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Abstract: We present a complete description of angular distributions in the presence of

new interactions for the process e+e− → Zγ with polarized beams at future linear colliders,

by considering the most general form-factors allowed by gauge invariance. We include the

possibility of CP violation, and classify the couplings according to their CP properties.

Chirality conserving and chirality violating couplings give rise to distinct dependence on

beam polarization. We present a comprehensive discussion including both types of cou-

plings and provide a detailed comparison of the effects due to each. We discuss some

selected asymmetries which would enable isolating effects of the CP-violating form-factors.

We also present sensitivities on the corresponding couplings achievable at a future linear

collider with realistic polarization and luminosity.
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1. Introduction

An international linear collider (ILC) that will collide e+ and e− at centre of mass energies

of
√
s = 500 GeV is now a distinct possibility. The aim of this machine would be to

determine the parameters of the standard model (SM) at higher precision than ever before,

discover the Higgs boson and establish its properties, produce particles that have so far

not been accessible at present day energies, and probe physics even due to interactions

mediated by particles that are too massive to be produced. One important window for the

observation of beyond the standard model physics is to establish CP violation outside the

neutral meson system. As a result, it is important to discuss all the physics possibilities

that would lead to such CP violation, the imprint each type of interaction would leave

on measurements in as model independent a manner as possible, and to advance new and

improved tools to probe such interactions. Thus, any work, like ours, which discusses the

impact of new interactions should lay special emphasis on CP-violating observables.

It is by now clear that the availability of polarization of the beams, both longitudinal

and transverse, would play an indisputable role in enhancing the sensitivity of observ-

ables to CP violation, and indeed would play complementary roles [1]. For instance, the

availability of longitudinal polarization would enhance the possibility of detecting possible

dipole moments of, say the τ -lepton [2] and the top-quark [3]. For the important process

of e+e− → tt, the availability of transverse polarization would allow one to probe beyond

the standard model scalar and tensor type interactions [4]. The last result was explicitly
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demonstrated some time ago, and could have been, in principle, deduced from the dis-

tinguished work of Dass and Ross [5]. The considerations here arise from properties of

the interference of standard model amplitudes, which at tree-level are generated by the

exchange of Z and γ in the s−channel with amplitudes represented by contact interactions

due to beyond the standard model interactions. We note here that for light quarks, a

discussion was presented in earlier work [6].

On the other hand, Zγ production, a process for which there is a significant SM

cross-section (for early work, see e.g. [7]), presents surprises since the SM contribution

arises from the t− and u−channel contributions, rather than s−channel contributions as

in the top-quark case. In recent work [8], we discussed at length the contributions to the

differential cross-section due to completely model independent, most general gauge and

Lorentz invariant, chirality conserving (CC) contact interactions. [Contact interactions

have also been considered in the context of s−channel processes in, e.g., ref. [9, 10, 11].]

In particular, one of these contact interactions generates precisely the same contributions

as those generated by anomalous CP violating triple-gauge boson vertices studied in a

similar context somewhat earlier [12, 13], when the parameters are suitably identified. In

this paper, we complement the work of [8] by including a discussion of chirality violating

(CV) contact interactions for new physics. The discussion here is thus comprehensive and

includes the sum total of all Lorentz and gauge invariant interactions beyond the standard

model. It thus provides a platform for a model independent discovery of physics beyond

the standard model.

The term contact interactions, as we use it here, calls for some explanation. The term

is usually used in a low-energy effective theory with a cut-off energy scale Λ for effective

interactions induced in the form of nonrenormalizable terms by new physics at some high

scale, and this consists of an expansion in inverse powers of Λ. The expansion is then termi-

nated at some suitable inverse power of Λ, keeping effective higher-dimensional operators

arising from new interactions upto a certain maximum dimension. In our approach we do

not introduce a cut-off, nor do we limit the dimensions of the operators. We simply write

down all independent forms of amplitudes in momentum space relevant for the process in

question, with coefficients which are Lorentz invariant form-factors, and are functions of the

kinematic invariants. Thus, in principle, we keep all powers of momenta. Our formalism

thus encompasses not only the standard contact interactions, but, for example, also inter-

actions where there may be propagators for the exchange of new or SM virtual particles in

the s, t or u channel. We thus use the term contact interactions for convenience, to denote

a general form-factor approach (in the spirit of Abraham and Lampe [14]) in momentum

space for the amplitude for the process in question. For a recent mention see [15].

