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Introduction
𝝉 lepton: heaviest lepton in Standard Model
• Many decay modes: leptonic and hadronic decays
à Sensitive to new physics

Recent 𝝉 physics results at Belle
• Search for a dark leptophilic scalar 𝑒!𝑒" → 𝜏!𝜏"𝜙#

• Belle-CONF-2201 will appear soon

• Search for tau LFV 𝜏± → ℓ±𝛾

• Electric dipole moment of the tau lepton JHEP 2204, 110
JHEP 2110, 019
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Eg. lepton flavor violation (LFV), CP violation

Today, these three results are reported

2022/7/8

Poster: studies about partial wave analysis of 𝜏 → 3𝜋𝜈 decay by A.Rabusov
Please see his poster!

http://dx.doi.org/10.1007/JHEP04(2022)110
http://dx.doi.org/10.1007/JHEP10(2021)019


Belle experiment
• Operation: 1999 - 2010
• Collision: 8 GeV 𝑒! , 3.5 GeV 𝑒"
• 𝜎 𝑒𝑒 → 𝑏𝑏 ~1.1 nb, 𝜎 𝑒𝑒 → 𝜏𝜏 ~0.9 nb à 𝝉 factory!
• Possible to use all Υ 𝑛𝑆 resonance data (𝑛 = 1. . 5)
• Possible to use off resonance data (~100 fb-1)

à In total, 𝟗𝟏𝟐×𝟏𝟎𝟔 𝑵𝝉𝝉
Link

32022/7/8

https://belle.kek.jp/bdocs/lumi_belle.png
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Dark scalar via 𝒆𝒆 → 𝝉𝝉𝝓𝑳

Goal : search for dark scalar produced via e+e- →τ+τ-ɸL

● Xsection is proportional to ξ2.

● Our POI is the ratio of the observed 
and theoretical Xsection (with ξ = 
ξgen). We calculate UL of our POI.

● UL of ξ = ξgen * sqrt(UL of POI).

● Final result is the UL of ξ vs. ɸL mass.
2

Existing limit from BaBar: Search for a Dark Leptophilic 
Scalar in e+e− Collisions [1], with 514 fb-1 of data.

● Dark leptohelic scalar couples only 
with leptons.

● Existing bounds from B → Kφ and K 
→ πφ  evade as no coupling to quark.

𝑚!!: mass of dark leptophilic scalar

𝜉: coupling strength b.t.w 𝜙" and ℓ±

𝒆$𝒆% → 𝝉$𝝉%𝝓𝑳: A narrow peak in 𝒎ℓℓ is search for 𝟒𝟎 𝐌𝐞𝐕 < 𝒎𝝓𝑳 < 𝟔. 𝟓 𝐆𝐞𝐕

𝜙! → e"e# for 𝑚$! < 2𝑚%, 𝜙! → 𝜇"𝜇# for 𝑚$! > 2𝑚%

The result using 626 fb-1 data is shown2022/7/8
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SUPPLEMENTAL MATERIAL263

FIG. 4: Illustrative Feynman Diagram.

FIG. 5: Data and MC distributions of e+e� invariant mass
for �L ! e+e� channel (left) and µ+µ� invariant mass for
�L ! µ+µ� channel (right) in the GCR (see text) with all
corrections and scale factors applied to MC background com-
ponents. The signal sample in the left (right) plot has been
generated with m�L = 75 MeV (2.1 GeV). The signal dis-
tributions are amplified by large multiplicative factors for il-
lustration purposes, because in GCR the signals are heavily
suppressed.

on mass shell

Narrow peak search

Dark leptophilic scalar couples only with leptons
• Possible to explain muon g-2 anomaly, lepton flavor universality

BELLE

PRL Journal draft
BELLE-NOTE-1653-PAPER

Document Version 2.0
July 4, 2022

Search for a dark leptophilic scalar produced in association with ⌧+⌧� pair in e+e�

annihilation at center-of-mass energies near 10.58GeV
(The Belle Collaboration)

A dark leptophilic scalar (�L) is a hypothetical particle from the dark sector that couples only to
leptons rather than quarks. In the low mass scale, from the MeV to the GeV range, such particles are
weakly constrained by direct detection experiments searching for dark matter. We report a search
for (�L) in e+e� ! ⌧+⌧��L, �L ! `+`� (` = e, µ) reaction using 626 fb�1 of data collected by
the Belle experiment near the ⌥ (4S) resonance. We observe no evidence of signal and set exclusion
limits on the cross-section of these reactions, as well as on the coupling constant between �L and
leptons in 0.04 GeV < m�L < 6.5 GeV range. These bounds are comparable to the currently most
stringent limits set by the BABAR experiment, and exclude a wide range of parameter space below
4 GeV favored by the recent measurement of the anomalous magnetic moment of the muon.

PACS numbers: 12.60.-i, 14.80.-j, 95.35.+d

The astrophysical observation of the dark matter in the1

universe [1] and measured excess over prediction from the2

Standard Model (SM) in the anomalous magnetic mo-3

ment of the muon [2] are some examples of new physics4

scenarios. Recently light leptophilic mediators i.e. medi-5

ators that couple directly only to leptons [3, 4], at mass6

scales substantially lighter than the weak scale, have been7

introduced to avoid most of the existing bounds on the8

minimal scenario describing mixing between the generic9

dark scalar (�) and the SM particles [5, 6], for example,10

those from rare flavor-changing neutral current decays of11

mesons, B ! K� and K ! ⇡� [7, 8]. A dark leptophilic12

scalar (�L) can explain the observed excess in the anoma-13

lous magnetic moment of muon [9–11], violation of lepton14

flavor universality [12, 13], or recent hints of new physics15

in a model-independent framework [14].16

The mixing between �L and the SM Higgs boson gives
rise to couplings proportional to fermion masses, de-
scribed by the following term in the Lagrangian [10]:

L = �⇠
X

`=e,µ,⌧

m`

v
¯̀�L`, (1)

where ⇠ denotes the strength of flavor-independent cou-17

pling strength to leptons (`) with mass m` and v =18

246 GeV [15] is the vacuum expectation value. Here,19

we report a search for a leptophilic scalar in the reac-20

tion e+e� ! ⌧+⌧��L, �L ! `+`� (` = e, µ). The21

cross-section is measured in e+e� (µ+µ�) modes, below22

(above) the di-muon threshold. The e+e� ! ⌧+⌧��L23

reaction has the highest cross-section compared to other24

�L production modes over the mass range searched in25

this analysis, except at mass points > 5.7 GeV where26

our sensitivity falls rapidly due to small event statistics.27

This data used was recorded by the Belle experi-28

ment from annihilation of 8 GeV electrons with 3.5 GeV29

positrons at the KEKB collider [16]. The Belle detector,30

a large-solid-angle magnetic spectrometer, is described31

in detail elsewhere [17]. Outward from the beam pipe32

placed at a radius of 1.5 cm [18], it consists of a four-layer33

silicon vertex detector, a 50-layer central drift chamber34

(CDC), an array of aerogel threshold Cerenkov counters35

(ACC), a barrel-like arrangement of time-of-flight scintil-36

lation counters, and an electromagnetic calorimeter com-37

prised of CsI(Tl) crystals (ECL), all located inside a su-38

perconducting solenoid coil that provides a 1.5 T mag-39

netic field. Clean electron identification is obtained by40

combining the responses of the ECL, CDC (dE/dx), and41

ACC detectors, while muons are identified by CDC and42

resistive plate chambers in the instrumented iron flux-43

return located outside the coil.44

The data-set corresponds to a luminosity of 626 fb�1,45

out of which 562 fb�1 was collected at the ⌥ (4S) reso-46

nance and the remaining at a center-of-mass (CM) en-47

ergy 60MeV below the resonance. The luminosity val-48

ues are measured with a relative systematic uncertainty49

of 1.4% [19]. The Bhabha, di-muon, two-photon and50

QCD Monte Carlo (MC) samples are generated using51

BHLUMI [20], KKMC [21], and AAFHB [22], and EvtGen [23],52

respectively. We use KKMC to generate ⌧�pair process,53

and TAUOLA [24] to subsequently decay the ⌧ 0s with pho-54

ton radiations via PHOTOS [25]. The emission of a dark55

scalar and its subsequent decay into a pair of leptons are56

generated by a newly introduced functionality of PHO-57

TOS++ [26], integrated into KKMC and TAUOLA. The sig-58

nal cross-sections are generated using MadGraph 5 [27],59

with radiative corrections using the MGISR plugin [28].60

Phys.Rev.Lett.125.18101(2020)

Current status

http://dx.doi.org/10.1103/PhysRevLett.125.181801
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FIG. 4: Illustrative Feynman Diagram.

FIG. 5: Data and MC distributions of e+e� invariant mass
for �L ! e+e� channel (left) and µ+µ� invariant mass for
�L ! µ+µ� channel (right) in the GCR (see text) with all
corrections and scale factors applied to MC background com-
ponents. The signal sample in the left (right) plot has been
generated with m�L = 75 MeV (2.1 GeV). The signal dis-
tributions are amplified by large multiplicative factors for il-
lustration purposes, because in GCR the signals are heavily
suppressed.

𝒆!𝒆" → 𝝉!𝝉"𝝓𝑳: Require 1-prong 𝝉 decay
• 𝑁&'( = 4 events with net charge zero

• At least two tracks: require 𝑒/𝜇

Analysis strategy

52022/7/8

𝜌%
𝜋%

𝜋)
𝛾

𝛾

𝑒%

𝑒$

𝜙" 𝜋%

𝜈*

𝜏%
𝜋$

𝜋%

Mis-ID as 𝜇

𝜙"

UL of the signal
• Profile likelihood
à Evaluate for each 
mass point

Backgrounds
𝑒"𝑒# → 𝜏"𝜏# or 𝑞7𝑞 where
• 𝜏± → 𝜌±𝜈 for 𝜙! → 𝑒"𝑒#, 𝜏± → 3𝜋±𝜈 for 𝜙! → 𝜇"𝜇#

à BDT to suppress bkgs 𝑴ℓ#ℓ$ distribution after BDT selection

𝐽/𝜓 → 𝜇!𝜇"
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Result

𝜙! → 𝑒"𝑒# 𝜙! → 𝜇"𝜇#

No significant excess in all mass regions: ~2𝜎 in a few points

• Most stringent and comparable with 
BaBar’s result

• Exclude a wide range of parameter space 
of the model favored by muon g-2

Phys.Rev.Lett.125.18101(2020)

2022/7/8

90% CL UL on 𝑚!! and Xsection
90% CL UL on 
𝑚!! and Xsection

90% CL UL on 𝒎𝝓𝑳 and 𝝃

http://dx.doi.org/10.1103/PhysRevLett.125.181801


Motivation: 𝝉 → ℓ𝜸 (ℓ = 𝒆, 𝝁)
Charged Lepton Flavor Violation (CLFV)
• Small probability via neutrino oscillations:

• 𝜏± → ℓ±𝛾: Sizeable probability in several models

7

γ

τ #(µ or e)

W

ντ ν#

B(𝜏 → 𝜇𝛾) < O(10%+,)

⌧ LFV

Model Reference ⌧ ! µ� ⌧ ! µµµ

SM + ⌫ Oscillations EPJ C8 (1999) 513 10�40 –
SM + heavy Maj ⌫R PRD 66 (2002) 034008 10�9 10�10

Non universal Z’ PLB 547 (2002) 252 10�9 10�8

SUSY SO(10) PRD 68 (2003) 033012 10�8 10�10

mSUGRA + seesaw PRD 66 (2002) 115013 10�7 10�9

SUSY Higgs PLB 566 (2003) 217 10�10 10�7

Experimental results:

BaBar: B(⌧ ! µ�) < 4.4⇥ 10�8 PRL 104, 021802 (2010)
Belle: B(⌧ ! µ�) < 4.5⇥ 10�8 Phys. Lett. B 666, 16 (2008)
New Belle Result will be discussed!!

Belle: B(⌧ ! µµµ) < 2.1⇥ 10�8 Phys. Lett. B 687, 139 (2010)
BaBar: B(⌧ ! µµµ) < 3.3⇥ 10�8 PRD 81, 111101 (R) (2010)
LHCb: B(⌧ ! µµµ) < 4.6⇥ 10�8 JHEP 02, 121 (2015)
CMS: B(⌧ ! µµµ) < 8.0⇥ 10�8 JHEP 01, 163 (2021)
ATLAS: B(⌧ ! µµµ) < 3.8⇥ 10�7 Eur. Phys. J. C 76, 232 (2016)

Debashis Sahoo TAU PHYSICS 9 / 27

γ

τ µ

τ̃

χ̃0
µ̃

Observation of CLFV à clear signature of new physics
𝝉± → ℓ±𝜸: Sensitive to several models!

