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Problem:

Electron

ae = 1 159 652 180: 73 (28) � 10�12
0.24 parts per billion! Hanneke et al, PRL100 (2008) 120801

Muon

a� = 1 165 920 89 (63) � 10�11
0.54 parts per million! E821–Final Rep: PRD73 (2006) 072003

Tau

�0:052 � a� � 0:013
Not even a test of LO! �=(2�) � 0:00116
DELPHI - EPJC 35 (2004) 159
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Form Factors & Dipole Moments
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Direct and Indirect Measurement

Direct measurements

f f

Aµ
ext(~q)

���
���
���
���
���
���

���
���
���
���
���
���

D
5U  line

D
3,

D
4

Q2

Q1

D
6

D
1,

D
2

V  line

AGS

VD3

VD4

Beam Stop

Inflector

Pion Decay Channel

Pion Production Target

K1−K2

K
3
−

K
4

2 Ringg −

U V  line−

Indirect measurements

e−

e+

τ−

τ+

γ

q2 6= 0
τ

ντ

ν̄e

e

W

, 4/18



Direct and Indirect Measurement

Direct measurements

f f

Aµ
ext(~q)

���
���
���
���
���
���

���
���
���
���
���
���

D
5U  line

D
3,

D
4

Q2

Q1

D
6

D
1,

D
2

V  line

AGS

VD3

VD4

Beam Stop

Inflector

Pion Decay Channel

Pion Production Target

K1−K2

K
3
−

K
4

2 Ringg −

U V  line−

Indirect measurements

e−

e+

τ−

τ+

γ

q2 6= 0
τ

ντ

ν̄e

e

W

, 4/18



Effective Lagrangian Approach

Leff = LSM+

�
ca

eQ�

4�
����� � cd

i
2�

����5�

�
F��

The new terms arise after integrating out the heavy degrees of
freedom associated to possible NP.

a� = aSM
� + ca

m�

�
+ : : : d� = dSM

� + cd
1
�
+ : : :

The contributions from the two effective operators to a� and d�
are the same for q2 = 0 and q2 6= 0� �2.

Only higher dimensional operators would give rise to a difference
between these two cases
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Radiative Leptonic Decays



Current bounds

e+e� ! e+e��+�� at
p
s between

183 and 208 GeV at LEP2
(the PDG value)

The 95% C.L. limit

e−

e+ e+

e−

τ+

τ−

�0:052 � a� � 0:013 DELPHI - EPJC35 (2004) 159

EDM SM estimate jdSM
� j � 10�35e � cm!

EDM current 95% C.L. limits from e+e� ! �+��:

�2:2 � Re(d� ) � 4:5 (10�17e � cm)
�2:5 � Im(d� ) � 0:8 (10�17e � cm)

Belle coll. PLB 551 (2003) 16.
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Determination of a� : Proposals

Heavy ions collisions at LHC

Pb Pb ! Pb Pb  ! Pb Pb ��

Pb

Pb

τ+

τ−

F. del Aguila et al, PLB 271 (1991) 256

Channeling of polarized � s in
a bent crystal.

VOLUME 69, NUMBER 23 PH YSICAL REVIEW LETTERS 7 DECEMBER 1992
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FIG. I. (a) Plan view of the incident proton beam and spec-
trometer system. The horizontal scale (z) correctly illustrates
the length of the apparatus, the vertical scale (x) is schematic
only. (b) Elevation view of the channeling apparatus (not to
scale). The arrows illustrate the spin precession in the crystals.
Shaded areas depict the Z+ decay cone. The scintillation
counters A and DF are part of the trigger and are described in
the text.

clusters of silicon strip detectors) and a baryon spectrom-
eter (two dipole magnets and four clusters of multiwire
proportional chambers).
Two bent Si crystals were installed downstream of the

hyperon spectrometer at the beginning of the decay re-
gion. The major faces of the crystals were cut along their
(111) planes, which were oriented in the x-z plane [Fig.
1(b)]. Each crystal was 2.50x0.04x4.50 cm3 and was
bent using a multipoint bending jig. The beam was in-
cident on the 2.50&0.04-cm2 face. The upper crystal
deflected the beam down and the lower crystal deflected
the beam up. The deflections were approximately the
same. The crystal curvature produced an equivalent
magnetic field B„which precessed the spins of the chan-
neled particles in the y-z plane. The bending of the two
crystals was such that each crystal precessed the chan-
neled particle's spin in opposite directions [Fig. 1(b)].
Energy loss detectors were implanted along the beam
path in each crystal. These measured the energy loss of
particles traversing the crystals and helped distinguish
channeled particles, which have less energy loss, from
nonchanneled ones.
As illustrated in Fig. 1, a vertically polarized Z+ beam

