
Ideas for flavour studies 
with FCC-ee

Uli Haisch!
Oxford University

FCC-ee/TLEP physics workshop (TLEP7), 19-21 June 2014, CERN



Apart from tensor operators all Lorentz structures are tested

Bs!!+!‒: The unbounded
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Bs!!+!‒ best probe of scalar & vector operators of form sb!!
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Bs!!+!‒: The unbounded

[Bobeth et al., 1311.0903]

No direct limit & indirect bound Br(Bs!!+!‒) < 1.5% 
from Bd,s lifetime ratio can be evaded through tuning

SM predictions for all Bd,s!l+l‒ modes recently improved:

Br(Bs!!+!‒) = 7.73·(1 ± 6%)·10-7

Challenging measurement at LHCb but a limit of O(10-3) 
should be reachable with LHC Run I dataset. Bound of 
similar strength should also be attainable at Belle II

[Mordá, talk at “Flavor of New Physics in b!s transitions”]

How well performs FCC-ee compared to LHCb/Belle II?



Bs!$$: Heavy to light

Ample room for exotic new physics entering via 1PI diagrams

1-particle reducible (1PR)
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Bs!$$: Heavy to light

Further theoretical studies needed to strengthen physics case  

Combining Bs!$$ with B!$l%, Bs!#$, … into global fit 
might allow to cancel common hadronic uncertainties

Double-radiative decay also offers possibility to determine 
properties of Bs-meson light-cone distribution amplitude, 
in particular of its inverse moment &Bs
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B!Kl+l‒ anomalies: Second opinion

One possible explanation provided by 'C9 ( -1.5 & 'C7,10 ( 0

[LHCb, 1308.1707]

3.7)

observable 
measuring 
angular 
correlations 
in B!K*!+!‒



B!Kl+l‒ anomalies: Second opinion

[LHCb-TALK-2014-108]

2.6)

measures violation of 
lepton universality 
(LUV) in B+!K+l+l‒

Right amount of LUV if only vector coupling to µ+µ‒ altered



Z"model based on gauged Lµ -L" addresses both anomalies

B!Kl+l‒ anomalies: Second opinion
7

3 10 30 102 3�102 103

0.1

0.3

1

m Z ' �GeV�

g '

5�
10
�

Z�
4Μ
�
LH
C

Bs mixing

Z�ll,ΝΝ Z�ll,ΝΝ

BR
�Τ�ΜΝ ΜΝ

Τ� �1Σ
�g�2�

Μ
�1
Σ

�g�2�
Μ
�5
Σ

CH
AR
M
II

CC
FR

CH
AR
M
II
�
CC
FR
�
Nu
Te
V

FIG. 3. Constraints on the model parameter space from the
different leptonic processes discussed in Section IV. The re-
gion in white is the allowed region. The anomaly in B →
K∗µ+µ− can be accommodated everywhere to the left of the
bottom-right triangle, see Eq. (21). Note that the constraint
from the neutrino trident production of muon pairs (red re-
gion) completely excludes the region favored by (g−2)µ. The
dotted lines in the allowed region denote (5−10)% NP effects
in Bs mixing.
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FIG. 4. Example one-loop box diagram that gives a correction
to the τ → µντ ν̄µ decay. In total there are four box diagrams
with the Z� connected to the lepton legs.

to be vΦ � 180 GeV. The corresponding 1σ range is
shown in Fig. 3 as the blue diagonal band. Alternatively,
this measurement sets a ∼ 5σ lower bound on the VEV
of vΦ � 110 GeV such that ∆aµ � 7.4 × 10−9 (see the
diagonal gray region in Fig. 3).

