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Abstract

The new proposals for high luminosity B/Flavor factories, near and on top of the
Υ resonances, allow for a detailed investigation of CP -violation in the τ -pair pro-
duction. In particular, bounds on the tau electric dipole moment can be obtained
from genuine CP-odd observables related to the τ -pair production. We perform
an independent analysis from low energy (10 GeV) data by means of linear spin
observables. We show that for a longitudinally polarized electron beam a CP -odd
asymmetry, associated to the normal polarization term, can be measured at these
low energy facilities both at resonant and non resonant energies. In this way strin-
gent and independent bounds to the tau electric dipole moment, which are orders
of magnitude below other high or low energy bounds, can be obtained.

1 Introduction

The standard model describes with high accuracy most of the physics found in
present experiments [1]. Nowadays, however, neutrino physics offers a first clue
to physics beyond this ”low energy” model [2]. Other signals of new phenomena
may also appear in CP violation physics. While CP violation in the standard
model can be easily introduced by quark mixing, as in the CKM mechanism,
the discovery of CP violation in the lepton sector would establish new sources
of CP violation and the appearance of new physics. The time reversal odd
electric dipole moment (EDM) of the τ is the source of CP violation in the
τ -pair production vertex. In the framework of local quantum field theories the
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CPT theorem states that CP violation is equivalent to T violation. While the
T-odd electric dipole moments (EDM) of the electron and muon have been
extensively investigated both in experiment and theory, the case of the tau is
somewhat different. The dipole moment effective operators flip chirality and
are therefore related to the mass mechanism of the theory. The tau lepton has a
relatively high mass: this means that tau lepton physics is expected to be more
sensitive to contributions to chirality-flip terms coming from high energy scales
and new physics. Furthermore, the tau has a very short lifetime and can decay
into hadrons, so different techniques to those for the (stable) electron or muon
case are needed in order to measure the dipole moments. There are very precise
bounds on the EDM magnitude of nucleons and leptons; the most precise one
is the electron EDM, de

γ = (0.07±0.07)×10−26 e cm, while the looser one is the
τ EDM [1], −0.22 e cm < Re(d τ

γ ) × 10 16 < 0 .45 e cm. From the theoretical
point of view the CP violation mechanisms in many models provide a kind
of accidental protection in order to generate an EDM for quarks and leptons.
This is the case in the CKM mechanism, where EDM and weak-EDM are
generated only at very high order in the coupling constant. This opens a
way to test many models: CP -odd observables related to EDM would give no
appreciable effect from the standard model and any experimental signal should
be identified with beyond the standard model physics. Following the ideas of
[3] and [4], the tau weak-EDM has been studied in CP -odd observables [5,6]
at high energies through linear polarizations and spin-spin correlations. EDM
bounds for the tau, from CP -even observables such as total cross sections or
decay widths, have also been considered in [7,8,9]. In ref.[10] the sensitivity
to the WEDM in spin-spin correlation observables was studied for tau-charm-
factories with polarized electrons. While most of the statistics for the tau
pair production was dominated in the past by high energy physics, mainly
at LEP, nowadays the situation has evolved. High luminosity B factories and
their upgrades at resonant energies (Υ thresholds) have the largest τ pair
samples. In the future, the possibility for a Super B/Flavor Factory with a τ -
pair production rates many orders of magnitude higher than present samples
is being intensively analyzed [11]. These facilities may also have the possibility
of polarized beams. This calls for a dedicated study of the observables related
to CP violation and the EDM of the τ lepton at low energies. In this paper
we study a set of different observables for the tau system that may lead to
competitive results with the present bounds for the EDM.

2 Effective Lagrangian

Deviations from the standard model, at low energies, can be parametrized
by an effective Lagrangian built with the standard model particle spectrum,
having as zero order term just the standard model Lagrangian, and containing
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higher dimension gauge invariant operators suppressed by the scale of new
physics, Λ [12]. The leading non-standard effects come from the operators
with the lowest dimension. For CP violation those are dimension six operators
and there are only two operators of this type that contribute [13] to the tau
EDM and weak-EDM:

OB =
g′

2Λ2
LLϕσµντRBµν , OW =

g

2Λ2
LL~τϕσµντR

~W µν . (1)

Here LL = (νL, τL) is the tau leptonic doublet, ϕ is the Higgs doublet, Bνν

and ~W µν are the U(1)Y and SU(2)L field strength tensors, and g′ and g are
the gauge couplings.

