∗) ≡ ∆σqu + 0.5∆σqd
� 2.45∆σl (z∗) < 0. (43)

Hence one can conclude that the values of ∆σqu(z
∗) and

∆σqd
(z∗) in the ∆σqu(z

∗)–∆σqd
(z∗) plane have to be at

the line crossing the axes at the points ∆σqu
(z∗) =

2.45∆σl(z∗) and ∆σqd
(z∗) = 4.9∆σl(z∗), respectively.

Signals of the Abelian and the chiral Z ′ are compared
in Figs. 4 and 5. Suppose for the moment that experi-
ments give the non-zero values of the leptonic observables
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Abelian Z ′

chir
al Z

′

0

0

∆ ( )σ z
l

∗

∆
(

)
σ
z

ν
∗

Fig. 4. Signals of the Abelian and the chiral Z′ in the plane of
the ∆σl(z∗)–∆σν(z∗) observables for leptons of the same gen-
eration. The shaded area represents the signal of the Abelian
Z′ for all possible values of the axial-vector couplings af

Z′

2.45∆ ( )σ zl
∗

4.9∆ ( )σ zl
∗

ch
ira

l Z
′ A

belian
Z ′

0

0

∆ ( )σ zd
∗

∆
(

)
σ
z

u
∗

Fig. 5. Signals of the Abelian and the chiral Z′ in the plane of
the∆σqd(z

∗)–∆σqu(z
∗) observables for quarks of the same gen-

eration. The shaded area represents the signal of the Abelian
Z′ for all possible values of the axial-vector couplings af

Z′

∆σl(z∗) (l = µ, τ). If these correspond to the Abelian
Z ′, either of the observables has to be the same negative
number. Let also the values of the neutrino observables
∆σν(z∗) (ν = νµ, ντ ) be known. In case of the chiral Z ′
the corresponding point in Fig. 4 has to be at the straight
line shown (with the accuracy of the approximation). For
the Abelian Z ′ the shaded region as a whole is available.
Now, let us consider the observables for the quarks of the
same generation (see Fig. 5). If the value of the leptonic
observable ∆σl(z∗) is measured, one has to expect that
the experimental points will be located at one of two pos-

sible curves corresponding either to the chiral or to the
Abelian Z ′. The shaded range represents signals of the
Abelian Z ′ for all possible values of the leptonic observ-
able. So, by measuring the observables ∆σf (z∗) for the
fermions of the same SU(2)L isodoublet, one is able to
distinguish the Abelian and the chiral Z ′ couplings.

6 Discussion

In the present paper the method of the RG relations [8,17],
developed originally for the minimal SM, is extended to
searching for signals of the heavy Z ′ gauge boson beyond
the THDM. General conditions when our consideration is
applicable are the following.
(1) The mechanism generating the heavy particle masses
is not specified, and the Z ′ mass is treated as an arbitrary
parameter.

(2) The light particle masses are generated in a stan-
dard way via the non-zero vacuum values of the scalar
fields of the low-energy basis theory. The interactions of
light particles with heavy scalar fields, which are responsi-
ble for mZ′ , are excluded at tree level. The radiation cor-
rections to the masses due to heavy particle loops are sup-
pressed by factors ∼ O(mlight/mZ′), and therefore they
are not taken into account. This kind of mass hierarchy
corresponds to the case when the basis theory is a sub-
group of the underlying high energy model, which remains
unknown.

As our consideration shows, only two types of Z ′ cou-
plings to the light particles are consistent with the renor-
malizability. The first type corresponds to the Abelian
couplings respecting the Ũ(1) symmetry of the effective
Lagrangian (10). In this case, the RG correlations fix the
gauge symmetry of the Yukawa terms, which relates the
fermion and the scalar hypercharges. As a consequence,
the Z ′ couplings to the axial-vector fermion currents are
completely determined by the scalar field hypercharge and
the fermion isospin. The second set of solutions – the chiral
Z ′ – describes interactions with the SM particles similar
to the third component of the SU(2)L gauge field. The
characteristic feature of the latter couplings is the zero
traces of the generators associated with the Z ′. Notice
that the Z ′ interactions of the chiral type result in the ef-
fective four-fermion couplings (f̄1Lγµσaf1L)(f̄2Lγµσaf2L)
described by the operators O(3)

ll , O(3)
lq , and O(1,3)

qq accord-
ing to the classification in [18]. Since each type of Z ′ in-
teraction corresponds to one of the mentioned operators,
there is a possibility to select interactions by construct-
ing the proper observables. As was shown, the observables
proposed in [9] can be chosen in searching for the Abelian
Z ′ boson. Thus, the bounds on the Z ′ couplings calculated
therein are also applicable in case of the THDM.