• τ decays. The Z � also leads to corrections to tau
decay processes. In particular, one-loop box diagrams,
such as the one shown in Fig. 4, give the leading mod-
ifications to the τ → µντ ν̄µ rate, while the τ → eντ ν̄e

decay remains SM-like to an excellent approximation.
Contributions to τ → eντ ν̄e (and τ → µντ ν̄µ) from ver-
tex corrections are suppressed by a factor m2

τ/m
2

Z� due
to SU(2)L invariance and can be safely neglected in the
regions of parameter space we are interested in. Tiny
additional corrections can arise in the presence of kinetic
Z−Z � mixing. Evaluating the box diagrams, we find the
following correction

BR(τ → µντ ν̄µ)

BR(τ → µντ ν̄µ)SM
� 1 +∆ , (27)

where,

∆ =
3(g�)2

4π2

log(m2

W /m2

Z�)

1−m2

Z�/m2

W

. (28)

Importantly, the sign of the correction ∆ is determined
by the relative sign of the Z � couplings to taus and muons.
The gauged Lµ−Lτ unambiguously leads to an enhance-
ment of the τ → µντ ν̄µ branching ratio. Interestingly,
measurements point towards a small positive contribu-
tion to the muonic branching ratio of the tau as we now
discuss.
The PDG value for the branching ratio of τ → µντ ν̄µ

reads [34]

BR(τ → µντ ν̄µ)exp = (17.41± 0.04)% . (29)

This should be compared to the SM prediction [35]

BR(τ → µντ ν̄µ)SM = ττ (5.956± 0.002)× 1011/s .(30)

The dominant uncertainty on the SM prediction for the
branching ratio comes from ττ , the lifetime of the tau.
Combining a very recent result on the tau lifetime from
Belle [36] with previous measurements at LEP [37–40]
and CLEO [41], results in ττ = (290.29± 0.53)× 10−15s.
Using this value in the SM prediction for BR(τ →
µντ ν̄µ), we find that the experimental value in Eq. (29) is
more than 2σ above the SM prediction. Translated into
the variable ∆, we obtain

∆ = (7.0± 3.0)× 10−3 . (31)

In Fig. 3, the region of parameter space favored by the τ
decay to muons is shown as a green band.

• Z coupling to leptons. Loops involving the Z � also
affect the couplings of the SM Z vector-boson to muons,
taus and neutrinos. The corresponding branching ratios
have been measured very accurately at LEP and SLC
facilities. The corrections to the vector and axial-vector
couplings of the Z to leptons are given by

gV e

gSMV e

=
gAe

gSMAe

= 1 , (32a)

gV µ

gSMV µ

=
gAµ

gSMAµ

=

����1 +
(g�)2

(4π)2
KF (mZ�)

���� , (32b)

gV τ

gSMV τ

=
gAτ

gSMAτ

=

����1 +
(g�)2

(4π)2
KF (mZ�)

���� , (32c)

[Altmannshofer et al., 1403.1269]



B!Kl+l‒ anomalies: Second opinion
7

3 10 30 102 3�102 103

0.1

0.3

1

m Z ' �GeV�

g '

5�
10
�

Z�
4Μ
�
LH
C

Bs mixing

Z�ll,ΝΝ Z�ll,ΝΝ

BR
�Τ�ΜΝ ΜΝ

Τ� �1Σ
�g�2�

Μ
�1
Σ

�g�2�
Μ
�5
Σ

CH
AR
M
II

CC
FR

CH
AR
M
II
�
CC
FR
�
Nu
Te
V

FIG. 3. Constraints on the model parameter space from the
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gion in white is the allowed region. The anomaly in B →
K∗µ+µ− can be accommodated everywhere to the left of the
bottom-right triangle, see Eq. (21). Note that the constraint
from the neutrino trident production of muon pairs (red re-
gion) completely excludes the region favored by (g−2)µ. The
dotted lines in the allowed region denote (5−10)% NP effects
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to the τ → µντ ν̄µ decay. In total there are four box diagrams
with the Z� connected to the lepton legs.

to be vΦ � 180 GeV. The corresponding 1σ range is
shown in Fig. 3 as the blue diagonal band. Alternatively,
this measurement sets a ∼ 5σ lower bound on the VEV
of vΦ � 110 GeV such that ∆aµ � 7.4 × 10−9 (see the
diagonal gray region in Fig. 3).