[14] was produced by directing the Fermilab Proton
Center extracted 800-GeV/e proton beam onto a Cu tar-
get (T). The resulting X+ were produced alternately at a
+3.7- or —3.7-mrad horizontal targeting angle relative to
the incident proton beam direction. This allowed the po-
larization direction to be periodically reversed. The mean
X+ beam momentum was determined by the hyperon

channel geometry (HI) and magnetic field to be 375
GeV/e with a full momentum spread of Ap/p =7%. We
measured the polarization to be (12+ 1)%. At 10 m
from the target the beam composition was = 1% Z+, the
rest being mostly pions and protons. The vertical beam
size (FWHM) at the z position of the crystals was 1.8 cm
with a vertical divergence of 1.4 mrad.
Individual beam particles were measured by the hy-

peron spectrometer to a precision (o) of 15 pm, 12 farad,
and 7 prad in position, horizontal angle, and vertical an-
gle, respectively, at the crystals. Individual track mo-
menta were measured to hp/p =0.7%. In our case only a
small fraction, 2.5&10, of the beam particles were
channeled. This was mainly determined by the ratio of
the active area of the crystals to the beam area at the
crystals and the probability of the incident particles to be
within the Lindhard critical angle [16] (=10 prad).
The channeling fraction was consistent with expectations
[2].
The total beam flux in the hyperon spectrometer aver-

aged 100 kHz. The small fraction that channeled was
enhanced using a scintillation counter trigger. This
trigger, whose major components are shown in Fig. 1(b),
included beam defining counters in the hyperon spectrom-
eter (not shown), a counter (A) which rejected beam
tracks that missed the crystals, and a counter (DF) which
rejected undeflected beam tracks. The trigger also re-
quired an energy loss signal from a crystal in coincidence
with the beam. The trigger rate averaged 200 Hz. The
data were collected over a period of 74 h.
The baryon spectrometer (Fig. I) measured the down-

stream track with resolutions (o) of 0.6%, 20 prad and
13 grad in momentum, horizontal angle, and vertical an-
gle, respectively. For each event tracks were reconstruct-
ed in the spectrometers and the angle between them was
computed. Channeled particles were identified by their
deflection angle ro and by their lower relative energy loss
hE in the crystals. Figure 2(a) illustrates the charac-
teristic energy loss spectrum for beam particles which
satisfied the trigger requirements. Here hE has been nor-
malized to the most probable random energy loss. The
lower peak is due to channeled particles. Figure 2(b)
shows the overall distribution of deflection angles after a
channeling energy loss requirement of 0.50 & BE&0.85
was imposed. The alignment of the crystal's angle rela-
tive to the x-z plane was done using a remotely controlled
goniometer with a least count 1.8 prad. Changes were
made so as to maximize the fraction of particles in the
low-energy portion of the hE plot of Fig. 2(a). The beam
deflection by the crystals [Fig. 2(b)] was also monitored.
The deflection of the channeled particles was measured

to be co = 1.649 + 0.043 and —1.649 ~ 0.030 mrad for
the up- and down-bending crystals, respectively. For
375-GeV/c X+ this corresponds to an effective magnetic
field of B„=45T in the crystals. The magnetic moment
[6] of the Z+ should precess by p= I rad in such a field.
The Z+ was identified by measuring the vector momen-

3287

Chen et al. PRL 69 (1992) 3286

Samuel et al. PRL 67 (1991) 668
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Determination of a� : Proposals

Bernabéu et al. propose the measurement of F2V (q2 =M 2
�) from

e+e� ! �! �+�� production at B factories.
Bernabéu et al. NPB 790 (2008) 160.