New physics (eg. SUSY)

2022/7/8
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Analysis approach 𝜇 or 𝑒
𝛾

ℓ

𝜈ℓ 𝜈*

𝜏

𝜏
𝑒 𝑒

Thrust

Signal side

Tag side

Signal-side: Nℓ = 1 and 𝑁K = 1

Tag-side: 1prong 𝜏 (Eg. ℓ𝜈𝜈, 𝜋𝜈, 𝜌𝜈)
Signal region definition

• 𝑀LM = 𝐸LNOP
QR S

− 𝑝ℓKQR
S

• Δ𝐸/ 𝑠 = (𝐸ℓK
QR − 𝐸LNOP

QR )/ 𝑠

Background component
• 𝜏± → ℓ±𝜈𝜈 + ISR 𝛾 or beam bkg
• 𝑒!𝑒" → ℓ!ℓ" + ISR 𝛾 or beam bkg
Signal extraction
• Perform UEML fit to the SR

Unbinned Extended Maximum Likelihood

𝐸-./0
12 ~

𝑠
2

Signal region
(SR)

𝑀-3~𝑚*

Δ𝐸/ 𝑠~0

CM frame

※ use Mbc instead of Minv

to suppress 𝐸4 resolution2022/7/8
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Result

No significant excess over SM background predictions

Observed event: 5 Observed event: 5

𝜏 → 𝜇𝛾 𝜏 → 𝑒𝛾

𝑁%&'
()* = 5.8 ± 0.4 𝑁%&'

()* = 5.1 ± 0.4Signal eff. = 3.7% Signal eff. = 2.9%

𝑠 = −0.3!J.K"J.L, 𝑏 = 5.3!M.K"K.M 𝑠 = −0.5!K.N"O.O, 𝑏 = 5.5!O.J"P.M
Unbinned Extended ML fit result

Luminosity: 988 fb-1 : 9.1×10[𝑁\\

2022/7/8
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Upper limits at 90% CL
Upper limit on branching fraction at 90% CL

𝑩×𝟏𝟎%𝟖
at 90% CL

BaBar
𝑁** = 477×106

Belle
𝑁** = 480×106

Belle
𝑁** = 912×106

Exp Obs Exp Obs Exp Obs
𝐵 𝜏± → 𝜇±𝛾 8.2 4.4 8.0 4.5 4.9 4.2
𝐵 𝜏± → 𝑒±𝛾 9.8 3.3 12 12 6.5 5.6

• Expected limits: factor 1.5 ‒ 1.7 improved compared past analysis

• Observed limits, 𝜏± → 𝜇±𝛾: Most stringent limit to date

and background, respectively. In order to obtain the expected (observed) upper limits on
the branching fraction at 90% CL, the s̃ value that gives a 90% probability for s̃ larger
than zero (fitted signal yield) is taken: s̃90. The method to incorporate the systematic
uncertainties into a branching fraction discussed in Ref. [20] is adopted in this analysis: the
uncertainties related to overall signal efficiency and background PDF modeling are treated
separately. The likelihood defined in Eq. (3.1) is convolved with a Gaussian function of
width equal to the systematic uncertainty, so the s̃ and b̃ values are smeared accordingly.
The uncertainties inflate the upper limits on the branching fraction by ⇠2-3%; this effect
is not large and consistent with the past results [5]. The expected upper limits on the
branching fraction B(⌧± ! `±�) at 90% CL is calculated as B(⌧± ! µ±�) < 4.9 ⇥ 10�8

and B(⌧± ! e±�) < 6.4 ⇥ 10�8. Our expected limits are 1.6–1.8 times more stringent
compared to the previous Belle results [5].

The toy MC simulation provides an observed upper limit on signal at the 90% CL as
s̃90 = 2.8 (s̃90 = 3.0) events from the fit for ⌧± ! µ±� (⌧± ! e±�). The observed upper
limits on the branching fractions are

B(⌧± ! µ±�) <
s̃90

2✏N⌧⌧
= 4.2⇥ 10�8, (4.1)

B(⌧± ! e±�) <
s̃90

2✏N⌧⌧
= 5.6⇥ 10�8, (4.2)

where N⌧⌧ = (912 ± 14) ⇥ 106, and the signal efficiencies are ✏ = 3.7% and 2.9% for
⌧± ! µ±� and ⌧± ! e±�, respectively.

5 Summary

In this paper, a search conducted for the charged-lepton-flavor-violating decays, ⌧± ! µ±�

and ⌧± ! e±�, at the Belle experiment is reported. It uses 988 fb�1 of data, about twice the
size used in the previous Belle analysis [5]. In addition, requirements with new observables
of energy asymmetry and beam-energy-constrained mass are introduced to further reduce
background events. The selection is optimized by taking into account the different tag-
side modes to maximize search sensitivities. Lastly, the photon energy is calibrated using
radiative muon events. Thanks to those improvements and 1.9 times data, our expected
limits are 1.6–1.8 times more stringent compared to the previous Belle results [5]. With the
absence of signal in any modes, the upper limits are set on branching fractions: B(⌧± !

µ±�) < 4.2 ⇥ 10�8 and B(⌧± ! e±�) < 5.6 ⇥ 10�8 at the 90% confidence level. The
observed limit on the ⌧± ! µ±� decay is the most stringent to date.
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Electric dipole moment of t lepton

• Charge asymmetry along spin direction

• CP/T violating effect in the interaction with 
electric field

– Non zero EDM indicates P and T violation

• CP violation parameter in gtt vertex

• Standard Model prediction: O(10-37) ecm
– Far below the current sensitivity 

• A non-zero EDM may arise from new physics 
– e.g. new particles in a loop diagram

• Current limit
– Belle; 29.5fb-1 data [PLB 551(2003)16]

2

𝜏

CP/T violation parameter in 𝛾𝜏𝜏 vertex
• SM prediction: 𝜏 EDM, 𝑑, ~ O(10#-.) ecm
à A non-zero 𝑑, would be clear sign of new physics

Squared spin density matrix 𝜒fghi

EDM effect on event shape
• Effective Lagrangian with EDM term for e+e- t+t-

• Squared spin density matrix （proportional to cross section）

– Interference term between lowest order and EDM term
 CP violating  spin-momentum correlation

3

: CP-odd, T-odd
: CP-odd, T-even

3

88Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061
89Wayne State University, Detroit, Michigan 48202

90Yamagata University, Yamagata 990-8560
91Yonsei University, Seoul 03722

92Faculty of Chemistry and Chemical Engineering, University of Maribor, 2000 Maribor, Slovenia

We report a measurement of the electric dipole moment of the τ lepton (dτ ) using an 833 fb−1

data sample collected near the Υ(4S) resonance, with the Belle detector at the KEKB asymmetric-
energy e+e− collider. Using an optimal observable method, we obtain the real and imaginary parts
of dτ as Re(dτ ) = (−0.62±0.63)×10−17 ecm and Im(dτ ) = (−0.40±0.32)×10−17 ecm, respectively.
These results are consistent with null electric dipole moment at the present level of experimental
sensitivity and improve the sensitivity by about a factor of three.

PACS numbers: 13.40.Gp, 13.35.Dx, 14.60.Fg

The electric dipole moment (EDM) of the τ lepton is a
fundamental parameter that parameterizes time-reversal
(T) or charge-conjugation–parity (CP) violation at the
γττ vertex. In the Standard Model (SM), CP violation
arises due to an irreducible phase in the CKM matrix [1],
which predicts an unobservably small τ -lepton EDM (dτ )
of order 10−37 ecm [2]. Hence, observation of a nonzero
dτ value would be a clear sign of new physics. Some
new physics models indicate a larger EDM of order 10−19

ecm [3].
The most sensitive previous measurement set an upper

limit on the EDM of order 10−17 ecm [4]; the results were
obtained by the Belle collaboration [5] using 29.5 fb−1 of
data collected at the KEKB collider [6] at a center-of-
mass (CM) energy

√
s = 10.58 GeV. The obtained real

and imaginary parts of dτ were Re(dτ ) = (1.15± 1.70)×
10−17 ecm and Im(dτ ) = (−0.83± 0.86)× 10−17 ecm, re-
spectively. The corresponding limits were−2.2×10−17 <
Re(dτ ) < 4.5× 10−17 ecm and −2.5× 10−17 < Im(dτ ) <
0.8× 10−17 ecm.
In this paper, we present updated results on dτ using

a much larger sample of 833 fb−1 Belle data, of which
571 fb−1 collected at the Υ(4S) resonance; 74 fb−1 col-
lected 60 MeV below it; and 188 fb−1 collected near
the Υ(1S), Υ(2S), Υ(3S), and Υ(5S) resonances. These
samples are independent from the one used in the previ-
ous Belle result. The sensitivity for Re(dτ ) and Im(dτ )
has improved by about a factor of three, due to the in-
crease of the data statistics and improved analysis strat-
egy.
The effective Lagrangian for τ -pair production includ-

ing the EDM term in the vertex is

L = τ̄ [−eQγµAµ − idτσ
µνγ5∂µAν ]τ. (1)

Including the EDM term, the squared spin-density ma-
trix (χprod) for the production vertex in the process
e+e− → τ+τ− is given by [7]

χprod = χSM +Re(dτ )χRe + Im(dτ )χIm + |dτ |2χd2 , (2)

where χSM is the SM term, and χRe and χIm are the inter-
ference terms between the SM and the EDM for the real

and imaginary parts of dτ . Here, χd2 is a higher-order
EDM term, which we can neglect since dτ is small. The
matrix elements in Eq. (2) can be expressed using the
momenta of the electron beam and the τ lepton, and the
spins of τ+ and τ− in the e+e− CM frame. The interfer-
ence terms are proportional to CP-odd spin-momentum
correlation terms

χRe ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ × S−) · k̂
+k0(k̂ · p̂)(S+ × S−) · p̂, (3)

χIm ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ − S−) · k̂
+k0(k̂ · p̂)(S+ − S−) · p̂, (4)

where k0 is the energy of the τ±, mτ is the τ mass, p is
the three-momentum of the e+, k is the three-momentum
of the τ+, S± are the spin vectors for the τ±, and hats
denote unit momenta. In Eqs. (3) and (4) above, χRe is
T-odd and χIm is T-even. A more detailed discussion is
given in Ref. [4].
Several CP-violating observables have been proposed

in the literature [3]. For this study, we use the so-called
optimal observable method [8] to obtain the dτ values.
The optimal observables are

ORe =
χRe

χSM
, OIm =

χIm

χSM
. (5)

They maximize sensitivity to the τ EDM. The mean val-
ues of these observables (〈ORe〉, 〈OIm〉) are linearly de-
pendent on Re(dτ ) and Im(dτ ),

〈ORe〉 = aReRe(dτ )+bRe, 〈OIm〉 = aImIm(dτ )+bIm, (6)

since

〈ORe〉 ∝
∫

OReχproddφ

=

∫

χRedφ+Re(dτ )

∫

(χRe)2

χSM
dφ, (7)

where the integration is performed over the available
phase space φ and

aRe =

∫

(χRe)2

χSM
dφ, bRe =

∫

χRedφ. (8)Interference term b.t.w the SM and the EDM
à Proportional to CP spin-momentum correlation 

Electric dipole moment of 𝝉

Asymmetry in event shape

• Spin information is obtained by momentum of decay products.
• Re(dt): phi asymmetry,  Im(dt): forward/backward asymmetry

4

p-

p+

phi  asymmetry

F/B asymmetry

Asymmetry in event shape
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Event selection, observable
Select 8 final modes exclusively
• 𝝉𝝉 → 𝒆𝝂*𝝂 𝝁𝝂*𝝂 , 𝒆𝝂*𝝂 𝝅𝝂 , 𝝁𝝂*𝝂 𝝅𝝂 , 𝒆𝝂*𝝂 𝝆𝝂 , 𝝁𝝂*𝝂 𝝆𝝂 , 𝝅𝝂 𝝆𝝂 , 𝝆𝝂 𝝆*𝝂 , 𝝅𝝂 𝝅*𝝂

6

TABLE I: Yield, purity, and dominant backgrounds for each selected mode. The values in square brackets indicate the expected
background rates in %.

