
DOI 10.1393/ncc/i2013-11535-1

Communications: SIF Congress 2012

IL NUOVO CIMENTO Vol. 36 C, N. 4 Luglio-Agosto 2013

Measurement of the τ lepton electric dipole moment at BaBar
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Summary. — The search for a CP violation signature arising from an electric
dipole moment of the τ lepton in the e+e− → τ+τ− reaction is currently in progress
using 470 fb−1 of data collected with the BaBar detector at the PEP II collider
from 1999 to 2008. In this paper the EDM search method in development will be
illustrated and the required algorithms tested on Monte Carlo samples that do not
take into account the detector and background effects are shown.

PACS 14.60.Fg – Taus.
PACS 31.30.jn – QED corrections to electric dipole moments and other atomic
properties.
PACS 13.40.Gp – Electromagnetic form factors.

1. – Introduction

CP violation phenomena in the hadron sector can occur in the Standard Model (SM)
via the presence of a single complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) [1]
quark mixing matrix, and has been experimentally confirmed at the B-Factories by the
BABAR [2] and Belle [3] experiments in the last decade. On the contrary, the SM predic-
tion for CP violation in the lepton sector is negligibly small and has never been observed
so far. However, the presence of physics beyond the SM (BSM) could introduce these
effects at experimentally accessible levels [4], making any observation of CP violation
in this sector a clear evidence of new physics. In some models such effects are expected
to be enhanced for the τ leptons due to its very large mass compared to other leptons,
since new bosons and Higgs strongly couple with heavy particles through quantum loop
effects.

As will be shown later the contribution from CP violating interactions in the τ pair
production process can be parametrized at the leading order, in a model-independent
way, using an electric dipole moment (EDM) of the τ lepton, dτ .
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In the case of the two, or multi-Higgs, doublet models, CP violation is generated by
the interference of tree-level production process, e+e− → γ,H → τ+τ−, where H is some
new Higgs boson. The strength of the interference term is proportional to the fermion
masses, thus in this case the τ EDM is ∝ mτ and estimated to be dτ < 4 · 10−21 e cm [5].
In Higgs models containing neutral spin-0 bosons, which may couple to leptons through
lepton-flavour–conserving scalar and pseudoscalar couplings, the strength of the EDM is
proportional to m3

l [6], which results in a dτ that can be of the order of 10−17.
Searches for the τ electric dipole moment have been performed at LEP in the re-

action e+e− → τ+τ−γ, where the following upper limits in units of 10−16 e cm at 95%
confidence level were obtained: −3.1 < dτ < 3.1 by L3 [7] and −3.8 < dτ < 3.6 by
OPAL [8]. ARGUS [9] performed a search in the e+e− → τ+τ− reaction with the re-
sult of |Re(dτ )| < 4.6 and | Im(dτ )| < 1.8. The Belle collaboration studied the same
reaction obtaining the best existing bound on dτ to date [10]. Belle’s EDM measure-
ment was performed using 29.5 fb−1 of data collected with the Belle detector at the
KEKB Collider at

√
s = 10.58 GeV and the 95% confidence level limits were set at

−2.2 < Re(dτ ) < 4.5(10−17 e cm) and −2.5 < Im(dτ ) < 0.8(10−17 e cm).
The analysis discussed in this paper will be based on all the data recorded by the

BABAR detector [11] at the PEP-II asymmetric-energy e+e− storage rings operated at
the SLAC National Accelerator Laboratory. An integrated luminosity of about 470 fb−1

was collected. 91% of the luminosity was collected from e+e− annihilations at the Υ(4S)
center-of-mass energy of

√
s = 10.58 GeV, while 9% was collected 40 MeV below. With a

cross section of 0.919± 0.003 nb [12] for τ -pair production at the BABAR center-of-mass
energy, this corresponds to the production of about 432 million τ+τ− events against
the 26 millions analysed by Belle, which will allow us to reach a higher sensitivity on
the τ EDM. The BABAR analysis is ongoing. Up to now the τ EDM measurement
algorithms and methods have been studied on Monte Carlo samples. The analysis of the
experimental sample is just started.