Other possible operators that one could imagine reduce to the above ones of
Eq.(1) after using the standard model equations of motion. In so doing, the
couplings will be proportional to the tau-lepton Yukawa couplings.

Thus, the effective Lagrangian for the EDM is:

Leff = iαBOB + iαWOW + h.c. (2)

where the couplings αB and αW are real. Note that complex couplings do not
break CP conservation and lead to magnetic dipole moments which are not
considered in this paper where we are mainly interested on CP -odd observ-
ables.

After spontaneous symmetry breaking the neutral scalar gets a vacuum ex-
pectation value and the interactions in Eq.(2) can be written in terms of the
gauge boson mass eigenstates Aµ and Zµ as:

Lγ,Z
eff =−i dτ

γ τσµνγ
5τF µν − i dτ

Z τσµνγ
5τZµν (3)

where Fµν = ∂µAν−∂νAµ and Zµν = ∂µZν−∂νZµ are the abelian field strength
tensors of the photon and Z gauge boson and dτ

γ and dτ
Z are the electric and

weak-electric dipole moments, respectively. We have not written in Eq.(3)
some of the terms coming from Eq.(2) because they do not contribute at
leading order to the observables we are interested in. These terms are the non-
abelian couplings involving more than one gauge boson and the term related
to the CP -odd ντ − τ − W± couplings. In the effective Lagrangian approach
the same couplings that contribute to the EDM form factor, F new(q2), also
contribute to the EDM defined at q2 = 0. Only higher dimension operators
contribute to the difference F new(q2) − F new(0) and, if |q2| ≪ Λ2, as required
for the consistence of the effective Lagrangian approach, their effects will be
suppressed by powers of q2/Λ2. This allows us to make no distinction between
the electric dipole moment and the electric form factor in this paper.
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The e+ e− −→ τ+τ− cross section has contributions coming from the stan-
dard model and the effective Lagrangian Eq.(3). At low energies the tree level
contributions come from γ exchange or Υ exchange in the s-channel. The in-
terference with the Z-exchange (γ − Z, Υ− Z at the Υ peak) and the Z − Z
diagrams are suppressed by powers of (q2/M2

Z). The tree level contributing
diagrams are shown in Fig.1 where diagrams (a) and (b) are standard model
contributions, and (c)and (d) come from beyond the standard model terms in
the Lagrangian. Notice that standard model radiative corrections that may
contribute to CP -odd observables (for example, the ones that generate the
standard model electric dipole moment for the τ) come in higher order in the
coupling constant, and at present level of experimental sensitivity they are
not measurable. On these grounds the bounds on the EDM that one may get
are just the ones coming from beyond the standard model physics. Taking
into account that our observables are genuine CP -odd, higher order CP -even
amplitudes can be neglected.

e+e+

e+e+

e+

τ−

e+e+

τ+ τ+

τ+τ+

e−

γ

τ−

γ

e−e−

e−

Υ

γ

γγ

τ−

γ

τ−

Υ

(a)

(c) (d)

(b)

Fig. 1. Diagrams (a) direct γ exchange (b) Υ production (c) EDM in γ exchange
(d) EDM at the Υ-peak.

3 Low energy polarized beams and the EDM.

As we will show, the EDM can be studied at leading order in the angular dis-
tribution of the e+e− −→ τ+(s+)τ−(s−) differential cross section for longitudi-
nally polarized electrons. The polarization of the final fermions is determined
through the study of the angular distribution of their decay products. In our
analysis we only keep linear terms in the EDM, neglecting terms proportional
to the mass of the electron.

When considering the measurement of the polarization of just one of the taus,
the normal -to the scattering plane- polarization (PN) of each tau is the only
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component which is T -odd. For CP -conserving interactions, the CP -even term
(s+ +s−)N of the normal polarization only gets contribution through the com-
bined effect of both an helicity-flip transition and the presence of absorptive
parts, which are both suppressed in the standard model. For a CP -violating
interaction, such as an EDM, the (s+−s−)N CP -odd term gets a non-vanishing
value without the need of absorptive parts.

As PN is even under parity (P ) symmetry, the observable sensitive to the EDM
will need, in addition to dτ

γ , an additional P -odd contribution coming from
longitudinally polarized electrons. A standard axial coupling, coming from a
Z-exchange in the s-channel, could also be considered as an alternative but in
that case the contribution is suppressed by powers of (q2/M2

Z).

Following the notation of references [13] and [14], we now show how to measure
the EDM using low energy CP -odd observables. Our aim is to identify gen-
uine CP -odd observables that are linear in the EDM and not (additionally)
suppressed by either (q2/M2

Z) or unitarity corrections.