In the absence of general results à la Dass and Ross for interactions of this type, it

is not possible to guess what would happen if there were model independent form factor

representation for beyond the standard model physics due to CV interactions. These could,

in principle, be generated by either scalar type interactions containing no Dirac γ matrices

or a γ5 matrix, or tensor type interactions containing an anti-symmetrized product of two

γ matrices, σµν . It turns out that in the limit of vanishing electron mass, the contributions

of the latter always reduce to certain combinations indistinguishable from those induced
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by scalar type interactions. While our explicit computations realize this, which we do not

report here, it may be seen to follow from some general considerations which we prove.

Therefore, the linearly independent set of form-factors we employ here are those that are

of the scalar type.

After presenting the results from the scalar form factors, we construct some sample

asymmetries and evaluate them in terms of the new interactions. This enables us to provide

examples of limits on the sensitivities that can be achieved in future collider experiments.

We then discuss models in which such interactions can be generated. In addition to pre-

senting our novel results, here we also present a comprehensive discussion on all the issues

involved, including recounting important aspects of established results.

We begin with a general discussion on chirality conservation and violation in general

and the role of transverse polarization in uncovering interactions of each type in Sec. 2.

This discussion parallels the one presented by Hikasa [16]. We then specialize to the process

of interest in Sec. 3. We present a detailed discussion and summarize our conclusions in

Sec. 4. We provide this proof of the redundancy of tensor form-factors in Appendix A,

while Appendix B contains a discussion of the CP properties of various couplings in the

contact interactions.

2. Chirality conservation and violation

Polarization effects are different for new interactions which are chirality conserving and for

those which are chirality violating. Firstly, in the limit of vanishing electron mass, there

is no interference of the chirality violating new interactions with the the SM interations,

since the latter are chirality conserving. As a result, there is no contribution from chiral-

ity violating interactions which is polarization independent or dependent on longitudinal

polarization in the limit of vanishing electron mass.

Transverse polarization effects for the two cases are also different. The cross terms of

the SM amplitude with the amplitude from chirality conserving contact interactions has

a part independent of transverse polarization and a part which is bilinear in tranverse

polarization of the electron and positron, denoted by PT and P T respectively. For the case

of chirality violating interactions, the cross term has only terms linear in PT and P T , and

no contributions independent of these.

Due to the above-mentioned dependence on transverse polarization, the type of CP

violating observables is also different in the two cases of chirality conservation and chirality

violation. It is thus clear that the two cases should be treated separately, and this is what

we do in the following.

3. The process e+e−

→ Zγ with contact interactions

In this section we consider the process

e−(p−, s−) + e+(p+, s+) → γ(k1, α) + Z(k2, β), (3.1)
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parametrize the contribution to its amplitude in terms of form-factors introduced in a

contact-interaction description of physics beyond the standard model, and discuss asym-

metries in the consequent angular distributions.

3.1 Contact interactions with chirality conservation and violation

We shall assume that the amplitudes are generated by the standard model as well as a

general set of form-factors of the type proposed by Abraham and Lampe [14] (see also

ref. [17]). They are completely determined by vertex factors that we denote by ΓSM
αβ , ΓCC

αβ

and ΓCV
αβ in a self-explanatory notation. Of these, ΓCV

αβ is being proposed here for the first

time.

The vertex factor corresponding to SM is given by

ΓSM
αβ =

e2

4 sin θW cos θW

{

γβ(gV − gAγ5)
1

p/− − k/1
γα + γα

1

p/− − k/2
γβ(gV − gAγ5)

}

. (3.2)

In the above, the vector and axial vector Z couplings of the electron are

gV = −1 + 4 sin2 θW ; gA = −1. (3.3)

The chirality conserving anomalous form factors may be introduced via the following vertex

factor, which is denoted here by:

ΓCC
αβ =

ie2

4 sin θW cos θW

{

1

m4
Z

((v1 + a1γ5)γβ(2p−α(p+ · k1) − 2p+α(p− · k1))+

((v2 + a2γ5)p−β + (v3 + a3γ5)p+β)(γα2p− · k1 − 2p−αk/1)+

((v4 + a4γ5)p−β + (v5 + a5γ5)p+β)(γα2p+ · k1 − 2p+αk/1)
)

+

1

m2
Z

(v6 + a6γ5)(γαk1β − k/1gαβ)

}

. (3.4)

This was discussed by us earlier in [8].