2. – EDM formalism

Deviations from the SM, at low energies, can be parametrized by an effective La-
grangian built with the standard model particle spectrum, having as zero order term just
the standard model Lagrangian, and containing higher-dimension non-standard gauge in-
variant operators:

Leff = LSM + ΔLCPV .(1)

Leptonic CPV can be parametrized at leading order in a model-independent way by
a dipole moment quantifying the violation. For the τ there are two operators that
contribute [13] to the τ electric dipole moment dτ and the τ weak dipole moment dW

τ :

ΔLτ
CPV = − i

2
dτ ψ̄σμνγ5Fμν − i

2
dW

τ ψ̄σμνγ5Zμν ,(2)

where Fμν is the electromagnetic field tensor, and Zμν is the weak field tensor. At
BABAR energies we might be sensitive to the electromagnetic part. The electric dipole
form factor dτ depends in general on s, the squared energy of the τ -pair system, but in
common with other analyses the possible s-dependence is ignored, assuming dτ (s) ≡ dτ .
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Fig. 1. – Diagrams. (a) Direct γ exchange. (b) Υ production. (c) EDM in γ exchange. (d)
EDM at the Υ-peak.

The e+e− → τ+τ− cross section has contributions coming from the standard model
and the effective Lagrangian in eq. (2). At low energies the tree level contributions come
from γ exchange or Υ exchange. The interference with the Z diagrams are suppressed by
powers of (q2/M2

Z). The tree level contributing diagrams are shown in fig. 1: diagrams
(a) and (b) are SM contributions, and (c) and (d) represent terms beyond the SM in
the Lagrangian. Note that the SM radiative correction coming from quark currents that
may contribute to CP -odd observables, i.e. the ones that generate the SM electric dipole
moment for the τ , come in higher order in the coupling constant, and at the present level
of experimental sensitivity they are not measurable. Then bounds on the EDM that one
may get, are the bounds on the possible CPV coming from beyond the standard model
physics.

Taking into account the electric dipole moment contribution in the Lagrangian, the
cross section of the process:

e+(�p)e−(−�p) → τ+(�k, �S+)τ−(−�k, �S−)

where �p is the momentum vector of e+, �k is the momentum vector of the τ+ and �S± are
the spin vectors for τ±, all expressed in the center-of-mass frame, is proportional to the
squared spin density matrix [14]:

M2
prod = M2

SM + Re(dτ )M2
Re + Im(dτ )M2

Im + |dτ |2M2
d2(3)
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Here, in addition to the standard term,

M2
SM =

e4

k2
0

[k2
0 + m2

τ + |�k2|(k̂ · p̂)2 − �S+ · �S−|�k2|(1 − (k̂ · p̂)2)(4)

+2(k̂ · �S+)(k̂ · �S−)(|�k2| + (k0 − mτ )2(k̂ · p̂)2) + 2k2
0(p̂ · �S+)(p̂ · �S−)

−2k0(k0 − mτ )(k̂ · p̂)((k̂ · �S+)(p̂ · �S−) + (k̂ · �S−)(p̂ · �S+))],

the interference terms between the SM and the CPV amplitudes M2
Re and M2

Im, related
to the real and imaginary part of the dτ respectively, appear:

M2
Re =4

e3

k0
|�k|[−(mτ +(k0−mτ )(k̂ · p̂)2)(�S+ × �S−) · k̂ + k0(k̂ · p̂)(�S+ × �S−) · p̂](5)

M2
Im =4

e3

k0
|�k|[−(mτ +(k0−mτ )(k̂ · p̂)2)(�S+ − �S−) · k̂ + k0(k̂ · p̂)(�S+ − �S−) · p̂],(6)

M2
Re is CP odd and T odd, while M2

Im is CP odd but T even and so it is expected to
be zero if the CPT symmetry is conserved.

The higher-order term proportional to |d2
τ |:

M2
d2 = 4e2|�k2|(1 − (k̂ · p̂)2)(1 − �S+ · �S−)(7)

can be neglected since dτ is small.
In these expressions k0 is the τ energy and mτ is the τ mass and the hat denotes a

unit momentum. In the above equations, e+ and e− are assumed to be unpolarized and
massless particles.

3. – Analysis observables

For the EDM measurement we adopt the same method of ARGUS and Belle, the
so-called optimal observable method [15], which maximizes the sensitivity to dτ . The
optimal observables are defined as

ORe =
M2

Re

M2
SM

, OIm =
M2

Im

M2
SM

.(8)

Using the square matrix element M2
prod in eq. (3), the differential cross section is

expressed as dσ ∝ M2
proddφ, where φ denotes the phase space. The mean values of the

observable ORe (similar expression for the imaginary part) is expressed as

〈ORe〉 ∝
∫

ORedσ ∝
∫

OReM2
proddφ =

∫
M2

Redφ + Re(dτ )
∫

(M2
Re)

2

M2
SM

dφ(9)

+ Im(dτ )
∫ M2

ReM2
Im

M2
SM

dφ

+|dτ |2
∫ M2

ReM2
d2

M2
SM

dφ.
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Fig. 2. – Geometrical view of the two kinematical solutions for the tau axis.