Mode Yield Purity(%) Background (%)
eµ 6434268 95.8 two-photon process (eeµµ) [2.5], ττ → (eνν)(πν) [1.3]
eπ 2644971 85.7 ττ → (eνν)(ρν) [6.5], (eνν)(µνν) [5.1], (eνν)(K∗ν) [1.3]
µπ 2503936 80.5 ττ → (µνν)(ρν) [6.4], (µνν)(µνν) [4.9], (µνν)(K∗ν) [1.3], two-photon process (eeµµ) [3.1]
eρ 7218823 91.7 ττ → (eνν)(ππ0π0ν) [4.6], (eνν)(K∗ν) [1.7]
µρ 6203489 91.0 ττ → (µνν)(ππ0π0ν) [4.3], (µνν)(K∗ν) [1.6], (πν)(ρν) [1.1]
πρ 2655696 77.0 ττ → (ρν)(ρν) [6.7], (πν)(ππ0π0ν) [3.9], (µνν)(ρν) [5.1], (ρν)(K∗ν) [1.4], (πν)(K∗ν) [1.4]
ρρ 3277001 82.4 ττ → (ρν)(ππ0π0ν) [9.4], (ρν)(K∗ν) [3.1]
ππ 460288 71.9 ττ → (πν)(ρν) [11.3], (πν)(µνν) [8.8], (πν)(K∗ν) [2.5]

ambiguity cannot be resolved. Therefore, we take an
average of the two possible solutions in the calculation
of the observables. In the case of leptonic τ decays, one
more ambiguity in the invariant mass of two neutrinos
from the same τ , mνν , arises as

cos θ" =
2EτE" −m2

" −m2
τ +m2

νν

2|k||p"|
. (15)

We then take an average over multiple solutions using
the MC method by varying mνν uniformly within the
possible kinematical range. For each event, we make 100
trials using a “hit-and-miss” approach while varying the
effective mass mνν randomly. With Nhit successful trials
in which the τ direction can be constructed kinemati-
cally, the average value of the observable is obtained for
each event. In the case where both τ ’s decay leptoni-
cally, the mνν is varied for each τ . In the calculation,
we require w in Eq. (13) be real and cos θj (j = A,B, #)
in Eqs. (14) and (15) be within the range [−1, 1], there-
fore we removed the cases when the above requriements
were not satisfied. In the analysis, we neglect the effect
of ISR for the calculation of the observables, and treat
it as a systematic source. The distributions of observ-
ables for the obtained samples are shown in Fig. 3, along
with those obtained from MC simulations with no EDM.
We calculate the mean value of each observable using the
data in the full range including events beyond the range
shown in Fig. 3.
To obtain the EDM values from the observables, we

must determine the relation between the EDM and the
mean value of the observables shown in Eq. (6). In order
to take into account the finite detector acceptance, the
use of the most probable (rather than actual) spin direc-
tion, the ambiguity from the resolution, the unknown τ
direction, and missing neutrinos, the relation between the
EDM and the mean value of the observables, 〈ORe/Im〉, is
evaluated using MC simulation for various values of the
EDM. By fitting the relation with a linear function in
Eq. (6), as shown in Fig. 4, the coefficients aRe/Im and the
offsets bRe/Im are obtained, which are plotted in Fig. 5.
As seen from the values of the coefficients, aRe/Im, the

πρ and ρρ modes have the highest sensitivities for Re(dτ )

and Im(dτ ), thanks to the high spin analyzing power for
π and ρ modes. Nonzero offsets seen for the imaginary
part, bIm, are due to a forward-backward asymmetry in
the detector acceptance. The effects of the background
are also taken into account in these coefficients. The coef-
ficients are corrected for by the purity and the coefficients
obtained using background samples.

We examine a number of possible systematic effects
on the EDM measurements. The corresponding results
are listed in Table II. Differences between the data and
simulation result in systematic uncertainties. To check
for an asymmetry in the tracking systems, we analyze
e+e− → µ+µ− events. We measure the difference of the
polar and azimuthal angle of the tracks between µ+ and
µ−, and then find shifts from the back-to-back direction
of −0.67 mrad for the polar angle and −0.03 mrad for
the azimuthal angle. By applying an artificial rotation
to one of the charged tracks, we obtain residual values of
the observables and find the results to be less than 10%
of the statistical uncertainties.

There are small data–MC differences in the ρ and π0

mass distributions. These can be caused by an imper-
fect momentum reconstruction resulting in a systematic
offset of the observables. We check the effect of a momen-
tum shift of the charged tracks by applying a momentum
scaling factor of 1.0026, which is estimated from the peak
position of the ρ mass distribution. We also check the ef-
fect of a π0 momentum shift by applying the same factor
assuming that the ρ mass difference is due to π0 momen-
tum shift.

In the π0 invariant mass distribution, we observe a
difference of 0.3% in the mass resolution between data
and MC samples. This is due to data–MC difference in
the reconstructed photon energy. We check the effect by
changing the photon energies according to the difference
found in a D∗0 → D0γ study. The change of the observ-
ables is obtained by conservatively varying the photon
energy to Eγ ± σ for both photons from π0, however the
change is smaller than the other uncertainties.

The detector response depends on the particle charge,
especially for electrons and pions. However, we know
that the MC simulation does not exactly reproduce

à Take the events with high purity 
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The electric dipole moment (EDM) of the τ lepton is a
fundamental parameter that parameterizes time-reversal
(T) or charge-conjugation–parity (CP) violation at the
γττ vertex. In the Standard Model (SM), CP violation
arises due to an irreducible phase in the CKM matrix [1],
which predicts an unobservably small τ -lepton EDM (dτ )
of order 10−37 ecm [2]. Hence, observation of a nonzero
dτ value would be a clear sign of new physics. Some
new physics models indicate a larger EDM of order 10−19

ecm [3].
The most sensitive previous measurement set an upper

limit on the EDM of order 10−17 ecm [4]; the results were
obtained by the Belle collaboration [5] using 29.5 fb−1 of
data collected at the KEKB collider [6] at a center-of-
mass (CM) energy

√
s = 10.58 GeV. The obtained real

and imaginary parts of dτ were Re(dτ ) = (1.15± 1.70)×
10−17 ecm and Im(dτ ) = (−0.83± 0.86)× 10−17 ecm, re-
spectively. The corresponding limits were−2.2×10−17 <
Re(dτ ) < 4.5× 10−17 ecm and −2.5× 10−17 < Im(dτ ) <
0.8× 10−17 ecm.
In this paper, we present updated results on dτ using

a much larger sample of 833 fb−1 Belle data, of which
571 fb−1 collected at the Υ(4S) resonance; 74 fb−1 col-
lected 60 MeV below it; and 188 fb−1 collected near
the Υ(1S), Υ(2S), Υ(3S), and Υ(5S) resonances. These
samples are independent from the one used in the previ-
ous Belle result. The sensitivity for Re(dτ ) and Im(dτ )
has improved by about a factor of three, due to the in-
crease of the data statistics and improved analysis strat-
egy.
The effective Lagrangian for τ -pair production includ-

ing the EDM term in the vertex is

L = τ̄ [−eQγµAµ − idτσ
µνγ5∂µAν ]τ. (1)

Including the EDM term, the squared spin-density ma-
trix (χprod) for the production vertex in the process
e+e− → τ+τ− is given by [7]

χprod = χSM +Re(dτ )χRe + Im(dτ )χIm + |dτ |2χd2 , (2)

where χSM is the SM term, and χRe and χIm are the inter-
ference terms between the SM and the EDM for the real

and imaginary parts of dτ . Here, χd2 is a higher-order
EDM term, which we can neglect since dτ is small. The
matrix elements in Eq. (2) can be expressed using the
momenta of the electron beam and the τ lepton, and the
spins of τ+ and τ− in the e+e− CM frame. The interfer-
ence terms are proportional to CP-odd spin-momentum
correlation terms

χRe ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ × S−) · k̂
+k0(k̂ · p̂)(S+ × S−) · p̂, (3)

χIm ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ − S−) · k̂
+k0(k̂ · p̂)(S+ − S−) · p̂, (4)

where k0 is the energy of the τ±, mτ is the τ mass, p is
the three-momentum of the e+, k is the three-momentum
of the τ+, S± are the spin vectors for the τ±, and hats
denote unit momenta. In Eqs. (3) and (4) above, χRe is
T-odd and χIm is T-even. A more detailed discussion is
given in Ref. [4].
Several CP-violating observables have been proposed

in the literature [3]. For this study, we use the so-called
optimal observable method [8] to obtain the dτ values.
The optimal observables are

ORe =
χRe

χSM
, OIm =

χIm

χSM
. (5)

They maximize sensitivity to the τ EDM. The mean val-
ues of these observables (〈ORe〉, 〈OIm〉) are linearly de-
pendent on Re(dτ ) and Im(dτ ),

〈ORe〉 = aReRe(dτ )+bRe, 〈OIm〉 = aImIm(dτ )+bIm, (6)

since

〈ORe〉 ∝
∫

OReχproddφ

=

∫

χRedφ+Re(dτ )

∫

(χRe)2

χSM
dφ, (7)

where the integration is performed over the available
phase space φ and

aRe =

∫

(χRe)2

χSM
dφ, bRe =

∫

χRedφ. (8)

Average value is proportional to EDM
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fundamental parameter that parameterizes time-reversal
(T) or charge-conjugation–parity (CP) violation at the
γττ vertex. In the Standard Model (SM), CP violation
arises due to an irreducible phase in the CKM matrix [1],
which predicts an unobservably small τ -lepton EDM (dτ )
of order 10−37 ecm [2]. Hence, observation of a nonzero
dτ value would be a clear sign of new physics. Some
new physics models indicate a larger EDM of order 10−19

ecm [3].
The most sensitive previous measurement set an upper

limit on the EDM of order 10−17 ecm [4]; the results were
obtained by the Belle collaboration [5] using 29.5 fb−1 of
data collected at the KEKB collider [6] at a center-of-
mass (CM) energy

√
s = 10.58 GeV. The obtained real

and imaginary parts of dτ were Re(dτ ) = (1.15± 1.70)×
10−17 ecm and Im(dτ ) = (−0.83± 0.86)× 10−17 ecm, re-
spectively. The corresponding limits were−2.2×10−17 <
Re(dτ ) < 4.5× 10−17 ecm and −2.5× 10−17 < Im(dτ ) <
0.8× 10−17 ecm.
In this paper, we present updated results on dτ using

a much larger sample of 833 fb−1 Belle data, of which
571 fb−1 collected at the Υ(4S) resonance; 74 fb−1 col-
lected 60 MeV below it; and 188 fb−1 collected near
the Υ(1S), Υ(2S), Υ(3S), and Υ(5S) resonances. These
samples are independent from the one used in the previ-
ous Belle result. The sensitivity for Re(dτ ) and Im(dτ )
has improved by about a factor of three, due to the in-
crease of the data statistics and improved analysis strat-
egy.
The effective Lagrangian for τ -pair production includ-

ing the EDM term in the vertex is

L = τ̄ [−eQγµAµ − idτσ
µνγ5∂µAν ]τ. (1)

Including the EDM term, the squared spin-density ma-
trix (χprod) for the production vertex in the process
e+e− → τ+τ− is given by [7]

χprod = χSM +Re(dτ )χRe + Im(dτ )χIm + |dτ |2χd2 , (2)

where χSM is the SM term, and χRe and χIm are the inter-
ference terms between the SM and the EDM for the real

and imaginary parts of dτ . Here, χd2 is a higher-order
EDM term, which we can neglect since dτ is small. The
matrix elements in Eq. (2) can be expressed using the
momenta of the electron beam and the τ lepton, and the
spins of τ+ and τ− in the e+e− CM frame. The interfer-
ence terms are proportional to CP-odd spin-momentum
correlation terms

χRe ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ × S−) · k̂
+k0(k̂ · p̂)(S+ × S−) · p̂, (3)

χIm ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ − S−) · k̂
+k0(k̂ · p̂)(S+ − S−) · p̂, (4)

where k0 is the energy of the τ±, mτ is the τ mass, p is
the three-momentum of the e+, k is the three-momentum
of the τ+, S± are the spin vectors for the τ±, and hats
denote unit momenta. In Eqs. (3) and (4) above, χRe is
T-odd and χIm is T-even. A more detailed discussion is
given in Ref. [4].
Several CP-violating observables have been proposed

in the literature [3]. For this study, we use the so-called
optimal observable method [8] to obtain the dτ values.
The optimal observables are

ORe =
χRe

χSM
, OIm =

χIm

χSM
. (5)

They maximize sensitivity to the τ EDM. The mean val-
ues of these observables (〈ORe〉, 〈OIm〉) are linearly de-
pendent on Re(dτ ) and Im(dτ ),

〈ORe〉 = aReRe(dτ )+bRe, 〈OIm〉 = aImIm(dτ )+bIm, (6)

since

〈ORe〉 ∝
∫

OReχproddφ

=

∫

χRedφ+Re(dτ )

∫

(χRe)2

χSM
dφ, (7)

where the integration is performed over the available
phase space φ and

aRe =

∫

(χRe)2

χSM
dφ, bRe =

∫

χRedφ. (8)

Observable

• Optimal observable

– Maximize sensitivity (S/N)

– Calculate event-by-event
• Using tau flight direction and spin 

direction (from decay products)
– Average value is proportional to 

EDM

9

[W. Bernreuther, O. Nachtmann, and P. Overmann; PRD 45(1992)2405]

MC simulation (ee tt ppnn) 
with/without EDM (5x10-16ecm)

● dt=0
○ dt=5x10-16ecm
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Use optimal observable to measure EDM
MC simulation𝑒𝑒 → 𝜏𝜏 → 𝜋𝜋𝜈𝜈