We now introduce the corresponding CV form-factors. In terms of a linearly inde-

pendent set of scalar form-factors (i.e., ones with no Dirac γ’s), the vertex factor can be

written down as:

ΓCV
αβ =

e2

4 sin θW cos θW
·

(

(s1 + ip1 γ5)[(k1 · k2)gαβ − k1β k2α]/m3
Z+

(s2 + ip+ γ5)p−β((k1 · p+)p−α − (k1 · p−)p+α)/m5
Z+

(s3 + ip3 γ5)p+β((k1 · p+)p−α − (k1 · p−)p+α)/m5
Z + (s4 + ip4 γ5)ǫαβρσk

ρ
1k

σ
2 /m

3
Z+

(s5 + ip5 γ5)ǫαβρσk
ρ
1(p− − p+)σ/m3

Z + (s6 + ip6 γ5)[(2(k1 · p−)(k1 · p+)ǫαβστ

+ǫβρστk
ρ
1(p−α(k1 · p+) + p+α(k1 · p−))) pσ

−
pτ
+]/m7

Z

)

(3.5)

The form-factors introduced above are in principle functions of the Lorentz invariant

quantities s and t. In a specific frame (as for example the e+e− centre-of-mass frame which

we employ) they could be written as functions of s and cos θ, where θ is the production
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angle of γ. However, in what follows, we will assume for simplicity that the form-factors

are all constants. To the extent that we restrict ourselves to a definite e+e− centre-of-mass

energy, the absence of s dependence is not a strong assumption. However, the absence of

θ dependence is a strong assumption, and relaxing this assumption can have important

consequences, as discussed below.

We begin by recalling that one can write form-factors, which are functions of the

Mandelstam variables s, t, u as functions of just s and t− u, since

s+ t+ u = m2
Z . (3.6)

Further recalling that t − u = (s − m2
Z) cos θ, our form-factors are, in general, functions

Fi(s, cos θ) of s and cos θ. Furthermore, we can write each form-factor as a sum of even

and odd parts as

Fi(s, cos θ) = fi(s, cos θ) + gi(s, cos θ), (3.7)

where the fi are even and gi odd functions of cos θ. Note that cos θ changes sign under CP.

Hence, if Fi occurs with a certain tensor which is CP conserving (violating), then the fi

part contributes an amount which is CP conserving (violating), and the gi part an amount

which is CP violating (conserving). In principle, our analysis can be done taking the fi

and gi in to account. However, it would be extremely complicated given the large number

of form factors.

As noted in [8], the combinations r1, r2 − r5, r3 − r4, r = v, a are CP conserving, while

r2 +r5, r3 +r4, r6, r = v, a are CP violating, assuming that they are functions only of s. As

for the form-factors for the CV interactions, the combinations s1, s2− s3, s5, s6, p2 +p3 and

p4 are CP conserving and s2 +s3, s4, p1, p2−p3, p5 and p6 are CP violating, again assuming

them to be functions of s alone. In Appendix B we demonstrate how the CP properties of

the couplings may be determined, as well as the consequences of the CPT theorem.

A discussion is in order on the number of CP violating form-factors we expect to have.

Given that the Z is a massive vector particle and that the photon is a massless one, and

that the electron is a spin 1/2 particle, we have 12 helicity amplitudes. We can, therefore,

have 12 form-factors in the chirality conserving case, neglecting the electron mass. Of the

ri, i = 1, ..., 6, r = v, a, only three linear combinations of each are CP violating, and since

each is complex, the total number is 12 as expected, and so also for the CP conserving

case. The count is analogous also for the chirality violating case considered here with

ri, i = 1, ..., 6, r = s, p.

3.2 The differential cross-section

We now give expressions for the differential cross-sections including both CC and CV

contact interactions for polarized beams. The differential cross-section for longitudinal

beam polarizations PL and PL of e− and e+ is given by

(

dσ

dΩ

)

L

= BL

(

1 − PLPL

)

[

1

sin2 θ

(

1 + cos2 θ +
4s

(s− 1)2

)

+ CL

]

, (3.8)
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where

s ≡ s

m2
Z

, BL =
α2

16 sin2 θWm2
W s

(

1 − 1

s

)

(g2
V + g2

A − 2PgV gA), (3.9)

with

P =
PL − PL

1 − PLPL

, (3.10)

and

CL =
1

4(g2
V + g2

A − 2PgV gA)

{

6
∑

i=1

((gV − PgA)Imvi + (gA − PgV )Imai)Xi

}

. (3.11)

The differential cross-section for transverse polarizations PT and P T of e− and e+ is given

by

(

dσ

dΩ

)

T

= BT

[

1

sin2 θ

(

1 + cos2 θ +
4s

(s− 1)2
− PTP T

g2
V − g2

A

g2
V + g2

A

sin2 θ cos 2φ

)

+

CCC
T + CCV

T

]

, (3.12)

with,

BT =
α2

16 sin2 θWm2
W s

(

1 − 1

s

)

(g2
V + g2

A), (3.13)

and

CCC
T =

1

4(g2
V + g2

A)