The third term drops out because M2
Re and M2

Im are orthogonal and the fourth term,
which includes M2

d2 , can be neglected since dτ is small.
The mean values of the observables 〈ORe〉 and 〈OIm〉 are therefore linear functions

of dτ :

〈ORe〉 = aRe · Re(dτ ) + bRe, 〈OIm〉 = aIm · Im(dτ ) + bIm.(10)

In order to extract the value of dτ from the observable means measured on the data,
we have to know the coefficients aj and the offsets bj . The parameters aj and bj are
extracted from the correlations between 〈ORe〉 (〈OIm〉) and Re(dτ ) (Im(dτ )) extracted by
a full Monte Carlo (MC) simulation including the detector simulation with acceptance
effects and event selection efficiency. Simulated events with different EDM values are
obtained from MC samples weighted by

w =
M2

prod

M2
SM

=
M2

SM + Re(dτ )M2
Re + Im(dτ )M2

Im + |dτ |2M2
d2

M2
SM

.(11)

4. – EDM sensitivity and offset

In order to study and optimize the EDM measurement method, several MC sample
have been produced and analysed. τ -pairs are simulated with the KK2F MC event
generator [16] and subsequent decays of τ leptons are modeled with TAUOLA [17].

The final state in which both τ ’s decay hadronically in τ± → π±ν has been analysed.
This channel is characterized by the presence of just one charged track for each τ . To
calculate the observables of eq. (8) we need to reconstruct the τ+ and τ− momentum
and the τ+ and τ− spin vectors in the τ -pair rest frame, i.e. �k and �S± in eq. (4)–(6). The
complete reconstruction of these quantities is prevented by the presence of undetectable
neutrinos.
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Fig. 3. – Cosine of the angle between one of the two solutions for the τ flight direction and the
true one.

4.1. τ momentum reconstruction. – In the case when both τ leptons decay hadronically
the τ momentum is calculated with a two-fold ambiguity. For each hadronic decay, the
τ flight direction is constrained on the cone around the flight direction of the daughter π
with opening angle given by the kinematics of two-body decay. As the taus are produced
back-to-back in the CM frame, there are two possible solutions given by the intersection
of the two cones. A geometrical view of the two kinematical solutions for the τ axis is
shown in fig. 2. Figure 3 shows the cosine of the angle between one of the two solutions
obtained for the τ flight direction and the true τ momentum. As expected, in about half
of the cases the solution is the correct one. Belle calculated the observables ORe and
OIm from the matrix elements M2

SM , M2
Re, M2

Im averaged on the two solutions [10].

Fig. 4. – Optimal observables distribution for τ+τ− → π+π−ντ ν̄τ events. Left: ORe; right:
OIm.
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Fig. 5. – Correlation between the observable means 〈ORe〉 (left) and 〈OIm〉 (right) and dτ for the
analysed MC sample. Fit results are shown, p0 is the offset bj and p1 is the slope, corresponding
to the EDM sensitivity aj .

A possible improvement under evaluation in the BABAR analysis is to suitably weight
the events depending on the opening angle between the two solutions: if this angle is
small the average of the two solutions is closest to the true momentum.

4.2. τ+ and τ− spin reconstruction. – The spins vectors are calculated from the mea-
sured momenta of the charge decay particles and the above-extracted tau flight direction.
Spin vectors for the τ±(k±, �S±) → π±(pπ±)ντ decay mode are given by [18]

�S± =
2

m2
τ − m2

π

(
∓mτ�pπ± ± m2

τ + m2
π + 2mτEπ±

2(Eτ± + mτ )
�k±

)
,(12)

where all momenta are defined in the τ -pair rest frame.
Distributions of the real and imaginary optimal observables for τ+τ− → π+π−ντ ν̄τ

events, from a MC sample with about the same statistics expected for BABAR data, are
shown in fig. 4. In this case M2

SM , M2
Re, M2

Im are calculated by averaging over the two
possible configurations of the τ momentum.

In fig. 5 the correlations between the observable means 〈ORe〉 and 〈OIm〉 and dτ of
this MC sample are shown. By fitting the correlation plots of fig. 5 with eq. (10), the
parameters aj and bj are obtained. The slopes aj represent the real and imaginary EDM
sensitivity, the offsets bj represent the difference from zero of the observable mean when
dτ = 0. A non-zero offset is observed for the imaginary part, due to the forward/backward
asymmetry given by the collider boost.

The statistical sensitivity (one σ) to the Re(dτ ) expected with the full BABAR data
sample extrapolated from the correlation plot (fig. 5, left) is 0.14 ·10−16 e cm, one order of
magnitude higher than the one reached by Belle. The systematic uncertainties are now
under evaluation with the ongoing analysis on the full realistic MC sample with detector
acceptance and background effects included.
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