γγ

F1Υ

(c)
τ+e+

+
γ γ

Υ

(d)
τ+e+

e− τ−τ−e−

F2

Expected sensitivity for Babar+Belle: 4:6 � 10�6 with L = 2 ab�1.

At Belle and Belle II the visible cross section is dominated by
non-resonant interaction due to the beam energy spread.

��(1S);�(2S);�(3S) � O(10 keV), �" � 3 MeV

, 9/18



Determination of a� : Proposals

Bernabéu et al. propose the measurement of F2V (q2 =M 2
�) from

e+e� ! �! �+�� production at B factories.
Bernabéu et al. NPB 790 (2008) 160.

γγ

F1Υ

(c)
τ+e+

+
γ γ

Υ

(d)
τ+e+

e− τ−τ−e−

F2

Expected sensitivity for Babar+Belle: 4:6 � 10�6 with L = 2 ab�1.

At Belle and Belle II the visible cross section is dominated by
non-resonant interaction due to the beam energy spread.

��(1S);�(2S);�(3S) � O(10 keV), �" � 3 MeV

, 9/18



Leptonic Radiative Decays of the Tau

τ

ντ

ν̄l

l

γ

W

�
�
!  l� ���l

with l = e ; �

Suggested by Laursen et al. to search for the a� in radiative
leptonic � decays using the phenomenon of radiation zero.

The SM tree-level amplitude vanishes in the phase space region:

cos(l ; ) = �1; El =
m2

� +m2
l

2m�
(in the tau r.f.)

M. L. Laursen et al. PRD 29 (1984) 2652
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Leptonic Radiative Decays of the Tau

τ

ντ

ν̄l

l

γ

W

�
�
!  l� ���l

with l = e ; �

Extend the strategy to d� ,

Probe at O(10�3) the parameters

~a� � ca
m�

�
and ~d� � cd

1
�

Provide the theoretical framework for such measurement.
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QED NLO Corrections to Tau Radiative Decay

Polarized differential decay rate d� up to O(10�3).
Dependence on El , E , 
l and 


d� = d�LO +
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Branching Ratios: E > 10 MeV

process LO % NLO % MW %
�� ! e���e�� 1.836 -0.183 0.0006
�� ! ������� 0.367 -0.009 0.0001

process B.R. % exp. B.R. % (PDG)
�+ ! e+�e ��� 1:3 1:4 (4) ?

�� ! e���e�� 1:653 1:75� 0:06� 0:17 y

�� ! ������� 0:358 0:361� 0:016� 0:035 y

?Crittenden et al. PR 121 (1964) 1823, yCLEO Coll. PRL 84 (2000) 830

process B.R. % exp. B.R. %
�� ! e���e�� 1:653 1:847� 0:015� 0:052 �

�� ! ������� 0:358 0:369� 0:003� 0:010 �

�BaBar preliminary results, B. Oberhof

3:6�

, 12/18



Branching Ratios: E > 10 MeV

process LO % NLO % MW %
�� ! e���e�� 1.836 -0.183 0.0006
�� ! ������� 0.367 -0.009 0.0001

process B.R. % exp. B.R. % (PDG)
�+ ! e+�e ��� 1:3 1:4 (4) ?

�� ! e���e�� 1:653 1:75� 0:06� 0:17 y

�� ! ������� 0:358 0:361� 0:016� 0:035 y

?Crittenden et al. PR 121 (1964) 1823, yCLEO Coll. PRL 84 (2000) 830

process B.R. % exp. B.R. %
�� ! e���e�� 1:653 1:847� 0:015� 0:052 �

�� ! ������� 0:358 0:369� 0:003� 0:010 �

�BaBar preliminary results, B. Oberhof

3:6�

, 12/18



Feasibility study
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Approach 1: Radiation Zero

Study of the radiation zero point.

A set of �+�� events analyzed. (�� ! l�1 ��; �� ! l�2 ��)

Final state: (l�1 ; l�2 ) with l1; l2 = e ; � and l1 6= l2

cos(l1; ) < �0:9; 0:1 < cos(l2; ); and E > 0:5 GeV

With the whole Belle statistics (0:9� 109 � pairs),
the upper ~a� upper bound is

U.L. (~a� ) ' 2
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Approach 2: Unbinned Maximum Likelihood

Take advantage of �� ! ��� ! ���0� as a spin analyzer.