𝑅𝑒 𝑑# ≠ 0: clear difference in 𝑂(𝑅$)
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e+e− → τ+τ− is given by [7]
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where χSM is the SM term, and χRe and χIm are the inter-
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and imaginary parts of dτ . Here, χd2 is a higher-order
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EDM term, which we can neglect since dτ is small. The
matrix elements in Eq. (2) can be expressed using the
momenta of the electron beam and the τ lepton, and the
spins of τ+ and τ− in the e+e− CM frame. The interfer-
ence terms are proportional to CP-odd spin-momentum
correlation terms

χRe ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ × S−) · k̂
+k0(k̂ · p̂)(S+ × S−) · p̂, (3)

χIm ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ − S−) · k̂
+k0(k̂ · p̂)(S+ − S−) · p̂, (4)

where k0 is the energy of the τ±, mτ is the τ mass, p is
the three-momentum of the e+, k is the three-momentum
of the τ+, S± are the spin vectors for the τ±, and hats
denote unit momenta. In Eqs. (3) and (4) above, χRe is
T-odd and χIm is T-even. A more detailed discussion is
given in Ref. [4].
Several CP-violating observables have been proposed

in the literature [3]. For this study, we use the so-called
optimal observable method [8] to obtain the dτ values.
The optimal observables are

ORe =
χRe

χSM
, OIm =

χIm

χSM
. (5)

They maximize sensitivity to the τ EDM. The mean val-
ues of these observables (〈ORe〉, 〈OIm〉) are linearly de-
pendent on Re(dτ ) and Im(dτ ),

〈ORe〉 = aReRe(dτ )+bRe, 〈OIm〉 = aImIm(dτ )+bIm, (6)

since

〈ORe〉 ∝
∫

OReχproddφ

=

∫

χRedφ+Re(dτ )

∫

(χRe)2

χSM
dφ, (7)

where the integration is performed over the available
phase space φ and

aRe =

∫

(χRe)2

χSM
dφ, bRe =

∫

χRedφ. (8)
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The electric dipole moment (EDM) of the τ lepton is a
fundamental parameter that parameterizes time-reversal
(T) or charge-conjugation–parity (CP) violation at the
γττ vertex. In the Standard Model (SM), CP violation
arises due to an irreducible phase in the CKM matrix [1],
which predicts an unobservably small τ -lepton EDM (dτ )
of order 10−37 ecm [2]. Hence, observation of a nonzero
dτ value would be a clear sign of new physics. Some
new physics models indicate a larger EDM of order 10−19

ecm [3].
The most sensitive previous measurement set an upper

limit on the EDM of order 10−17 ecm [4]; the results were
obtained by the Belle collaboration [5] using 29.5 fb−1 of
data collected at the KEKB collider [6] at a center-of-
mass (CM) energy

√
s = 10.58 GeV. The obtained real

and imaginary parts of dτ were Re(dτ ) = (1.15± 1.70)×
10−17 ecm and Im(dτ ) = (−0.83± 0.86)× 10−17 ecm, re-
spectively. The corresponding limits were−2.2×10−17 <
Re(dτ ) < 4.5× 10−17 ecm and −2.5× 10−17 < Im(dτ ) <
0.8× 10−17 ecm.
In this paper, we present updated results on dτ using

a much larger sample of 833 fb−1 Belle data, of which
571 fb−1 collected at the Υ(4S) resonance; 74 fb−1 col-
lected 60 MeV below it; and 188 fb−1 collected near
the Υ(1S), Υ(2S), Υ(3S), and Υ(5S) resonances. These
samples are independent from the one used in the previ-
ous Belle result. The sensitivity for Re(dτ ) and Im(dτ )
has improved by about a factor of three, due to the in-
crease of the data statistics and improved analysis strat-
egy.
The effective Lagrangian for τ -pair production includ-

ing the EDM term in the vertex is

L = τ̄ [−eQγµAµ − idτσ
µνγ5∂µAν ]τ. (1)

Including the EDM term, the squared spin-density ma-
trix (χprod) for the production vertex in the process
e+e− → τ+τ− is given by [7]

χprod = χSM +Re(dτ )χRe + Im(dτ )χIm + |dτ |2χd2 , (2)

where χSM is the SM term, and χRe and χIm are the inter-
ference terms between the SM and the EDM for the real

and imaginary parts of dτ . Here, χd2 is a higher-order
EDM term, which we can neglect since dτ is small. The
matrix elements in Eq. (2) can be expressed using the
momenta of the electron beam and the τ lepton, and the
spins of τ+ and τ− in the e+e− CM frame. The interfer-
ence terms are proportional to CP-odd spin-momentum
correlation terms

χRe ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ × S−) · k̂
+k0(k̂ · p̂)(S+ × S−) · p̂, (3)

χIm ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ − S−) · k̂
+k0(k̂ · p̂)(S+ − S−) · p̂, (4)

where k0 is the energy of the τ±, mτ is the τ mass, p is
the three-momentum of the e+, k is the three-momentum
of the τ+, S± are the spin vectors for the τ±, and hats
denote unit momenta. In Eqs. (3) and (4) above, χRe is
T-odd and χIm is T-even. A more detailed discussion is
given in Ref. [4].
Several CP-violating observables have been proposed

in the literature [3]. For this study, we use the so-called
optimal observable method [8] to obtain the dτ values.
The optimal observables are

ORe =
χRe

χSM
, OIm =

χIm

χSM
. (5)

They maximize sensitivity to the τ EDM. The mean val-
ues of these observables (〈ORe〉, 〈OIm〉) are linearly de-
pendent on Re(dτ ) and Im(dτ ),

〈ORe〉 = aReRe(dτ )+bRe, 〈OIm〉 = aImIm(dτ )+bIm, (6)

since

〈ORe〉 ∝
∫

OReχproddφ

=

∫

χRedφ+Re(dτ )

∫

(χRe)2

χSM
dφ, (7)

where the integration is performed over the available
phase space φ and

aRe =

∫

(χRe)2

χSM
dφ, bRe =

∫

χRedφ. (8)
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– Calculate event-by-event
• Using tau flight direction and spin 
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– Average value is proportional to 
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FIG. 4: Relation of Re(dτ ) and 〈ORe〉 for the ρρ mode ob-
tained by the MC simulation. The line shows the fitted func-
tion. Other modes also show a similar linear dependence; the
non-linearity is negligible for all modes.
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FIG. 5: EDM parameter sensitivity aRe/Im (top) and offset
bRe/Im (bottom) for each mode. The uncertainties are due to
the statistics of the MC samples.

yields between the data and simulation as a systematic
uncertainty on the background level. The resulting sys-
tematic uncertainties are about 10% for the sensitivities
and about the same order of statistical uncertainties of
the observables for the offsets.

In addition, we check the effect of ISR by introducing
it into the calculation. We obtain the momenta of the
ISR photons randomly from the KKMC generator, then,
boost all momenta of the final-state particles into the τ -
pair rest frame assuming that the ISR is coming from the
e+e− beam. We calculate the observables in this frame.
We iterate this process 100 times using the same hit-and-
miss approach as in the nominal analysis. For successful
trials, we obtain the mean of the observables. The shifts
and fluctuations with the ISR effect give estimates of the
systematic effects of ignoring it.

We calculate the final EDM values using the 833 fb−1

data sample, the results of which are listed in Table III
for each mode. We obtain the mean values of the electric
dipole moment weighted by a quadrature sum of statis-
tical and systematic uncertainties, for the real and imag-
inary parts,

Re(dτ ) = (−0.62± 0.63)× 10−17 ecm, (16)

Im(dτ ) = (−0.40± 0.32)× 10−17 ecm. (17)

The 95% confidence intervals become

−1.85× 10−17 < Re(dτ ) < 0.61× 10−17 ecm, (18)

−1.03× 10−17 < Im(dτ ) < 0.23× 10−17 ecm. (19)

Compared to the previous analysis [4], the obtained sta-
tistical uncertainties are reduced in proportion to the in-
crease in the data size. The systematic uncertainties are
improved because of the improved simulation, corrections
and the larger statistics of the MC samples. The sensitiv-
ity for Re(dτ ) and Im(dτ ) has improved by about a factor
of three. The systematic uncertainty from the detector
modeling limits our result and needs to be controlled for
future analysis.

Appendix

The spin vectors used in the analysis are listed here.
For τ → "ν"ντ ,

S± = A

(

±mτp"± −
c± + E"±mτ

k0 +mτ
k

)

, (20)

A =
4c± −m2

τ − 3m2
"

3m2
τc± − 4c2± − 2m2

"m
2
τ + 3c±m2

"

,

c± = k0E"± ∓ k · p"± ,

where k0 is the energy of the τ±, mτ is the τ mass, k is
the three-momentum of the τ+, p"± , E"± and m" are the
monentum, energy and mass of "±, respectively.
For τ → ρντ → ππ0ντ ,

S± = ∓A

(

∓H±
0 k +mτH

± +
k(k ·H±)

(k0 +mτ )

)

, (21)

A =
1

(k±H±)−m2
τ (pπ± − pπ0)2

,

(H±)ν = 2(pπ± − pπ0)ν(pπ± − pπ0)µ(k±)µ

+ (pπ± + pπ0)ν(pπ± − pπ0)2,

where k± = (k0,±k), H± = (H±
0 ,H±), and k±H± is

the four-vector product. Here, pπ± and pπ0 are the four-
momenta of the final state π± and π0.
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The electric dipole moment (EDM) of the τ lepton is a
fundamental parameter that parameterizes time-reversal
(T) or charge-conjugation–parity (CP) violation at the
γττ vertex. In the Standard Model (SM), CP violation
arises due to an irreducible phase in the CKM matrix [1],
which predicts an unobservably small τ -lepton EDM (dτ )
of order 10−37 ecm [2]. Hence, observation of a nonzero
dτ value would be a clear sign of new physics. Some
new physics models indicate a larger EDM of order 10−19

ecm [3].
The most sensitive previous measurement set an upper

limit on the EDM of order 10−17 ecm [4]; the results were
obtained by the Belle collaboration [5] using 29.5 fb−1 of
data collected at the KEKB collider [6] at a center-of-
mass (CM) energy

√
s = 10.58 GeV. The obtained real

and imaginary parts of dτ were Re(dτ ) = (1.15± 1.70)×
10−17 ecm and Im(dτ ) = (−0.83± 0.86)× 10−17 ecm, re-
spectively. The corresponding limits were−2.2×10−17 <
Re(dτ ) < 4.5× 10−17 ecm and −2.5× 10−17 < Im(dτ ) <
0.8× 10−17 ecm.
In this paper, we present updated results on dτ using

a much larger sample of 833 fb−1 Belle data, of which
571 fb−1 collected at the Υ(4S) resonance; 74 fb−1 col-
lected 60 MeV below it; and 188 fb−1 collected near
the Υ(1S), Υ(2S), Υ(3S), and Υ(5S) resonances. These
samples are independent from the one used in the previ-
ous Belle result. The sensitivity for Re(dτ ) and Im(dτ )
has improved by about a factor of three, due to the in-
crease of the data statistics and improved analysis strat-
egy.
The effective Lagrangian for τ -pair production includ-

ing the EDM term in the vertex is

L = τ̄ [−eQγµAµ − idτσ
µνγ5∂µAν ]τ. (1)

Including the EDM term, the squared spin-density ma-
trix (χprod) for the production vertex in the process
e+e− → τ+τ− is given by [7]

χprod = χSM +Re(dτ )χRe + Im(dτ )χIm + |dτ |2χd2 , (2)

where χSM is the SM term, and χRe and χIm are the inter-
ference terms between the SM and the EDM for the real

and imaginary parts of dτ . Here, χd2 is a higher-order
EDM term, which we can neglect since dτ is small. The
matrix elements in Eq. (2) can be expressed using the
momenta of the electron beam and the τ lepton, and the
spins of τ+ and τ− in the e+e− CM frame. The interfer-
ence terms are proportional to CP-odd spin-momentum
correlation terms

χRe ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ × S−) · k̂
+k0(k̂ · p̂)(S+ × S−) · p̂, (3)

χIm ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ − S−) · k̂
+k0(k̂ · p̂)(S+ − S−) · p̂, (4)

where k0 is the energy of the τ±, mτ is the τ mass, p is
the three-momentum of the e+, k is the three-momentum
of the τ+, S± are the spin vectors for the τ±, and hats
denote unit momenta. In Eqs. (3) and (4) above, χRe is
T-odd and χIm is T-even. A more detailed discussion is
given in Ref. [4].
Several CP-violating observables have been proposed

in the literature [3]. For this study, we use the so-called
optimal observable method [8] to obtain the dτ values.
The optimal observables are

ORe =
χRe

χSM
, OIm =

χIm

χSM
. (5)

They maximize sensitivity to the τ EDM. The mean val-
ues of these observables (〈ORe〉, 〈OIm〉) are linearly de-
pendent on Re(dτ ) and Im(dτ ),

〈ORe〉 = aReRe(dτ )+bRe, 〈OIm〉 = aImIm(dτ )+bIm, (6)

since

〈ORe〉 ∝
∫

OReχproddφ

=

∫

χRedφ+Re(dτ )

∫

(χRe)2

χSM
dφ, (7)

where the integration is performed over the available
phase space φ and

aRe =

∫

(χRe)2

χSM
dφ, bRe =

∫

χRedφ. (8)
𝑑* = −0.4 ± 0.5 ± 0.9 ×10%78 ecm

EDM extraction
• Generate MC for various EDM values
à Extract EDM from obtained <𝑂45/67>
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𝑒𝑒 → 𝜏𝜏 → 𝜌𝜌𝜈𝜈 𝑒𝑒 → 𝜏𝜏 → 𝜌𝜌𝜈𝜈
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Result

Weighted average of EDM

9

TABLE II: Systematic uncertainties for Re(dτ ) and Im(dτ ) in units of 10−17e cm.