In the center of mass (CM) reference frame we choose the coordinates as
in Fig.(2). The s

± are the τ± spin vectors in the τ± rest system, s± =
(0, sx

±, sy
±, sz

±). With this setting, polarization along the directions x, y, z cor-
respond to what is called transverse (T), normal (N) and longitudinal (L)
polarizations, respectively.

We first consider the τ -pair production in e+e− collisions though direct γ
exchange (diagrams (a) and (c) in Fig. 1.). Next, we will show that the basic
results of this section still hold for resonant Υ production.

Let us assume from now on that the tau production plane and direction of
flight can be fully reconstructed. This can be done [15] if both τ ’s decay
semileptonically. The differential cross section for τ pair production with po-
larized electrons with helicity λ is:

dσ

dΩτ−

∣
∣
∣
∣
∣
λ

=
dσ0

dΩτ−

∣
∣
∣
∣
∣
λ

+
dσS

dΩτ−

∣
∣
∣
∣
∣
λ

+ . . . (4)

The terms to be considered include contributions from leading order standard
model and effective operator (EDM). The dots take account for higher order
terms in the effective Lagrangian that are beyond experimental sensitivity and
which are not considered in this paper.

The first term of Eq. (4) represents the τ spin-independent differential cross

section. The second term
dσS

dΩτ−

∣
∣
∣
∣
∣
λ

includes the linear terms in the spin of the

τ ’s and has sensitivity to the EDM in their normal polarization:
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dσS

dΩτ−

∣
∣
∣
∣
∣
λ

=
α2

16 s
β {λ [(s− + s+)xX+ + (s− + s+)zZ+ + (s− − s+)yY−)]+

(s− − s+)xX− + (s− − s+)zZ−} (5)

where

X+ =
1

γ
sin θτ− , X− = −

1

2
sin(2θ)

2mτ

e
Im {dγ

τ} ,

Z+ =− cos θτ−, Z− = −
1

γ
sin2 θ

2mτ

e
Im {dγ

τ} ,

Y− = γβ2 cos θτ− sin θτ−

2mτ

e
Re {dγ

τ} . (6)

and α is the fine structure constant, s = q2 is the squared CM energy and
γ =

√
s

2mτ

, β =
√

1 − 1
γ2 are the dilation factor and τ velocity, respectively.

As can be seen in Eq.(6), the EDM is the leading contribution to the Normal
Polarization of the single tau.

z

e

θ

θ

*

*

θ
h

τ

Φ Φ

x

y

h

−

−

τ
−τ

−

+
−

+

+

+ −

Fig. 2. Coordinate system for h± production from the τ±

3.1 Single tau normal polarization observable

We now show how to get an observable proportional to the EDM term from
the Normal polarization of a single tau in the complete process

e+e−(pol) → γ → τ+τ− → h+ν̄τh
−ντ
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The cross section can be written as a function of the kinematical variables of
the hadrons into which each tau decays [16] as:

dσ
(

e+e− → γ → τ+τ− → h+ν̄τh
−ντ

)∣
∣
∣
λ

= 4 dσ
(

e+e− → τ+(−→n ∗
+) τ−(−→n ∗

−)
)∣
∣
∣
λ

×Br(τ+ → h+ν̄τ )Br(τ− → h−ντ )
dΩh+

4π

dΩh−

4π
(7)

with

−→n ∗
± = ∓α±

−→q ∗
±

|−→q ∗
±|

= ∓α±(sin θ∗± cos φ±, sin θ∗± sin φ±, cos θ∗±) (8)

The linear terms in the spin of the taus depend on several kinematic variables
that we have to take into account: the CM polar angle θτ− of production of the
τ− with respect to the electron, the azimuthal φ± and polar θ∗± angles of the
produced hadrons h± (q̂∗±) in the τ± rest frame (the * means that the quantity
is given in the τ rest frame; see Fig.2). These angles appear in a different
way on each term. The θτ− angle enters in the cross section as coefficients
(of the (s− + s+)x term, for example) while the hadron’s angles appear in
the cross section through the polarization parameters −→n ∗

±. The whole angular
dependence of each contribution is unique and it is this dependence that allows
to select one of the terms in the cross section. Indeed, it is by an integration on
the θτ− angle, followed by a dedicated integration on the hadronic angles, that
one can select a polarization term and there, the contribution of the EDM.