In �� ! l��� we are sensitive to the spin dependent part.

12-dimensional phase space analysis (l�; ; ��; �0).

�-tag

(
τ−

l−

γ
τ+ρ

π+

π0

RH LH

RHLH )
signal side

Developed special generator of the (l���; ���0�) events

Fit the generated event samples corresponding to the amount of
data available at Belle and expected at Belle II.
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Results

�-tag mode, BR= 25:5% �� ! ��� only

full-tag mode, BR= 90%
�
�
! �

�
�; �

�
! �

�
�; �

�
! �

�
�

0
�

0
�;

�
�
! �

�
�
+
�
�
�; �

�
! e���; �� ! �

�
��

Sensitivity to ã� and d̃�
Re(~a� ) Im(~a� ) Re(~d� ) Im(~d� )

Belle (�-tag) 0:16 0:16 0:15 0:046
Belle-II (�-tag) 0:023 0:023 0:021 0:007
Belle (full tag) 0:085 0:085 0:080 0:024
Belle-II (full tag) 0:012 0:012 0:011 0:003

DELPHIy 0:017 — — —
Belle� — — 0:0015 0:0008

yDELPHI - EPJC35 (2004) 159 �Belle coll. PLB 551 (2003) 16.
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Summary and Outlook

Radiative leptonic � decays can probe � DipM.

We provided with the polarized differential decay rate at NLO in
QED plus small W -boson effects.
We found some discrepancies with previous results.

The upper limit achievable at Belle via radiation zero
phenomenon is only a� � 1.

Analysis in the full phase-space is required.

Feasibility study shows that Belle II can ameliorate the current
DELPHI result for a� .

The extraction of � DipM from e+e� ! �+�� is not excluded.
A careful theoretical reanalysis is needed.

A possible dedicated experiment (bent crystal)?

What are the prospects at the LHC?
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Thanks!
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Backup slides
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QED NLO Corrections to Tau Radiative Decay

The total differential decay for a polarized � lepton in the tau r.f. is

d6�NLO

dx dy d
l d

=

�G2
Fm

5
�

(4�)6
x�

1+ �W(m�;me)

"
G(x ; y ; c)

+ x� n̂ � p̂l J (x ; y ; c) + y n̂ � p̂ K (x ; y ; c) + y x� n̂ � (p̂l � p̂) L(x ; y ; c)

#

where x = 2El=m� , y = 2E=m� , c = cos �l . The tau polarization
vector n = (0; ~n) satisfies n2 = �1 and n � p� = 0. The function
G(x ; y ; c), and similarly for J and K , is given by

G(x ; y ; c) =
4

3yz 2

"
gLO(x ; y ; z ) +

�

�
gNLO(x ; y ; z ; ymin) +

�
m�

MW

�2

gW(x ; y ; z )

#
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�

�
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�
m�
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�2

gW(x ; y ; z )

#

Compared with previous work A. B. Arbuzov PLB 597 (2004) 285
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QED NLO Corrections to Tau Radiative Decay

Polarized differential decay rate d� up to O(10�3).
Dependence on El , E , 
l and 


d� = d�LO +

�
m�

MW

�2

d�W + ~a�d�a + ~d� d�d +
�

�
d�NLO

Analytic expression implemented in Fortran

subroutine gnlo(resgnlo)
implicit none
external NLOfunctions
double precision resgnlo

...
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Feasibility study: Unbinned maximum likelihood

Phase space point X = (pl ;
l ; p ;
 ; p�;
�;m2
��; ~
�)

The PDF P(~X ) is constructed from the differential cross section
d�
dPS

(e+e� ! ���� ! (l���; ���0�))

Unbinned maximum likelihood of the generated events

P(~X j~a� ; ~d� ) =
F~a� ;~d� (

~X )R F~a� ;~d� (
~X )d ~X

where F~a� ;~d� (
~X ) is the visible differential cross section.

Developed special generator of the (l���; ���0�) events

Fit of generated event samples corresponding to the amount of
data available at Belle and expected at Belle II.
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~nρ

~nlγ

Clγ

Cρ

~nτ

A

B

x∗

y∗

Θτ

×
� ! ��:
(p� � p�)2 = 0

� ! `���:
M��� > 0
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