{

6
∑

i=1

(gV Imvi + gAImai)Xi+

PTP T

6
∑

i=1

((gV Imvi − gAImai) cos 2φ+ (gARevi − gV Reai) sin 2φ)Yi

}

, (3.14)

and

CCV
T =

1

8(g2
V + g2

A)
·

(

3
∑

i=1

{

(PT − P T ) [gV (Im si) sinφ− gA(Re si) cos φ] +

(PT + P T ) [gA(Re pi) sinφ+ gV (Im pi) cosφ]
}

· Zi+ (3.15)

6
∑

i=4

{

(PT − P T ) [gV (Im si) cosφ+ gA(Re si) sinφ] +

(PT + P T ) [gA(Re pi) cos φ− gV (Im pi) sin φ]
}

· Zi

)

, (3.16)

where Xi, Yi, Zi (i = 1, ...6) are given in Table 1. As expected, there is no contribution

from the CV interactions to the cross-section (3.8) with longitudinal polarization.
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i Xi Yi Zi

1 −2s(s+ 1) 0 −4
√
s̄ cot θ

2 s(s− 1)(cos θ − 1) 0 −s̄3/2(s̄− 1) sin θ/2

3 0 s(s − 1)(cos θ − 1) −s̄3/2(s̄− 1) sin θ/2

4 0 s(s − 1)(cos θ + 1) 4
√
s̄ csc θ

5 s(s− 1)(cos θ + 1) 0 −4
√
s̄ cot θ

6 2(s − 1) cos θ 2(s − 1) cos θ −s3/2(s− 1)2 sin 2θ/8

Table 1: The contribution of the new couplings to the cross section

In the expressions above, θ is the angle between photon and the e− directions, and

φ is the azimuthal angle of the photon, with the e− direction chosen as the z axis, and

with the direction of its transverse polarization chosen as the x axis. The e+ transverse

polarization direction is chosen anti-parallel to the e− transverse polarization direction1.

We have kept only terms of leading order in the anomalous couplings, since they are

expected to be small. The above expressions may be obtained either by using standard

trace techniques for Dirac spinors with a transverse spin four-vector, or by first calculating

helicity amplitudes and then writing transverse polarization states in terms of helicity

states. We note that the contribution of the interference between the SM amplitude and

the anomalous amplitude vanishes for s = m2
Z . The reason is that for s = m2

Z the photon

in the final state is produced with zero energy and momentum, and for the photon four-

momentum k1 = 0, the anomalous contribution (3.4) vanishes identically.

3.3 Asymmetries

We now formulate angular asymmetries which can help to determine different independent

linear combinations of form-factors. The number of form-factors in either the CC case or

the CV case is 12. A glance at Table 1 reveals that the number of independent angular

distributions in either case is not that large. Thus, even if electron and positron polar-

izations can be turned on or off, or allowed to change signs, it would not be possible to

determine all the form-factors from an experimental determination of the polarized angular

distributions.

We discuss below some selected asymmetries which can be useful. Our choice of asym-

metries would be ideally suited to determine the CP-violating combinations of form-factors

in the case when one could choose electron and positron polarizations to be equal in mag-

nitude but opposite in sign, so that the initial state has a definite CP transformation. In

such a case, it may be checked using the CP properties of form-factors detailed in Sec.

(2.1) that the form-factors appearing in the asymmetries chosen below are precisely in the

combinations which are odd under CP. In all cases, we use a cut-off θ0 in the forward and

backward directions on the polar angle θ of the photon. This cut-off is needed since no

observation can be made too close to the beam direction. Moreover, it can serve a futher

purpose that the sensitivity can be optimized by choosing a suitable cut-off.

1This was incorrectly stated as “parallel” in [8, 13].
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For the case of the CC, we introduce the following asymmetries [8]:

ACC
1 (θ0) =

1

σ0

3
∑

n=0

(−1)n
(
∫ cos θ0

0
d cos θ −

∫ 0

− cos θ0

d cos θ

)
∫ π(n+1)/2

πn/2
dφ

dσ

dΩ
, (3.17)

ACC
2 (θ0) =

1

σ0

3
∑

n=0

(−1)n
(
∫ cos θ0

0
d cos θ −

∫ 0

− cos θ0

d cos θ

)
∫ π(2n+1)/4

π(2n−1)/4
dφ

dσ

dΩ
, (3.18)

and

ACC
3 (θ0) =

1

σ0

(
∫ 0

− cos θ0

d cos θ −
∫ cos θ0

0
d cos θ

)
∫ 2π

0
dφ

dσ

dΩ
, (3.19)

with

σ0 ≡ σ0(θ0) =

∫ cos θ0

− cos θ0

d cos θ

∫ 2π

0
dφ

dσ

dΩ
. (3.20)