Re(dτ ) eµ eπ µπ eρ µρ πρ ρρ ππ

Detector alignment 0.2 0.2 0.1 0.1 0.2 0.1 0.1 0.3
Momentum reconstruction 0.1 0.6 0.5 0.1 0.3 0.2 0.1 1.5
Charge asymmetry 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0
Kinematic dependence of reconstruction efficiency 3.2 4.8 3.8 0.9 2.2 0.9 0.9 3.6
Data–MC diffedence in backgrounds 1.6 0.3 1.7 0.4 0.2 0.2 0.2 3.5
Radiative effects 0.7 0.5 0.6 0.2 0.2 0.0 0.0 0.1

Total 3.6 4.8 4.3 1.0 2.2 1.0 0.9 5.2

Im(dτ ) eµ eπ µπ eρ µρ πρ ρρ ππ

Detector alignment 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0
Momentum reconstruction 0.2 0.5 0.4 0.0 0.1 0.1 0.1 0.1
Charge asymmetry 0.2 2.0 2.4 0.1 0.1 1.1 0.0 0.0
Kinematic dependence of reconstruction efficiency 1.0 0.9 0.6 0.5 0.8 0.4 0.4 1.2
Data–MC diffedence in backgrounds 1.4 0.0 0.7 0.3 0.1 0.1 0.1 0.1
Radiative effects 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0

Total 1.8 2.2 2.6 0.6 0.8 1.2 0.4 1.2

TABLE III: Results on the τ electric dipole moment obtained
using 833 fb−1 of data. The first uncertainties are statistical
and the second ones are systematic.

Mode Re(dτ )(10
−17 ecm) Im(dτ )(10

−17 ecm)
eµ −3.2± 2.5 ± 3.6 0.6 ± 0.4 ± 1.8
eπ 0.7 ± 2.3 ± 4.8 2.4 ± 0.5 ± 2.2
µπ 1.0 ± 2.2 ± 4.3 2.4 ± 0.5 ± 2.6
eρ −1.2± 0.8 ± 1.0 −1.1± 0.3 ± 0.6
µρ 0.7 ± 1.0 ± 2.2 −0.5± 0.3 ± 0.8
πρ −0.6± 0.7 ± 1.0 0.4 ± 0.3 ± 1.2
ρρ −0.4± 0.5 ± 0.9 −0.3± 0.3 ± 0.4
ππ −2.2± 4.3 ± 5.2 −0.9± 0.9 ± 1.2
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non-linearity is negligible for all modes.
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FIG. 5: EDM parameter sensitivity aRe/Im (top) and offset
bRe/Im (bottom) for each mode. The uncertainties are due to
the statistics of the MC samples.

yields between the data and simulation as a systematic
uncertainty on the background level. The resulting sys-
tematic uncertainties are about 10% for the sensitivities
and about the same order of statistical uncertainties of
the observables for the offsets.

In addition, we check the effect of ISR by introducing
it into the calculation. We obtain the momenta of the
ISR photons randomly from the KKMC generator, then,
boost all momenta of the final-state particles into the τ -
pair rest frame assuming that the ISR is coming from the
e+e− beam. We calculate the observables in this frame.
We iterate this process 100 times using the same hit-and-
miss approach as in the nominal analysis. For successful
trials, we obtain the mean of the observables. The shifts
and fluctuations with the ISR effect give estimates of the
systematic effects of ignoring it.

We calculate the final EDM values using the 833 fb−1

data sample, the results of which are listed in Table III
for each mode. We obtain the mean values of the electric
dipole moment weighted by a quadrature sum of statis-
tical and systematic uncertainties, for the real and imag-
inary parts,

Re(dτ ) = (−0.62± 0.63)× 10−17 ecm, (16)

Im(dτ ) = (−0.40± 0.32)× 10−17 ecm. (17)

The 95% confidence intervals become

−1.85× 10−17 < Re(dτ ) < 0.61× 10−17 ecm, (18)

−1.03× 10−17 < Im(dτ ) < 0.23× 10−17 ecm. (19)

Compared to the previous analysis [4], the obtained sta-
tistical uncertainties are reduced in proportion to the in-
crease in the data size. The systematic uncertainties are
improved because of the improved simulation, corrections
and the larger statistics of the MC samples. The sensitiv-
ity for Re(dτ ) and Im(dτ ) has improved by about a factor
of three. The systematic uncertainty from the detector
modeling limits our result and needs to be controlled for
future analysis.

Appendix

The spin vectors used in the analysis are listed here.
For τ → "ν"ντ ,

S± = A

(

±mτp"± −
c± + E"±mτ

k0 +mτ
k

)

, (20)

A =
4c± −m2

τ − 3m2
"

3m2
τc± − 4c2± − 2m2

"m
2
τ + 3c±m2

"

,

c± = k0E"± ∓ k · p"± ,

where k0 is the energy of the τ±, mτ is the τ mass, k is
the three-momentum of the τ+, p"± , E"± and m" are the
monentum, energy and mass of "±, respectively.
For τ → ρντ → ππ0ντ ,

S± = ∓A

(

∓H±
0 k +mτH

± +
k(k ·H±)

(k0 +mτ )

)

, (21)

A =
1

(k±H±)−m2
τ (pπ± − pπ0)2

,

(H±)ν = 2(pπ± − pπ0)ν(pπ± − pπ0)µ(k±)µ

+ (pπ± + pπ0)ν(pπ± − pπ0)2,

where k± = (k0,±k), H± = (H±
0 ,H±), and k±H± is

the four-vector product. Here, pπ± and pπ0 are the four-
momenta of the final state π± and π0.

We thank the KEKB group for the excellent operation
of the accelerator; the KEK cryogenics group for the ef-
ficient operation of the solenoid; and the KEK computer
group, and the Pacific Northwest National Laboratory
(PNNL) Environmental Molecular Sciences Laboratory

• Consistent with zero EDM
• ~ 2.7 times smaller error than previous results

Obtained results

• EDM results

• By adding the statistical and systematic errors quadratically, 
we obtain the weighted average of EDM and its error

– Consistent with zero EDM
– ~2.7 times smaller error than the previous results
– Systematic errors are comparable with the statistical errors.
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Previous results
Re(dt) = (1.15 ± 1.70) ×10−17ecm
Im(dt) = (−0.83 ± 0.86) ×10−17ecm

Belle 29.5 fb-1 data

Belle 833 fb-1 data

Systematic uncertainty
• Improved simulation, correction
• The larger MC statistics
à The uncertainty much reduced 
from previous analysis

4.6 Systematic errors for Re(dτ) and Im(dτ)

The systematic errors for Re(dτ ) and Im(dτ ) is calculated from the values in Tables 11, 12,
13 and 14, and the coefficients in Table 7, by using eq.(11). For example, main systematic
error for dτ can be extracted from the systematic error for ORe/Im by dividing by aeffRe/Im.

The systematic errors for Re(dτ ) and Im(dτ ) is summarized in Table 15. The item
“Momentum reconstruction” is the quadratic sum of the values from “Momentum reconst.;
Charged track”, “Momentum reconst.; π0” and “Momentum reconst.; Photon resolution”
in Tables 11 and 13. The item “Mismatch of distribution” is from “Efficiency; Momentum”
and “Efficiency; cos θ”.

Table 15: Systematic errors for Re(dτ ) and Im(dτ ) in units of 10−16e cm.

Re(dτ ) eµ eπ µπ eρ µρ πρ ρρ ππ
Detector alignment 0.02 0.02 0.01 0.01 0.02 0.01 0.01 0.03
Momentum reconstruction 0.01 0.06 0.05 0.01 0.03 0.02 0.01 0.15
Charge asymmetry 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Mismatch of distribution 0.32 0.48 0.38 0.09 0.22 0.09 0.09 0.36
Background variation 0.16 0.03 0.17 0.04 0.02 0.02 0.02 0.35
Radiative effects 0.07 0.05 0.06 0.02 0.02 0.00 0.00 0.01
Total 0.36 0.48 0.43 0.10 0.22 0.10 0.09 0.52

Im(dτ ) eµ eπ µπ eρ µρ πρ ρρ ππ
Detector alignment 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Momentum reconstruction 0.02 0.05 0.04 0.00 0.01 0.01 0.01 0.01
Charge asymmetry 0.02 0.20 0.24 0.01 0.01 0.11 0.00 0.00
Mismatch of distribution 0.10 0.09 0.06 0.05 0.08 0.04 0.04 0.12
Background variation 0.14 0.00 0.07 0.03 0.01 0.01 0.01 0.01
Radiative effects 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00
Total 0.18 0.22 0.26 0.06 0.08 0.12 0.04 0.12
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Result of each decay mode
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https://www.sciencedirect.com/science/article/pii/S0370269302029842
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Tau LFV, 𝜏± → ℓ±𝛾 (ℓ = 𝑒, 𝜇)
• Use 988 fb-1 data and improve analysis technique
• Most stringent limits for 𝝉± → 𝝁±𝜸 at 90% CL

Tau EDM
• Analyzed 833 fb-1 data and use optimal observable method
• 30 times larger data and improved understanding the data 
à Reached the UL of the tau EDM in 10-18 ecm level

2022/7/8

Search for dark leptophilic scalar, 𝑒!𝑒" → 𝜏!𝜏"𝜙#
• New search at Belle. Analyzed 626 fb-1 data
• Better understanding of background events 
• Most stringent limits for 𝒎𝝓𝑳 , 𝝃. Exclude g-2 anomaly favored spaces 



Backup
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Di-lepton distribution
𝑚ℓ.ℓ/ distribution
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Control region
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Over the decade of their operation, Belle and BaBar experiments improved the sensi-
tivity of LFV ⌧ decay modes by ⇠2 orders of magnitude w.r.t. CLEO experiment at CESR
e+e� collider. Stringent bounds on LFV decays are set, the most recent result being the
ones reported by Belle in search for the decays ⌧� ! `�� (` = e, µ). No significant excess
over background predictions was observed and upper limits were set on LFV branching
fractions ranging between 10�7

� 10�8 at the 90% confidence level.

Figure 2: Projection of expected upper limits at the Belle II experiment [54] and cur-
rent status of observed upper limits at CLEO, BaBar, Belle, ATLAS, CMS and LHCb
experiments [55] on LFV, LNV and BNV processes in ⌧ decays.

Current experimental status on the observed bounds on LFV in the 52 benchmark ⌧
decay channels are shown in Figure 2. Belle II will collect an immense amount of data from
e+e� annihilation at the upgraded SuperKEKB facility. This will be one of the factors
pushing up the sensitivity of LFV probes at Belle II. Equally important is the increase of
the signal detection e�ciency which directly translates into enhancement in sensitivity.
At Belle and BaBar, the signal e�ciencies lied between 3% and 12% depending on the
decay channel. At Belle II an increase in the signal e�ciency will be achieved due to
anticipated higher trigger e�ciencies; improvements in the vertex reconstruction, charged
track and neutral meson reconstructions, particle identification; as well as from a better
understanding of the physics backgrounds and refinements in the analysis techniques.

Projections for two illustrative scenarios of luminosity L = 5 ab�1 and 50 ab�1 for Belle
II are shown in Figure 2, and listed in the Table 1 in Section 6. The extrapolations are done
from the expected limits obtained at the Belle experiment, assuming similar e�ciencies of
the individual channels. The presence of irreducible backgrounds for ⌧� ! `�� decays is

5

Summary of LFV in tau decay
arXiv.2203.14919

https://arxiv.org/pdf/2203.14919.pdf


Past searches for 𝝉 → ℓ𝜸
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We updated the results of a search for 𝜏 → ℓ𝛾

• Increased 𝑁\\: 4.8×10[ à9.1×10[ (535 fb-1à988 fb-1)
• Introduced new observables and improved selection
• Calibrated photon energy resolution using 𝑒𝑒 → 𝜇𝜇𝛾

90%CL Belle BaBar
Luminosity 535 fb-1 516 fb-1

𝑁,, 4.8×108 4.8×108

𝐵 𝜏 → 𝜇𝛾 4.5×10#8 4.4×10#8

𝐵 𝜏 → 𝑒𝛾 12×10#8 3.3×10#8

Reference PLB (2008)666 PRL (2010)021802

https://www.sciencedirect.com/science/article/pii/S0370269308007673
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.104.021802
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Photon energy resolution calibration
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g
/Es

0

0.005

0.01

0.015

0.02

0.025

0.03
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With calibration
Without calibration

Belle
-1 Ldt = 562 fbò

Energy range: 1 GeV ‒ 6 GeV
• Calibrated resolution agrees with that in data

NEW!