For the Normal Polarization term this works as follows. The integration over
the τ− variables dΩτ− erases all the information on the Z+ and Y+ term of
the cross section. Then, the cross section can be written only in terms of the
surviving terms as:

d4σS
∣
∣
∣
λ
=

π2α2β

4 s
Br(τ+ → h+ν̄τ )Br(τ− → h−ντ )

dΩh+

4π

dΩh−

4π
×

{

λ

γ

[

(n∗
−)x + (n∗

+)x

]

+ λ γβ
[

(n∗
−)y − (n∗

+)y

] 2mτ

e
Re {dγ

τ} (9)

+
4

3γ

[

(n∗
−)z − (n∗

+)z

] 2mτ

e
Im {dγ

τ}

}

(10)

As can be seen up to this point, helicity independent normal (longitudinal)
polarization terms due to absorptive (EDM imaginary) parts may also sur-
vive. One may get rid of them by subtracting the cross sections for different
helicities.

d2σS
∣
∣
∣
Pol(e−)

≡ d4σS
∣
∣
∣
λ=1

− d4σS
∣
∣
∣
λ=−1

(11)
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Then, in order to enhance and select the corresponding PN observable, one has
integrate as much as kinematic variables as possible without erasing the signal
of the EDM (Re {dγ

τ} → dγ
τ from now on). Keeping only azimuthal angles and

integrating all other variables one gets:

d2σS

dφ−dφ+

∣
∣
∣
∣
∣
Pol(e−)

=
πα2β

32s
Br(τ+ → h+ν̄τ )Br(τ− → h−ντ ) ×

{1

γ
[(α−) cosφ− − (α+) cos φ+] + (12)

β γ [(α−) cosφ− − (α+) cos φ+]
2mτ

e
dγ

τ

}

(13)

Now, to be sensitive only to the EDM we can define the azimuthal asymmetry
as:

A∓
N =

σ∓
L − σ∓

R

σ
= α∓

3πγβ

8(3 − β2)

2mτ

e
dγ

τ (14)

where

σ∓
L =

2π∫

0

dφ±





π∫

0

dφ∓
d2σS

dφ−dφ+

∣
∣
∣
∣
∣
Pol(e−)



 =

Br(τ+ → h+ν̄τ )Br(τ− → h−ντ ) α∓
(παβ)2γ

8s

2mτ

e
dγ

τ (15)

σ∓
R =

2π∫

0

dφ±





2π∫

π

dφ∓
d2σS

dφ−dφ+

∣
∣
∣
∣
∣
Pol(e−)



 =

−Br(τ+ → h+ν̄τ )Br(τ− → h−ντ ) α∓
(παβ)2γ

8s

2mτ

e
dγ

τ (16)

It is easy to verify that all other terms in the considered cross section are elim-
inated when we integrate in this way. Notice that this integration procedure
does not erase contributions coming from the CP -even term of the Normal
Polarization as it will be shown in the next section.

To get rid of CP -even terms one has to define a true CP violation observable
by summing up the defined asymmetry (14) for τ+ and for τ−

ACP
N =

1

2

(

A+
N + A−

N

)

= αh

3πγβ

8(3 − β2)

2mτ

e
dγ

τ (17)

8



This observable is free of the CP-even contributions described in what follows
and it is a genuine CP-odd observable.

3.2 γ − Z interference

Contributions to this observable can also come from the standard Z − γ in-
terference:

dσ0

dΩτ−

∣
∣
∣
∣
∣

Zγ

λ

=
α2|PZ|

2

16 (2swcw)2
β
(

s − M2
Z

)

MZγ
0 (18)

dσS

dΩτ−

∣
∣
∣
∣
∣

Zγ

λ

=
α2|PZ|

2

16 (2swcw)2
β
{

ΓZ MZ

[

(s− + s+)yY
Zγ
+

]

+

(

s − M2
Z

) [

(s− + s+)xX
Zγ
+ + (s− + s+)zZ

Zγ
+

]

+
}

(19)

where

|PZ|
2 =

1

(s − M2
Z)2 + Γ2

ZM2
Z

, a = −
1

2
, v = −

1

2
+ 2s2

w

MZγ
0 = λ a v(2β cos θ + 2 − β2 sinθ) − a2β cos θ − v2(2 − β2 sin2 θ)

XZγ
+ =

1

γ

[

λ(2v2 + a2β cos θ) − a v(2 − β cos θ)
]

ZZγ
+ =

[

a2β(1 + cos2 θ) + 2v2 cos θ
]

− a v
[

β(1 + cos2 θ) + 2 cos θ
]

Y Zγ
+ =

1

γ
a β(λ v − a) sin θ (20)