Of the asymmetries above, ACC
1 and ACC

2 exist only in the presence of transverse polariza-

tion. The asymmetry ACC
3 , on the other hand is enhanced in the presence of longitudinal

polarization, compared to when the beams are unpolarized. These are readily evaluated

and read as follows:

ACC
1 (θ0) =

B′

T PTP T [gA {s(Rev3 + Rev4) + 2Rev6} − gV {s(Rea3 + Rea4) + 2Rea6}] , (3.21)

ACC
2 (θ0) =

B′

T PTP T [gV {s(Imv3 + Imv4) + 2Imv6} − gA {s(Ima3 + Ima4) + 2Ima6}] , (3.22)

In the equations above, we have defined

B′

T =
BT (s− 1) cos2 θ0

(g2
V + g2

A)σT
0

. (3.23)

with

σT
0 = 4πBT

[{

s2 + 1

(s− 1)2
ln

(

1 + cos θ0
1 − cos θ0

)

− cos θ0

}]

. (3.24)

The asymmetry A3 which is independent of transverse polarization is found to be

ACC
3 (θ0) = B′

L

π

2
[(gA − PgV ) {s(Ima2 + Ima5) + 2Ima6}
+(gV − PgA) {s(Imv2 + Imv5) + 2Imv6}] , (3.25)

where

B′

L =
BL(1 − PLPL)(s− 1) cos2 θ0

(g2
V + g2

A − 2PgV gA)σL
0

, (3.26)
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and

σL
0 = 4πBL(1 − PLPL)

[{

s2 + 1

(s− 1)2
ln

(

1 + cos θ0
1 − cos θ0

)

− cos θ0

}]

. (3.27)

For the case of CV we have chosen two types of forward-backward asymmetries, which

happen to involve only 6 out of the 12 form-factors. We define the following asymmetries:

ACV
1 (θ0) =

1

σT
0

1
∑

i=0

(−1)n
(
∫ 0

− cos θ0

d cos θ −
∫ cos θ0

0
d cos θ

)
∫ (n+1)π

nπ
dφ

dσ

dΩ
, (3.28)

ACV
2 (θ0) =

1

σT
0

1
∑

i=0

(−1)n
(
∫ 0

− cos θ0

d cos θ −
∫ cos θ0

0
d cos θ

)
∫ (n+1/2)π

(n−1/2)π
dφ

dσ

dΩ
(3.29)

which may be evaluated to read:

ACV
1 (θ0) =

BT

12(g2
V + g2

A)σT
0

·
(

(PT − P T )gA(48Res5 + Res6(
√
s− 1)2s(1 + sin2 θ0 + sin θ0))+ (3.30)

(PT + P T )gV (48Imp5 + Imp6(
√
s− 1)2s(1 + sin2 θ0 + sin θ0))

)

s(sin θ0 − 1)+

4BT

(g2
V + g2

A)σT
0

((PT − P T )gV Ims1 + (PT + P T )gARep1)
√
s(sin θ0 − 1)

and

ACV
2 (θ0) =

BT

12(g2
V + g2

A)σT
0

·
(

(PT − P T )gV (48Ims5 + Ims6(
√
s− 1)2s(1 + sin2 θ0 + sin θ0))+ (3.31)

(PT + P T )gA(48Rep5 + Rep6(
√
s− 1)2s(1 + sin2 θ0 + sin θ0))

)

s(sin θ0 − 1)+

4BT

(g2
V + g2

A)σT
0

((PT − P T )gARes1 + (PT + P T )gV Imp1)
√
s(sin θ0 − 1).

In the following section, we employ these asymmetries to provide an estimate of sensitiv-

ities attainable at the linear collider with realistic degrees of polarization and integrated

luminosity.

3.4 Senstivities

In this section, we shall present a brief discussion on the sensitivity that can be obtained

on the couplings at a linear collider with realistic polarization and luminosity. This is

meant merely for the purposes of illustration, and we shall provide a simplified discussion,

assuming only one coupling nonzero at a time. We assume realistic values of polarization

and discuss the cases of same-sign and opposite-sign polarizations separately. This has the

advantage of isolating the scalar and pseudo-scalar couplings separately. Such a mode of

operation is likely at the future linear collider.
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Figure 1: Value of asymmetry ACV
1 (θ0)(×103) obtained with Ims1 = 1 (solid) and ACV

2 (θ0) with

Ims6 = 1 (dashed).