Revised the photon-energy resolution calibration
• Use radiative muon event (𝑒𝑒 → 𝜇𝜇𝛾)

• Cover a broad energy range

Goal
• Measure the energy resolution in data
• Calibrate it in simulation to agree with that in data

Evaluation
• Subtract 𝐸9(:;<= from 𝐸> for data and simulation

• 𝐸9(:;<= = 𝐸%(?@ − 𝐸A% − 𝐸A&

• 𝐸>: measured in the calorimeter
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事象選別
Point: 信号の特徴から背景事象を落とす

ℓ!
+
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,# ,̅$

.!
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&! &"
タグサイド

信号事象
信号サイド

+
ℓ!

ℓ"

&! &"

背景事象
ℓ!+

&"
,# ,̅$

.!

."
&! &"

,̅ℓ

例. 重心系での全エネルギー (9?@?AB/ <)
• 44@, Bhabha事象: ニュートリノなし
• 信号事象: ニュートリノ存在 (タグサイド)
タグサイドの崩壊過程($ → ℓ55, 65, 75)で信号
分布は変わる
à カット値をタグサイドの崩壊過程で最適化!

,$

6
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Event Selection 1

ℓ%
𝛾

𝑒$
𝜈9 �̅�*

𝜏%

𝜏$
𝑒% 𝑒$

Tag-side

Signal: 𝜏 → ℓ𝛾

Signal-side
𝛾 ℓ%

ℓ$

𝑒% 𝑒$

Background: 𝑒𝑒 → ℓℓ𝛾

Eg. Total energy in CM frame (𝑬𝐭𝐨𝐭𝐂𝐌/ 𝒔)
• 𝜏 → ℓ𝛾: 𝑁s > 0 in tag-side,  𝑒𝑒 → ℓℓ𝛾: 𝑁s = 0
à Signal distribution depends on tag-side decays (𝜏 → ℓ𝜈𝜈, 𝜋𝜈, 𝜌𝜈)

Optimized selection per channel: ℓ, 𝜋, 𝜌 channel
NEW!

※ All selection criteria are optimized to maximize search sensitivity

Signal: 𝜏 → 𝜇𝛾

Several observables are used: eg. Total energy, missing angle

𝜇𝜇𝛾



CM
(tag),track(tag)t

x
1- 0 1 2 3 4 5

Ev
en

ts
 / 

0.
1

0

50

100

150

200

250

300

Data
Total background
tt
gµµ

two-photon
-610´)=2.0gµ®tB(

Belle
-1 Ldt = 988 fbò

Event Selection 2
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Ideal signal events,
𝑝\(tOu)
QR = −𝑝\ vwx

QR = − 𝑝ℓQR + 𝑝KQR

à 𝜉\ tOu ,tgOMy tOu
QR = cos𝜃z tOu ,tgOMy(tOu)

𝜏 SM decay: 𝑝\ vwxQR ≠ 𝑝ℓQR + 𝑝KQR

à 𝜉\ tOu ,tgOMy tOu
QR ≠ cos𝜃z tOu ,tgOMy(tOu)

ℓ%𝛾

𝑒$

𝜈9 �̅�*

𝜏%

𝜏$
𝑒% 𝑒$

Tag-side

ℓ%𝛾

𝑒$
𝜈9 �̅�*

𝜏%

𝜏$
𝑒% 𝑒$

�̅�ℓ
𝜈*

𝜏 → ℓ𝛾 𝜏 SM decay

Signal(𝝉 → 𝝁𝜸)

Background

CM frame

New observable

𝜉\ tOu ,tgOMy tOu
QR =

({0 123
45 ⋅{16278 123

45 )

{0 123
45 |{16278 123

45 |

Good separation between signal and background
NEW!

0 ≤ 𝜉 ≤ 1.0
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Tau EDM: spin density matrix

ver.9
BELLE NOTE 1358
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Update of the analysis on the Electric dipole moment of the τ
lepton

Y.Arita and K.Inami
Nagoya university

Abstract

We have updated the analysis on the electric dipole moment of the τ lepton in the
process of τ -pair production with the Belle detector at the KEKB collider. An optimal
observable method is adopted and the results are obtained as Re(dτ ) = (−0.62±0.63)×
10−17ecm and Im(dτ ) = (−0.40± 0.32)× 10−17ecm based on 832.8 fb−1 of data.

1 Introduction

We have searched for T/CP violation in the τ pair production process and as the quantity
we have measured the electric dipole moment (EDM) of the τ lepton. In the previous
analysis [1], we used 29.5 fb−1 data [exp.7-13] and obtained the result as Re(dτ ) = (1.55±
1.70) × 10−17ecm and Im(dτ ) = (−0.83 ± 0.86) × 10−17ecm. In this analysis, we have
updated the analysis with 725.9 fb−1 of on-resonance and 106.9 fb−1 of off-resonance and
energy-scan data [exp.31-73].

2 Observables

We used the same analysis method, named optimal observable method, with the previous
method. In this section, the observable what we used is explained.

The effective Lagrangian for the τ -pair production including the electric dipole mo-
ment(EDM) term in the vertex can be expressed as

L = τ̄ [−eQγµAµ − idτσ
µνγ5∂µAν ]τ. (1)

Here, we only consider the lowest order diagram and EDM contribution shown in Figure 1.
If non-zero EDM exists, it will reveal in the effect of the interference term of the lowest order
and EDM diagrams.

From the effective Lagrangian, the spin density matrix with the EDM in the process
e+(p)e−(−p) → τ+(k,S+)τ−(−k,S−), is given as [2]

M2
prod = M2

SM +Re(dτ )M2
Re + Im(dτ )M2

Im + |dτ |2M2
d2 , (2)

M2
SM =

e4

k20
[k20 +m2

τ + |k2|(k̂p̂)2 − S+S−|k|2(1− (k̂p̂)2)

+2(k̂S+)(k̂S−)(|k|2 + (k0 −mτ )
2(k̂p̂)2) + 2k20(p̂S+)(p̂S−)

−2k0(k0 −mτ )k̂p̂((k̂S+)(p̂S−) + (k̂S−)(p̂S+))], (3)

1

e+

e−
τ−

τ+

γ∗

e+

e−
τ−

τ+

γ∗
dτ

γ

Figure 1: Diagrams of the lowest order (left) and the EDM term (right).

M2
Re = 4

e3

k0
|k|[ − (mτ + (k0 −mτ )(k̂p̂)

2)(S+ × S−)k̂

+ k0(k̂p̂)(S+ × S−)p̂ ], (4)

M2
Im = 4

e3

k0
|k|[ − (mτ + (k0 −mτ )(k̂p̂)

2)(S+ − S−)k̂

+ k0(k̂p̂)(S+ − S−)p̂ ], (5)

M2
d2 = 4e2|k|2 · (1− (k̂p̂)2)(1− S+S−), (6)

where k0 is the energy of the τ±, mτ is the τ mass, p is the three-momentum of the e+, k
is the three-momentum of the τ+, S± are the spin vectors for the τ±, and hats denote unit
momenta. M2

Re and M2
Im are the interference term of the lowest order and EDM diagram,

that is proportional to the real and imaginary part of dτ . Writing these equations we have
assumed unpolarized e+ and e− beams and neglected the electron mass.

The total differential cross section of the process e+e− → τ+τ− → X+Y − can be
factorized by the matrix elements for the τ -pair production vertex, Mprod, and the τ -decay
vertex, Mdec, as

dσtot ∼ M2
prod · M2

dec. (7)

Mdec is assumed not to have any EDM contribution.
In the analysis, we form so called optimal observables [3]

ORe =
M2

Re

M2
SM

, OIm =
M2

Im

M2
SM

, (8)

using the factorization method for the total cross section; these observables maximize the
sensitivity to the EDM (see Appendix). ORe is the CP-odd/T-odd observable, and OIm is
the CP-odd/T-even observable. In the case of a small form-factor (<∼ 10−16ecm), we can
ignore the d2τ term. Using the properties of the matrix elements, the mean values of these
observables ideally show a linear dependence on the real and imaginary parts of dτ ,

〈ORe〉 = CReRe(dτ ), 〈OIm〉 = CImIm(dτ ). (9)

Figure 2 shows the distribution of the optimal observables, ORe and OIm for the Monte
Carlo simulation generated with the weight function

w =
M2

SM +Re(dτ )M2
Re + Im(dτ )M2

Im + |dτ |2M2
d2

M2
SM

. (10)

At the event generation stage, the τ flight direction, the neutrino momenta and the initial
radiation information are used to get the exact spin-density-matrix element. In the analysis,

2

EDM effect on event shape
• Effective Lagrangian with EDM term for e+e- t+t-

• Squared spin density matrix （proportional to cross section）

– Interference term between lowest order and EDM term
 CP violating  spin-momentum correlation

3

: CP-odd, T-odd
: CP-odd, T-even
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M2
Re = 4

e3

k0
|k|[ − (mτ + (k0 −mτ )(k̂p̂)

2)(S+ × S−)k̂

+ k0(k̂p̂)(S+ × S−)p̂ ], (4)

M2
Im = 4

e3

k0
|k|[ − (mτ + (k0 −mτ )(k̂p̂)

2)(S+ − S−)k̂

+ k0(k̂p̂)(S+ − S−)p̂ ], (5)

M2
d2 = 4e2|k|2 · (1− (k̂p̂)2)(1− S+S−), (6)

where k0 is the energy of the τ±, mτ is the τ mass, p is the three-momentum of the e+, k
is the three-momentum of the τ+, S± are the spin vectors for the τ±, and hats denote unit
momenta. M2

Re and M2
Im are the interference term of the lowest order and EDM diagram,

that is proportional to the real and imaginary part of dτ . Writing these equations we have
assumed unpolarized e+ and e− beams and neglected the electron mass.

The total differential cross section of the process e+e− → τ+τ− → X+Y − can be
factorized by the matrix elements for the τ -pair production vertex, Mprod, and the τ -decay
vertex, Mdec, as

dσtot ∼ M2
prod · M2

dec. (7)

Mdec is assumed not to have any EDM contribution.
In the analysis, we form so called optimal observables [3]

ORe =
M2

Re

M2
SM

, OIm =
M2

Im

M2
SM

, (8)

using the factorization method for the total cross section; these observables maximize the
sensitivity to the EDM (see Appendix). ORe is the CP-odd/T-odd observable, and OIm is
the CP-odd/T-even observable. In the case of a small form-factor (<∼ 10−16ecm), we can
ignore the d2τ term. Using the properties of the matrix elements, the mean values of these
observables ideally show a linear dependence on the real and imaginary parts of dτ ,

〈ORe〉 = CReRe(dτ ), 〈OIm〉 = CImIm(dτ ). (9)

Figure 2 shows the distribution of the optimal observables, ORe and OIm for the Monte
Carlo simulation generated with the weight function

w =
M2

SM +Re(dτ )M2
Re + Im(dτ )M2

Im + |dτ |2M2
d2

M2
SM

. (10)

At the event generation stage, the τ flight direction, the neutrino momenta and the initial
radiation information are used to get the exact spin-density-matrix element. In the analysis,

2

EDM effect on event shape
• Effective Lagrangian with EDM term for e+e- t+t-

• Squared spin density matrix （proportional to cross section）

– Interference term between lowest order and EDM term
 CP violating  spin-momentum correlation

3

: CP-odd, T-odd
: CP-odd, T-even

EDM effect on event shape
• Effective Lagrangian with EDM term for e+e- t+t-

• Squared spin density matrix （proportional to cross section）

– Interference term between lowest order and EDM term
 CP violating  spin-momentum correlation

3

: CP-odd, T-odd
: CP-odd, T-even

EDM effect on event shape
• Effective Lagrangian with EDM term for e+e- t+t-

• Squared spin density matrix （proportional to cross section）

– Interference term between lowest order and EDM term
 CP violating  spin-momentum correlation

3

: CP-odd, T-odd
: CP-odd, T-even

EDM effect on event shape
• Effective Lagrangian with EDM term for e+e- t+t-

• Squared spin density matrix （proportional to cross section）

– Interference term between lowest order and EDM term
 CP violating  spin-momentum correlation

3

: CP-odd, T-odd
: CP-odd, T-even

EDM effect on event shape
• Effective Lagrangian with EDM term for e+e- t+t-

• Squared spin density matrix （proportional to cross section）

– Interference term between lowest order and EDM term
 CP violating  spin-momentum correlation

3

: CP-odd, T-odd
: CP-odd, T-even



Observable calculation from data

• Need tau flight direction
• Due to missing neutrinos from tau 

decays, there is uncertainty in the 
reconstructed tau direction
– Two-fold ambiguity in case that both 

tau leptons decay hadronically

– Additional ambiguity (       ) if tau 
decays leptonically

• Take an average over the possible 
tau directions

10
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Tau EDM: calculation from data

Take an average over the possible tau directions

𝜃:#

𝜃:$

• Need tau flight direction to obtain 𝜒45, 𝜒67
Both tau leptons decay hadronically : 𝜏𝜏 → (𝜋𝜈)(𝜋𝜈)
• CM frame: 𝑝BC = 𝑝, − 𝑝D C → 0 = 𝑚,

C +𝑚D
C + 2𝐸,𝐸D − 2 �⃗�, �⃗�D 𝑐𝑜𝑠𝜃D

à 𝑐𝑜𝑠𝜃D± =
CE'E(± #7(±

) #7'
)

C G⃗' G⃗(±

• 𝑒𝑒 → 𝜏𝜏: back-to-back
à Two-fold ambiguity

Tau leptons decay leptonically

• 𝑐𝑜𝑠𝜃D± =
CE'E(± #7(±

) #7'
)"7**

)

C G⃗' G⃗(±

à Additional ambiguity (𝑚BB
C ) 

JHEP 2204, 110

http://dx.doi.org/10.1007/JHEP04(2022)110
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Tau EDM: spin density matrix
We can reconstruct the 𝜏’s spin vectors, S, using the flight direction 
of the 𝜏 and the observed daughter particles
• Spin vector shows the most probable direction of the spin in the 𝜏
rest frame
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FIG. 4: Relation of Re(dτ ) and 〈ORe〉 for the ρρ mode ob-
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FIG. 5: EDM parameter sensitivity aRe/Im (top) and offset
bRe/Im (bottom) for each mode. The uncertainties are due to
the statistics of the MC samples.

yields between the data and simulation as a systematic
uncertainty on the background level. The resulting sys-
tematic uncertainties are about 10% for the sensitivities
and about the same order of statistical uncertainties of
the observables for the offsets.