Subtracting the cross sections for different helicities and integrating, as in the
previous section, one gets

Zγσ∓
L =

πα2β

2(2swcw)2s
|PZ|

2 Br(τ+ → h+ν̄τ )Br(τ− → h−ντ ) a v ×

{

4
(

s − M2
Z

)
(

1 −
β2

3

)

∓ α∓ΓZMZ

πβ

4γ

}

(21)

Zγσ∓
R =

πα2β

2(2swcw)2s
|PZ|

2 Br(τ+ → h+ν̄τ )Br(τ− → h−ντ ) a v ×

{

4
(

s − M2
Z

)
(

1 −
β2

3

)

± α∓ΓZMZ

πβ

4γ

}

(22)

9



so that the Z contribution to the asymmetry (14) is

ZγA∓
N = ∓α∓

3πβγ

8(3 − β2)

ε
︷ ︸︸ ︷

a v

γ2(2swcw)2

sΓZMZ

(s − M2
Z)2 + (ΓZMZ)2

(23)

At 10 Gev, the value of the ε factor is of the order 1× 10−6, which makes this
contribution to the asymmetry two orders of magnitude below the expected
sensitivity for the EDM. Anyway, this asymmetry does not contribute to the
CP -odd ACP

N of Eq.(17).

3.3 Observables at the Υ resonances

All these ideas can be applied for e+e− collisions at the Υ peak where the τ
pair production is mediated by the resonance: e+e− → Υ → τ−τ−. At the Υ
production energies we have an important tau pair production rate. We are
interested in τ pairs produced by the decays of the Υ resonances, therefore we
can use Υ(1S), Υ(2S) and Υ(3S) where the decay rates into tau pairs have
been measured. At the Υ(4S) peak, although it decays dominantly into BB,
high luminosity B-Factories have an important direct tau pair production.
Except for this last case, that can be studied with the results of the preceding
sections, we assume that the resonant diagrams (b) and (d) of Fig. 1. dominate
the process on the Υ peaks. This has been extensively discussed in ref.([17].

The main result is that the tau pair production at the Υ peak introduces the
same tau polarization matrix terms as the direct production with γ exchange
(diagrams (a) and (c)). The only difference is an overall factor |H(s)|2 in the
cross section which is responsible for the enhancement at the resonant energies,
the pure resonant (imaginary) amplitude being

H(M2
Υ) = −i

3

α
Br

(

Υ → e+e−
)

(24)

Besides, it is easy to show that, at the Upsilon peak, the interference of
diagrams (a) and (d) plus the interference of diagrams (b) and (c) is exactly
zero and so it is the interference of diagrams (a) and (b). Finally, the only
contributions proportional to the EDM come with the interference of diagrams
(b) and (d), while diagram (b) squared gives the leading contribution to the
cross section.

The computations we did before can be repeated here, and finally we obtain no
changes in the asymmetries: the only difference is in the value of the resonant
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production cross section at the Υ peak that is multiplied by the overall factor
|H(M2

Υ)|2.

In fact, one can take the four diagrams (a,b,c,d) together and still get the
same results we have already shown. Energies off or on the resonance will
automatically select the significant diagrams.

4 Bounds on the EDM

We can now estimate the bounds on the EDM that can be achieved using this
observable. For numerical results we assume a set of integrated luminosities
for high statistics B/Flavor factories. We also consider the π± ν̄τ or ρ± ν̄τ (i.e.
h1, h2 = π, ρ ) decay channels for the traced τ±, while we sum up over π∓ ντ

and ρ∓ ντ hadronic decay channels for the non traced τ∓.

For comparison with other references, we show the bounds for the τ -EDM
that can be set in different scenarios:

|dγ
τ | ≤ 4.4 10−19 ecm Babar + Belle at 2ab−1

|dγ
τ | ≤ 1.6 10−19 ecm Super B/Flavor factory, 1 yr running, 15ab−1

|dγ
τ | ≤ 7.2 10−20 ecm Super B/Flavor factory, 5 yrs running, 75ab−1 (25)

These bounds improve present ones by 3 orders of magnitude.

We can also define other observables that are sensitive to the imaginary part
of the EDM. The analysis is similar to the one we have done here and in
ref.([17]).

To conclude, we have shown that low energy data makes possible a clear
separation of the effects coming from the electromagnetic-EDM, the weak-
EDM and interference effects. Polarized electron beams open the possibility
to put bounds on the τ EDM looking at single tau polarization observables
with low energy data. These observables allow for an independent analysis of
the EDM bounds from what has been done with other high and low energy
data.
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