We have here assumed
√
s = 500 GeV,

∫

Ldt = 500 fb−1, and magnitudes of electron

and positron polarization to be 0.8 and 0.6 respectively. We make use of the asymmetries

ACV
i (i = 1, 2).

We first consider the asymmetry ACV
1 and assume only non-vanishing imaginary parts.

We also assume that PT = 0.8, and P T = −0.6. For this simplified case, assuming Ims1 = 1,

and the remaining Imsi to be vanishing, we can compute the asymmetry, plotted as the

solid profile in Fig. 1. The asymmetry ACV
2 is the same with the choice Ims5 = 1, while

the computed asymmetry with the choice Ims6 = 1 is given by the dashed profile in Fig.

1.

We have calculated 90% CL limits that can be obtained with a LC with the operating

parameters given above. Denoting this sensitivity by the symbol δ (i.e., the respective real

or imaginary part of the coupling), it is related to the value A of a generic asymmetry for

unit value of the relevant coupling constant by:

δ ≡ 1.64

|A|
√
NSM

, (3.32)

where NSM is the number of SM events and these are plotted in Fig. 2. We may now

optimize the sensitivity at the following angles, giving us the following numbers: |Ims1,5| ≤
5.6 · 10−2, (optimum angle of 130), |Ims6| ≤ 6.8 · 10−5 (optimum angle of 340). These may

be readily translated into sensitivities for the other couplings: the sensitivity of Res1,5,6

is that of the corresponding imaginary part multiplied by gV /gA ≃ 0.08 which yields:

|Res1,5| ≤ 4.5 · 10−3, (optimum angle of 130), |Res6| ≤ 5.4 · 10−6 (optimum angle of

340). We keep in mind that these sensitivities are obtained by suitably interchanging the
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Figure 2: Value of sensitivites from ACV
1 on Ims1 (solid) and from ACV

2 on Ims6(×103) (dashed).

asymmetries ACV
1 ↔ ACV

2 , and switching the sign of the positron polarization. Finally, we

note that the sensitivities of the real and imaginary parts of the p1,5,6 is identical to those

of their scalar counterparts.

We now come to the asymmetries and sensitivities in the CC case, which were already

reported in ref. [8]. We take up for illustration the case when only Re v6 is nonzero, since

the results for other CP-violating combinations can be deduced from this case. We choose

PT = 0.8 and P T = 0.6, and vanishing longitudinal polarization for this case. Fig. 3

shows the asymmetries ACC
i as a function of the cut-off when the values of the anomalous

couplings Re v6 (for the case of ACC
1 ) and Im v6 (for the case of ACC

2 and ACC
3 ) alone

are set to unity. We have again calculated 90% CL limits that can be obtained with a

LC with
√
s = 500 GeV,

∫

Ldt = 500 fb−1, PT = 0.8, and P T = 0.6 making use of the

asymmetries ACC
i (i = 1, 2). For ACC

3 , we assume unpolarized beams. The curves from

ACC
1 corresponding to setting only Re v6 nonzero, and from ACC

2 and ACC
3 corresponding

to keeping only Im v6 nonzero are illustrated in Fig. 4. That there is a stable plateau for a

choice of θ0 such that 10◦<∼ θ0<∼ 40◦; and we choose the optimal value of 260 (we note here

that the angle is the same for all cases considered, unlike in the CV case). The sensitivity

corresponding to this for Re v6 is ∼ 3.1 · 10−3. The results for the other couplings may be

inferred in a straightforward manner from the explicit example above. For the asymmetry

ACC
1 , if we were to set v3(v4) to unity, with all the other couplings to zero, then the

asymmetry would be simply scaled up by a value s/2, which for the case at hand is ≃ 14.8.

The corresponding limiting value would be suppressed by the reciprocal of this factor. The

results for the couplings Re a2,5,6, compared to what we have for the vector couplings would

be scaled by a factor gV /gA for the asymmetries and by the reciprocal of this factor for the
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Figure 3: The asymmetries ACC
1 (θ0) (solid line), ACC

2 (θ0) (dashed line) and ACC
3 (θ0) (dotted

line), defined in the text, plotted as functions of the cut-off θ0 for a value of Re v6 = Im v6 = 1.

sensitivities. The results coming out of the asymmetry ACC
2 are such that the sensitivities

of the imaginary parts of v and a are interchanged vis à vis what we have for the real parts

coming out of ACC
1 . The final set of results we have is for the form-factors that may be

analyzed via the asymmetry ACC
3 , which depends only on longitudinal polarizations. We

treat the cases of unpolarized beams and longitudinally polarized beams with PL = 0.8,

and PL = −0.6 separately. For the unpolarized case, the results here for Im v6 correspond

to those coming from ACC
2 , with the asymmetry scaled up now by a factor corresponding

to π/2 and a further factor (PTP T )−1 (≃ 2.1), which yields an overall factor of ∼ 3.3. The

corresponding sensitivity is smaller is by the same factor. Indeed, the results we now obtain

for Imv3,4 are related to those obtained from ACC
2 for i = 2, 5 by the same factor. For the

case with longitudinal polarization, the sensitivities for the relevant Imvi are enhanced by

almost an order of magnitude, whereas the sensitivities for Imai are improved marginally.