In addition, we check the effect of ISR by introducing
it into the calculation. We obtain the momenta of the
ISR photons randomly from the KKMC generator, then,
boost all momenta of the final-state particles into the τ -
pair rest frame assuming that the ISR is coming from the
e+e− beam. We calculate the observables in this frame.
We iterate this process 100 times using the same hit-and-
miss approach as in the nominal analysis. For successful
trials, we obtain the mean of the observables. The shifts
and fluctuations with the ISR effect give estimates of the
systematic effects of ignoring it.

We calculate the final EDM values using the 833 fb−1

data sample, the results of which are listed in Table III
for each mode. We obtain the mean values of the electric
dipole moment weighted by a quadrature sum of statis-
tical and systematic uncertainties, for the real and imag-
inary parts,

Re(dτ ) = (−0.62± 0.63)× 10−17 ecm, (16)

Im(dτ ) = (−0.40± 0.32)× 10−17 ecm. (17)

The 95% confidence intervals become

−1.85× 10−17 < Re(dτ ) < 0.61× 10−17 ecm, (18)

−1.03× 10−17 < Im(dτ ) < 0.23× 10−17 ecm. (19)

Compared to the previous analysis [4], the obtained sta-
tistical uncertainties are reduced in proportion to the in-
crease in the data size. The systematic uncertainties are
improved because of the improved simulation, corrections
and the larger statistics of the MC samples. The sensitiv-
ity for Re(dτ ) and Im(dτ ) has improved by about a factor
of three. The systematic uncertainty from the detector
modeling limits our result and needs to be controlled for
future analysis.

Appendix

The spin vectors used in the analysis are listed here.
For τ → "ν"ντ ,

S± = A

(

±mτp"± −
c± + E"±mτ

k0 +mτ
k

)

, (20)

A =
4c± −m2

τ − 3m2
"

3m2
τc± − 4c2± − 2m2

"m
2
τ + 3c±m2

"

,

c± = k0E"± ∓ k · p"± ,

where k0 is the energy of the τ±, mτ is the τ mass, k is
the three-momentum of the τ+, p"± , E"± and m" are the
monentum, energy and mass of "±, respectively.
For τ → ρντ → ππ0ντ ,

S± = ∓A

(

∓H±
0 k +mτH

± +
k(k ·H±)

(k0 +mτ )

)

, (21)

A =
1

(k±H±)−m2
τ (pπ± − pπ0)2

,

(H±)ν = 2(pπ± − pπ0)ν(pπ± − pπ0)µ(k±)µ

+ (pπ± + pπ0)ν(pπ± − pπ0)2,

where k± = (k0,±k), H± = (H±
0 ,H±), and k±H± is

the four-vector product. Here, pπ± and pπ0 are the four-
momenta of the final state π± and π0.
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Tau EDM: experimental data
• 833 fb-1 of Belle data
• 28 times larger than previous analysis ( ~5 times less stat error)
• Improved detector understanding compared to previous analysis

• Better correction parameters for tracking, particle IDs
• Improvement on the MC simulation

• More beam background contribution to photons (beam bkg)

U(4S):636fb-1

U(5S):123fb-1

U(3S):3fb-1

U(2S):27fb-1

U(1S):8fb-1

Energy scan: 28fb-1

U(4S)

off-resonance

Experimental data

• 833 fb-1 of Belle data
– 28 times larger than previous analysis

• ~5 times less statistical error
– Improved detector understanding compared to previous analysis

• Better correction parameters for tracking, particle IDs
• Improvement on the MC simulation

– More beam background contribution to gammas

6

Data for this analysis
(Better detector configuration)Previous analysis
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Tau EDM: selected dataSelected data

• cosq (polar angle) and momentum distribution

• Good visual agreement between data and MC
– However, there are small mismatches in the distribution, which will be taken 

into account for the systematic error.  

8

Exp. data MC(dt=0) MC background

Selected data

• cosq (polar angle) and momentum distribution

• Good visual agreement between data and MC
– However, there are small mismatches in the distribution, which will be taken 

into account for the systematic error.  

8

Exp. data MC(dt=0) MC background𝑐𝑜𝑠𝜃 and momentum

• Good agreement between data and MC simulation
• There are small mismatches in the distribution, which will be taken 
into account for the systematic error
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Tau EDM: Observable
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We report a measurement of the electric dipole moment of the τ lepton (dτ ) using an 833 fb−1

data sample collected near the Υ(4S) resonance, with the Belle detector at the KEKB asymmetric-
energy e+e− collider. Using an optimal observable method, we obtain the real and imaginary parts
of dτ as Re(dτ ) = (−0.62±0.63)×10−17 ecm and Im(dτ ) = (−0.40±0.32)×10−17 ecm, respectively.
These results are consistent with null electric dipole moment at the present level of experimental
sensitivity and improve the sensitivity by about a factor of three.

PACS numbers: 13.40.Gp, 13.35.Dx, 14.60.Fg

The electric dipole moment (EDM) of the τ lepton is a
fundamental parameter that parameterizes time-reversal
(T) or charge-conjugation–parity (CP) violation at the
γττ vertex. In the Standard Model (SM), CP violation
arises due to an irreducible phase in the CKM matrix [1],
which predicts an unobservably small τ -lepton EDM (dτ )
of order 10−37 ecm [2]. Hence, observation of a nonzero
dτ value would be a clear sign of new physics. Some
new physics models indicate a larger EDM of order 10−19

ecm [3].
The most sensitive previous measurement set an upper

limit on the EDM of order 10−17 ecm [4]; the results were
obtained by the Belle collaboration [5] using 29.5 fb−1 of
data collected at the KEKB collider [6] at a center-of-
mass (CM) energy

√
s = 10.58 GeV. The obtained real

and imaginary parts of dτ were Re(dτ ) = (1.15± 1.70)×
10−17 ecm and Im(dτ ) = (−0.83± 0.86)× 10−17 ecm, re-
spectively. The corresponding limits were−2.2×10−17 <
Re(dτ ) < 4.5× 10−17 ecm and −2.5× 10−17 < Im(dτ ) <
0.8× 10−17 ecm.
In this paper, we present updated results on dτ using

a much larger sample of 833 fb−1 Belle data, of which
571 fb−1 collected at the Υ(4S) resonance; 74 fb−1 col-
lected 60 MeV below it; and 188 fb−1 collected near
the Υ(1S), Υ(2S), Υ(3S), and Υ(5S) resonances. These
samples are independent from the one used in the previ-
ous Belle result. The sensitivity for Re(dτ ) and Im(dτ )
has improved by about a factor of three, due to the in-
crease of the data statistics and improved analysis strat-
egy.
The effective Lagrangian for τ -pair production includ-

ing the EDM term in the vertex is

L = τ̄ [−eQγµAµ − idτσ
µνγ5∂µAν ]τ. (1)

Including the EDM term, the squared spin-density ma-
trix (χprod) for the production vertex in the process
e+e− → τ+τ− is given by [7]

χprod = χSM +Re(dτ )χRe + Im(dτ )χIm + |dτ |2χd2 , (2)

where χSM is the SM term, and χRe and χIm are the inter-
ference terms between the SM and the EDM for the real

and imaginary parts of dτ . Here, χd2 is a higher-order
EDM term, which we can neglect since dτ is small. The
matrix elements in Eq. (2) can be expressed using the
momenta of the electron beam and the τ lepton, and the
spins of τ+ and τ− in the e+e− CM frame. The interfer-
ence terms are proportional to CP-odd spin-momentum
correlation terms

χRe ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ × S−) · k̂
+k0(k̂ · p̂)(S+ × S−) · p̂, (3)

χIm ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ − S−) · k̂
+k0(k̂ · p̂)(S+ − S−) · p̂, (4)

where k0 is the energy of the τ±, mτ is the τ mass, p is
the three-momentum of the e+, k is the three-momentum
of the τ+, S± are the spin vectors for the τ±, and hats
denote unit momenta. In Eqs. (3) and (4) above, χRe is
T-odd and χIm is T-even. A more detailed discussion is
given in Ref. [4].
Several CP-violating observables have been proposed

in the literature [3]. For this study, we use the so-called
optimal observable method [8] to obtain the dτ values.
The optimal observables are

ORe =
χRe

χSM
, OIm =

χIm

χSM
. (5)

They maximize sensitivity to the τ EDM. The mean val-
ues of these observables (〈ORe〉, 〈OIm〉) are linearly de-
pendent on Re(dτ ) and Im(dτ ),

〈ORe〉 = aReRe(dτ )+bRe, 〈OIm〉 = aImIm(dτ )+bIm, (6)

since

〈ORe〉 ∝
∫

OReχproddφ

=

∫

χRedφ+Re(dτ )

∫

(χRe)2

χSM
dφ, (7)

where the integration is performed over the available
phase space φ and

aRe =

∫

(χRe)2

χSM
dφ, bRe =

∫

χRedφ. (8)

Average value is proportional to EDM
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The electric dipole moment (EDM) of the τ lepton is a
fundamental parameter that parameterizes time-reversal
(T) or charge-conjugation–parity (CP) violation at the
γττ vertex. In the Standard Model (SM), CP violation
arises due to an irreducible phase in the CKM matrix [1],
which predicts an unobservably small τ -lepton EDM (dτ )
of order 10−37 ecm [2]. Hence, observation of a nonzero
dτ value would be a clear sign of new physics. Some
new physics models indicate a larger EDM of order 10−19

ecm [3].
The most sensitive previous measurement set an upper

limit on the EDM of order 10−17 ecm [4]; the results were
obtained by the Belle collaboration [5] using 29.5 fb−1 of
data collected at the KEKB collider [6] at a center-of-
mass (CM) energy

√
s = 10.58 GeV. The obtained real

and imaginary parts of dτ were Re(dτ ) = (1.15± 1.70)×
10−17 ecm and Im(dτ ) = (−0.83± 0.86)× 10−17 ecm, re-
spectively. The corresponding limits were−2.2×10−17 <
Re(dτ ) < 4.5× 10−17 ecm and −2.5× 10−17 < Im(dτ ) <
0.8× 10−17 ecm.
In this paper, we present updated results on dτ using

a much larger sample of 833 fb−1 Belle data, of which
571 fb−1 collected at the Υ(4S) resonance; 74 fb−1 col-
lected 60 MeV below it; and 188 fb−1 collected near
the Υ(1S), Υ(2S), Υ(3S), and Υ(5S) resonances. These
samples are independent from the one used in the previ-
ous Belle result. The sensitivity for Re(dτ ) and Im(dτ )
has improved by about a factor of three, due to the in-
crease of the data statistics and improved analysis strat-
egy.
The effective Lagrangian for τ -pair production includ-

ing the EDM term in the vertex is

L = τ̄ [−eQγµAµ − idτσ
µνγ5∂µAν ]τ. (1)

Including the EDM term, the squared spin-density ma-
trix (χprod) for the production vertex in the process
e+e− → τ+τ− is given by [7]