The above note is important for the model-indepen-
dent search for the Z ′ virtual states at LEP2 and at the
future colliders LHC and NLC. In the analysis of exper-
imental data no discriminations between these two cases
have been discussed in the literature (see, for instance,
the recent survey in [1] or the report of [3]). This dif-
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ference should be important for the model-dependent Z ′
search when different scenarios of symmetry breaking are
discussed.

We believe that the derived RG relations are useful in
improving the experimental bounds on either the param-
eters of the Z ′ interaction with the fermions and on the
relations between the cross sections of various four-fermion
scattering processes.

Acknowledgements. The authors thank S.V. Peletminski and
N.F. Shul’ga for discussions.

Appendix: Feynman rules

In what follows we use the notation ωL,R = (1 ∓ γ5)/2,
and all the momenta in the vertices are understood to be
incoming. The Feynman rules for the vertices of Figs. 1
and 2 are listed below:

1. Fermion–vector vertices

f̄fAµ : g sin θWQfγ
µ;

f̄fZµ :
g

cos θW
γµ
(
T 3
f ωL −Qf sin2 θW

)
+O(θ0);

f̄fZ ′
µ :

g̃

2
γµ
(
ωLỸL,f + ωRỸR,f

)
+O(θ0);

f̄dfuW
−
µ :

g√
2
γµωL;

f̄ufdW
+
µ :

g√
2
γµωL;

2. Fermion-scalar vertices

f̄fH : − (Gf,1 cosα+Gf,2 sinα) ;
f̄fh : (Gf,1 sinα−Gf,2 cosα) ;

f̄fA0 : 2iT 3
f (ωL − ωR)

× (Gf,1 sinβ −Gf,2 cosβ) ;

f̄fχ3 : −2iT 3
f (ωL − ωR)

× (Gf,1 cosβ +Gf,2 sinβ) ;

f̄dfuH
− :

√
2 [ωL (Gfd,1 sinβ −Gfd,2 cosβ)

+ ωR (−Gfu,1 sinβ +Gfu,2 cosβ)] ;

f̄ufdH
+ :

√
2 [ωR (Gfd,1 sinβ −Gfd,2 cosβ)

+ ωL (−Gfu,1 sinβ +Gfu,2 cosβ)] ;

f̄dfuχ
− :

√
2 [−ωL (Gfd,1 cosβ +Gfd,2 sinβ)

+ ωR (Gfu,1 cosβ +Gfu,2 sinβ)] ;

f̄ufdχ
+ :

√
2 [−ωR (Gfd,1 cosβ +Gfd,2 sinβ)

+ ωL (Gfu,1 cosβ +Gfu,2 sinβ)] ;

3. Z ′ scalar vertices

Z ′
µH

+H− :
g̃

2
(pH+ − pH−)µ

(
Ỹφ1,1 sin2 β

+ Ỹφ2,1 cos2 β
)

+O(θ0);

Z ′
µH

+χ− :
g̃ sin 2β

4
(
pχ− − pH+

)
µ

×
(
Ỹφ1,1 − Ỹφ2,1

)
+O(θ0);

Z ′
µH

−χ+ :
g̃ sin 2β

4
(
pH− − pχ+

)
µ

×
(
Ỹφ1,1 − Ỹφ2,1

)
+O(θ0);

Z ′
µχ

+χ− :
g̃

2
(
pχ+ − pχ−

)
µ

(
Ỹφ1,1 cos2 β

+ Ỹφ2,1 sin2 β
)

+O(θ0);

Z ′
µHA0 :

ig̃
2

(pA0 − pH)µ Ỹφ,2 sin (α− β)
+O(θ0);

Z ′
µHχ3 :

ig̃
2

(pχ3 − pH)µ Ỹφ,2 cos (α− β)
+O(θ0);

Z ′
µhA0 :

ig̃
2

(pA0 − ph)µ Ỹφ,2 cos (α− β)
+O(θ0);

Z ′
µhχ3 :

ig̃
2

(ph − pχ3)µ Ỹφ,2 sin (α− β)
+O(θ0).
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