In summary, from the asymmetry ACC
1 , we get |Rev3,4| ≤ 2.1 × 10−4, |Rev6| ≤ 3.1 ×

10−3, and |Rea3,4| ≤ 3.1× 10−3, |Rea6| ≤ 4.6× 10−2, while the asymmetry ACC
2 yields the

sensitivities |Ima3,4| ≤ 2.1× 10−4, |Ima6| ≤ 3.1× 10−3, and |Imv3,4| ≤ 3.1× 10−3, |Imv6| ≤
4.6 × 10−2. The asymmetry ACC

3 which can be defined for unpolarized and longitudinally

polarized beams, yields the following sensitivities for unpolarized (longitudinally polarized)

cases: Imv2,5 ≤ 9.3 × 10−4(5.6 × 10−5), Imv6 ≤ 1.4 × 10−2(8.4 × 10−4) and Ima2,5 ≤
6.4 × 10−5(5.2 × 10−5), Ima6 ≤ 9.6 × 10−4(7.9 × 10−4).

It must be noted that the various couplings which are dimensionless arise from terms

that are suppressed by different powers of m2
Z . In particular, these must be viewed as

model independent estimates, which could be used to constrain specific models.
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Figure 4: The 90% C.L. limit on Re v6 from the asymmetry ACC
1 (solid line), and on Im v6 from

ACC
2 (dashed line) and ACC

3 (dotted line), plotted as functions of the cut-off θ0.

4. Discussion and conclusions

It is now pertinent to ask what sort of models might lead to such CC and CV form-

factors. In the context of the former, it was already shown in [8] that anomalous triple-

gauge boson vertices2 generate precisely the kind of correlations as a6, v6 provided we

suitably identify the parameters. In the context of CV form-factors, Higgs models of the

type considered in ref. [19] could give rise to couplings involving the ǫ symbol we have

considered here. In ref. [20] CP even trilinear gauge boson vertices at one-loop in the

SM and minimal supersymmetric model (MSSM) are computed, while the implications

for colliders is considered in, e.g., ref. [21]. An earlier work discussing the implications

of several different theoretical scenarios on the cross sections and angular distributions in

e+e− → Zγ is [22].

In conclusion, we have considered in all generality the role of chirality conserving as

well as chirality violating couplings due to physics beyond the standard model. The results

due to the latter are entirely new and complement the former. We started out by elucidat-

ing the role of longitudinal as well as transverse polarization in phenomena such as these.

By relating the number of independent helicity amplitudes to the possible number of CP

violating (and conserving) amplitudes, we narrowed down the a linearly independent set

of form-factors that could contribute to the differential cross-section. We have pointed out

that for the case of chirality violation it is sufficient to consider only scalar type terms,

2Here we do not give an exhaustive bibliography for the work done on this source of CP violation and

refer instead to the references listed in a recent work [18].
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as the tensor like terms are redundant, and is proof is provided in Appendix A. We have

constructed suitable asymmetries and have discussed their properties. These asymmetries

have been employed to provide estimates for the level at which the new physics contribu-

tions may be constrained at the linear collider with realistic polarization and integrated

luminosity. Our work provides a comprehensive set of expressions which can be used at

future realistic detector environments and can be used to constrain and calibrate realistic

detector signals.

A. Redundancy of tensor interactions

Consider the massless Dirac equation,

p/1u(p1) = 0; v(p2)p/2 = 0. (A.1)

and the definition for the spin-projection operator,

~Σ = iγ5γ0~γ. (A.2)

The following are then readily obtained:

γ5u(p) = (~Σ · p̂)u(p) (A.3)

v(p)γ5 = v(p)(~Σ · p̂) (A.4)

where p̂ ≡ ~p/|~p|.
For a tensor matrix (i.e. antisymmetrized product of two gamma matrices) T, then

γ5Tu(p) = v(p)(~Σ · p̂)Tu(p) (A.5)

Tγ5u(p) = v(p)T (~Σ · p̂)Tu(p) (A.6)

Adding these two equations, and using the fact that γ5 commutes with T, we now obtain