χprod = χSM +Re(dτ )χRe + Im(dτ )χIm + |dτ |2χd2 , (2)

where χSM is the SM term, and χRe and χIm are the inter-
ference terms between the SM and the EDM for the real

and imaginary parts of dτ . Here, χd2 is a higher-order
EDM term, which we can neglect since dτ is small. The
matrix elements in Eq. (2) can be expressed using the
momenta of the electron beam and the τ lepton, and the
spins of τ+ and τ− in the e+e− CM frame. The interfer-
ence terms are proportional to CP-odd spin-momentum
correlation terms

χRe ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ × S−) · k̂
+k0(k̂ · p̂)(S+ × S−) · p̂, (3)

χIm ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ − S−) · k̂
+k0(k̂ · p̂)(S+ − S−) · p̂, (4)

where k0 is the energy of the τ±, mτ is the τ mass, p is
the three-momentum of the e+, k is the three-momentum
of the τ+, S± are the spin vectors for the τ±, and hats
denote unit momenta. In Eqs. (3) and (4) above, χRe is
T-odd and χIm is T-even. A more detailed discussion is
given in Ref. [4].
Several CP-violating observables have been proposed

in the literature [3]. For this study, we use the so-called
optimal observable method [8] to obtain the dτ values.
The optimal observables are

ORe =
χRe

χSM
, OIm =

χIm

χSM
. (5)

They maximize sensitivity to the τ EDM. The mean val-
ues of these observables (〈ORe〉, 〈OIm〉) are linearly de-
pendent on Re(dτ ) and Im(dτ ),

〈ORe〉 = aReRe(dτ )+bRe, 〈OIm〉 = aImIm(dτ )+bIm, (6)

since

〈ORe〉 ∝
∫

OReχproddφ

=

∫

χRedφ+Re(dτ )

∫

(χRe)2

χSM
dφ, (7)

where the integration is performed over the available
phase space φ and

aRe =

∫

(χRe)2

χSM
dφ, bRe =

∫

χRedφ. (8)

Observable

• Optimal observable

– Maximize sensitivity (S/N)

– Calculate event-by-event
• Using tau flight direction and spin 

direction (from decay products)
– Average value is proportional to 

EDM

9

[W. Bernreuther, O. Nachtmann, and P. Overmann; PRD 45(1992)2405]

MC simulation (ee tt ppnn) 
with/without EDM (5x10-16ecm)

● dt=0
○ dt=5x10-16ecm

Use optimal observable to measure EDM
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fundamental parameter that parameterizes time-reversal
(T) or charge-conjugation–parity (CP) violation at the
γττ vertex. In the Standard Model (SM), CP violation
arises due to an irreducible phase in the CKM matrix [1],
which predicts an unobservably small τ -lepton EDM (dτ )
of order 10−37 ecm [2]. Hence, observation of a nonzero
dτ value would be a clear sign of new physics. Some
new physics models indicate a larger EDM of order 10−19

ecm [3].
The most sensitive previous measurement set an upper

limit on the EDM of order 10−17 ecm [4]; the results were
obtained by the Belle collaboration [5] using 29.5 fb−1 of
data collected at the KEKB collider [6] at a center-of-
mass (CM) energy

√
s = 10.58 GeV. The obtained real

and imaginary parts of dτ were Re(dτ ) = (1.15± 1.70)×
10−17 ecm and Im(dτ ) = (−0.83± 0.86)× 10−17 ecm, re-
spectively. The corresponding limits were−2.2×10−17 <
Re(dτ ) < 4.5× 10−17 ecm and −2.5× 10−17 < Im(dτ ) <
0.8× 10−17 ecm.
In this paper, we present updated results on dτ using

a much larger sample of 833 fb−1 Belle data, of which
571 fb−1 collected at the Υ(4S) resonance; 74 fb−1 col-
lected 60 MeV below it; and 188 fb−1 collected near
the Υ(1S), Υ(2S), Υ(3S), and Υ(5S) resonances. These
samples are independent from the one used in the previ-
ous Belle result. The sensitivity for Re(dτ ) and Im(dτ )
has improved by about a factor of three, due to the in-
crease of the data statistics and improved analysis strat-
egy.
The effective Lagrangian for τ -pair production includ-

ing the EDM term in the vertex is

L = τ̄ [−eQγµAµ − idτσ
µνγ5∂µAν ]τ. (1)

Including the EDM term, the squared spin-density ma-
trix (χprod) for the production vertex in the process
e+e− → τ+τ− is given by [7]

χprod = χSM +Re(dτ )χRe + Im(dτ )χIm + |dτ |2χd2 , (2)

where χSM is the SM term, and χRe and χIm are the inter-
ference terms between the SM and the EDM for the real

and imaginary parts of dτ . Here, χd2 is a higher-order
EDM term, which we can neglect since dτ is small. The
matrix elements in Eq. (2) can be expressed using the
momenta of the electron beam and the τ lepton, and the
spins of τ+ and τ− in the e+e− CM frame. The interfer-
ence terms are proportional to CP-odd spin-momentum
correlation terms

χRe ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ × S−) · k̂
+k0(k̂ · p̂)(S+ × S−) · p̂, (3)

χIm ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ − S−) · k̂
+k0(k̂ · p̂)(S+ − S−) · p̂, (4)

where k0 is the energy of the τ±, mτ is the τ mass, p is
the three-momentum of the e+, k is the three-momentum
of the τ+, S± are the spin vectors for the τ±, and hats
denote unit momenta. In Eqs. (3) and (4) above, χRe is
T-odd and χIm is T-even. A more detailed discussion is
given in Ref. [4].
Several CP-violating observables have been proposed

in the literature [3]. For this study, we use the so-called
optimal observable method [8] to obtain the dτ values.
The optimal observables are

ORe =
χRe

χSM
, OIm =

χIm

χSM
. (5)

They maximize sensitivity to the τ EDM. The mean val-
ues of these observables (〈ORe〉, 〈OIm〉) are linearly de-
pendent on Re(dτ ) and Im(dτ ),

〈ORe〉 = aReRe(dτ )+bRe, 〈OIm〉 = aImIm(dτ )+bIm, (6)

since

〈ORe〉 ∝
∫

OReχproddφ

=

∫

χRedφ+Re(dτ )

∫

(χRe)2

χSM
dφ, (7)

where the integration is performed over the available
phase space φ and

aRe =

∫

(χRe)2

χSM
dφ, bRe =

∫

χRedφ. (8)
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samples are independent from the one used in the previ-
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has improved by about a factor of three, due to the in-
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ing the EDM term in the vertex is

L = τ̄ [−eQγµAµ − idτσ
µνγ5∂µAν ]τ. (1)

Including the EDM term, the squared spin-density ma-
trix (χprod) for the production vertex in the process
e+e− → τ+τ− is given by [7]

χprod = χSM +Re(dτ )χRe + Im(dτ )χIm + |dτ |2χd2 , (2)

where χSM is the SM term, and χRe and χIm are the inter-
ference terms between the SM and the EDM for the real

and imaginary parts of dτ . Here, χd2 is a higher-order
EDM term, which we can neglect since dτ is small. The
matrix elements in Eq. (2) can be expressed using the
momenta of the electron beam and the τ lepton, and the
spins of τ+ and τ− in the e+e− CM frame. The interfer-
ence terms are proportional to CP-odd spin-momentum
correlation terms

χRe ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ × S−) · k̂
+k0(k̂ · p̂)(S+ × S−) · p̂, (3)

χIm ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ − S−) · k̂
+k0(k̂ · p̂)(S+ − S−) · p̂, (4)

where k0 is the energy of the τ±, mτ is the τ mass, p is
the three-momentum of the e+, k is the three-momentum
of the τ+, S± are the spin vectors for the τ±, and hats
denote unit momenta. In Eqs. (3) and (4) above, χRe is
T-odd and χIm is T-even. A more detailed discussion is
given in Ref. [4].
Several CP-violating observables have been proposed

in the literature [3]. For this study, we use the so-called
optimal observable method [8] to obtain the dτ values.
The optimal observables are

ORe =
χRe

χSM
, OIm =

χIm

χSM
. (5)

They maximize sensitivity to the τ EDM. The mean val-
ues of these observables (〈ORe〉, 〈OIm〉) are linearly de-
pendent on Re(dτ ) and Im(dτ ),

〈ORe〉 = aReRe(dτ )+bRe, 〈OIm〉 = aImIm(dτ )+bIm, (6)

since

〈ORe〉 ∝
∫

OReχproddφ

=

∫

χRedφ+Re(dτ )

∫

(χRe)2

χSM
dφ, (7)

where the integration is performed over the available
phase space φ and

aRe =

∫

(χRe)2

χSM
dφ, bRe =

∫

χRedφ. (8)
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We report a measurement of the electric dipole moment of the τ lepton (dτ ) using an 833 fb−1

data sample collected near the Υ(4S) resonance, with the Belle detector at the KEKB asymmetric-
energy e+e− collider. Using an optimal observable method, we obtain the real and imaginary parts
of dτ as Re(dτ ) = (−0.62±0.63)×10−17 ecm and Im(dτ ) = (−0.40±0.32)×10−17 ecm, respectively.
These results are consistent with null electric dipole moment at the present level of experimental
sensitivity and improve the sensitivity by about a factor of three.
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√
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has improved by about a factor of three, due to the in-
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egy.
The effective Lagrangian for τ -pair production includ-

ing the EDM term in the vertex is

L = τ̄ [−eQγµAµ − idτσ
µνγ5∂µAν ]τ. (1)

Including the EDM term, the squared spin-density ma-
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e+e− → τ+τ− is given by [7]

χprod = χSM +Re(dτ )χRe + Im(dτ )χIm + |dτ |2χd2 , (2)

where χSM is the SM term, and χRe and χIm are the inter-
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and imaginary parts of dτ . Here, χd2 is a higher-order
EDM term, which we can neglect since dτ is small. The
matrix elements in Eq. (2) can be expressed using the
momenta of the electron beam and the τ lepton, and the
spins of τ+ and τ− in the e+e− CM frame. The interfer-
ence terms are proportional to CP-odd spin-momentum
correlation terms

χRe ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ × S−) · k̂
+k0(k̂ · p̂)(S+ × S−) · p̂, (3)

χIm ∝ −{mτ + (k0 −mτ )(k̂ · p̂)2}(S+ − S−) · k̂
+k0(k̂ · p̂)(S+ − S−) · p̂, (4)

where k0 is the energy of the τ±, mτ is the τ mass, p is
the three-momentum of the e+, k is the three-momentum
of the τ+, S± are the spin vectors for the τ±, and hats
denote unit momenta. In Eqs. (3) and (4) above, χRe is
T-odd and χIm is T-even. A more detailed discussion is
given in Ref. [4].
Several CP-violating observables have been proposed

in the literature [3]. For this study, we use the so-called
optimal observable method [8] to obtain the dτ values.
The optimal observables are

ORe =
χRe

χSM
, OIm =

χIm

χSM
. (5)

They maximize sensitivity to the τ EDM. The mean val-
ues of these observables (〈ORe〉, 〈OIm〉) are linearly de-
pendent on Re(dτ ) and Im(dτ ),

〈ORe〉 = aReRe(dτ )+bRe, 〈OIm〉 = aImIm(dτ )+bIm, (6)

since

〈ORe〉 ∝
∫

OReχproddφ

=

∫

χRedφ+Re(dτ )

∫

(χRe)2

χSM
dφ, (7)

where the integration is performed over the available
phase space φ and

aRe =

∫

(χRe)2

χSM
dφ, bRe =

∫

χRedφ. (8)

Observable

• Optimal observable

– Maximize sensitivity (S/N)

– Calculate event-by-event
• Using tau flight direction and spin 

direction (from decay products)
– Average value is proportional to 

EDM

9

[W. Bernreuther, O. Nachtmann, and P. Overmann; PRD 45(1992)2405]

MC simulation (ee tt ppnn) 
with/without EDM (5x10-16ecm)

● dt=0
○ dt=5x10-16ecm

PRD 45(1992)2405

Calculate event-by-event
• Using tau flight direction and spin direction 
from decay products

MC simulation
𝑒𝑒 → 𝜏𝜏 → 𝜋𝜋𝜈𝜈

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.45.2405
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Tau EDM: conversion parametersConversion parameters

• The  and p modes have higher sensitivity, because of less neutrinos.
• Offset bIm due to the forward/backward asymmetric acceptance

14

Coefficient a (~sensitivity)

Offset b

• The 𝜌𝜌 and 𝜋𝜌 modes have higher sensitivity, because of less neutrinos
• Offset 𝑏;< due to the forward/backward asymmetric acceptance 

Coefficient a (~ sensitivity)

Offset b



2022/7/8 31

Tau EDM: sensitivity

Summary

• We have analyzed 833 fb-1 of Belle data to measure the 
electric dipole moment of tau lepton.
– With optimal observable method
– 28 times more data than in the previous analysis by Belle

• Obtained the result consistent with zero EDM

– 95% confidence intervals

– Detector modeling limits our result
– Good event vertex resolution to obtain

tau direction information will improve 
the sensitivity for future analysis.
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