2vγ5Tu(p) = v(p){~Σ.p̂, T}u(p) (A.7)

We note here that the anti-commutator on the right hand side is an anti-commutator of two

commutators of γ matrices. Well known identities involving such anti-commutators and

commutators can be utilized to those that these reduce to combinations involving either 4

γ’s (i.e. the product of the ǫ-symbol with γ5) or no γ’s. Thus the left hand side reduces to a

combination of a pseudo-scalar and scalar. The exercise can be carried out by multiplying,

at an earlier stage, by γ5 yielding

2v(p)Tu(p) = v(p)γ5{~Σ · p̂, T}u(p), (A.8)

and the same conclusion follows.
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B. CP properties of anomalous couplings

In order to establish the CP properties for the couplings in a transparent manner, it is

useful to consider the effective Lagrangian for the CC and the CV cases. These are chosen

to be Hermitian for the case that the couplings are purely real. These read as follows:

LCC
I =

e2

4 sin θW cos θWm4
Z

·
{

−i
[

∂µψ̄(V1 +A1γ5)γβ∂αψ − ∂αψ̄(V1 +A1γ5)γβ∂µψ
]

−
i
[

ψ̄(V2 +A2γ5)γα∂β∂µψ − ∂β∂µψ̄(V2 +A2γ5)γαψ
]

−
i
[

∂βψ̄(V3 +A3γ5)γα∂µψ − ∂µψ̄(V3 +A3γ5)γα∂βψ
]

+
[

ψ̄(V4 +A4γ5)γα∂β∂µψ + ∂β∂µψ̄(V4 +A4γ5)γαψ
]

+
[

∂βψ̄(V5 +A5γ5)γα∂µψ + ∂µψ̄(V5 +A5γ5)γα∂βψ
]

−
m2

Zψ̄(V6 +A6γ5)γαgβµψ
}

FµαZβ, (B.1)

and

LCV
I =

e2

4 sin θW cos θW
·

{

1

m3
Z

ψ̄(S1 + iP1γ5)ψFµα∂
µZα+

1

m5
Z

[

∂µψ̄(S2 + iP2γ5)∂α∂βψ + ∂α∂βψ̄(S2 + iP2γ5)∂µψ
]

FµαZβ+

i

m5
Z

[

∂µψ̄(S3 + iP3γ5)∂α∂βψ − ∂α∂βψ̄(S3 + iP3γ5)∂µψ
]

FµαZβ+

1

2m3
Z

ψ̄(S4 + iP4γ5)ψǫαβρσF
ρα∂σZβ−

i

2m3
Z

[

ψ̄(S5 + iP5γ5)∂
σψ − ∂σψ̄(S5 + iP5γ5)ψ

]

ǫαβρσF
ραZβ+

i

m7
Z

[

∂τ∂µψ̄(S6 + iP6γ5)∂
σ∂αψ + ∂τ∂αψ̄(S6 + iP6γ5)∂

σ∂µψ
]

ǫβρστ∂
µF ραZβ

}

(B.2)

The CP properties of various terms in the above Lagrangians may be determined using

the standard CP transformation properties of the electron, photon and Z fields. The result

is that in LCC
I , denoting by R either V or A, the terms corresponding to R1,2,3 are CP

even and the rest are CP odd. In LCV
I , the terms corresponding to S1,2,5,6 andP3,4 are CP

even, while S3,4 andP1,2,5,6 are CP odd.

Once the CP properties are established from the effective Lagrangians, it no longer

necessary to restrict the Ri, R = V,A, S, P to be real. Now allowing the Ri to be complex

for all the cases above, the momentum space couplings will have coefficients which are

complex form-factors. In accordance with the CPT theorem, the correlations arising from

these will be CPT-even (odd) for the real (imaginary) parts of the form-factors.

Denoting the momentum-space form-factors also by Ri (i = 1, ...6), R = V,A, we find

that to reproduce the vertex factor of eq. (3.4), we need to make the following replacements:
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R1 → ir1, R2 → i(r2 − r5), R3 → i(r3 − r4), R4 → (r2 + r5), R5 → (r3 + r4), R6 = r6, R =

V,A, r = v, a.

For the CV case, again denoting the momentum-space form-factors by Ri (i = 1, ...6),

we need to make the following replacements to reproduce eq. (3.5): R1 → r1, R2 →
(r2 − r3)/2, R3 → −i(r2 + r3)/2, R4 → r4, R5 → −ir5, R6 → −ir6, R = S,P, r = s, p.

The CP properties of the momentum-space form-factors may be deduced from the

respective CP properties of the couplings in the Lagrangian.
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