• τ decays. The Z � also leads to corrections to tau
decay processes. In particular, one-loop box diagrams,
such as the one shown in Fig. 4, give the leading mod-
ifications to the τ → µντ ν̄µ rate, while the τ → eντ ν̄e

decay remains SM-like to an excellent approximation.
Contributions to τ → eντ ν̄e (and τ → µντ ν̄µ) from ver-
tex corrections are suppressed by a factor m2

τ/m
2

Z� due
to SU(2)L invariance and can be safely neglected in the
regions of parameter space we are interested in. Tiny
additional corrections can arise in the presence of kinetic
Z−Z � mixing. Evaluating the box diagrams, we find the
following correction

BR(τ → µντ ν̄µ)

BR(τ → µντ ν̄µ)SM
� 1 +∆ , (27)

where,

∆ =
3(g�)2

4π2

log(m2

W /m2

Z�)

1−m2

Z�/m2

W

. (28)

Importantly, the sign of the correction ∆ is determined
by the relative sign of the Z � couplings to taus and muons.
The gauged Lµ−Lτ unambiguously leads to an enhance-
ment of the τ → µντ ν̄µ branching ratio. Interestingly,
measurements point towards a small positive contribu-
tion to the muonic branching ratio of the tau as we now
discuss.
The PDG value for the branching ratio of τ → µντ ν̄µ

reads [34]

BR(τ → µντ ν̄µ)exp = (17.41± 0.04)% . (29)

This should be compared to the SM prediction [35]

BR(τ → µντ ν̄µ)SM = ττ (5.956± 0.002)× 1011/s .(30)

The dominant uncertainty on the SM prediction for the
branching ratio comes from ττ , the lifetime of the tau.
Combining a very recent result on the tau lifetime from
Belle [36] with previous measurements at LEP [37–40]
and CLEO [41], results in ττ = (290.29± 0.53)× 10−15s.
Using this value in the SM prediction for BR(τ →
µντ ν̄µ), we find that the experimental value in Eq. (29) is
more than 2σ above the SM prediction. Translated into
the variable ∆, we obtain

∆ = (7.0± 3.0)× 10−3 . (31)

In Fig. 3, the region of parameter space favored by the τ
decay to muons is shown as a green band.

• Z coupling to leptons. Loops involving the Z � also
affect the couplings of the SM Z vector-boson to muons,
taus and neutrinos. The corresponding branching ratios
have been measured very accurately at LEP and SLC
facilities. The corrections to the vector and axial-vector
couplings of the Z to leptons are given by
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gSMAe

= 1 , (32a)
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����1 +
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���� , (32b)
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����1 +
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[Altmannshofer et al., 1403.1269]
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Probing the Z ′

tau decays
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FIG. 3. Constraints on the model parameter space from the
different leptonic processes discussed in Section IV. The re-
gion in white is the allowed region. The anomaly in B →
K∗µ+µ− can be accommodated everywhere to the left of the
bottom-right triangle, see Eq. (21). Note that the constraint
from the neutrino trident production of muon pairs (red re-
gion) completely excludes the region favored by (g−2)µ. The
dotted lines in the allowed region denote (5−10)% NP effects
in Bs mixing.
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FIG. 4. Example one-loop box diagram that gives a correction
to the τ → µντ ν̄µ decay. In total there are four box diagrams
with the Z� connected to the lepton legs.

to be vΦ � 180 GeV. The corresponding 1σ range is
shown in Fig. 3 as the blue diagonal band. Alternatively,
this measurement sets a ∼ 5σ lower bound on the VEV
of vΦ � 110 GeV such that ∆aµ � 7.4 × 10−9 (see the
diagonal gray region in Fig. 3).

• τ decays. The Z � also leads to corrections to tau
decay processes. In particular, one-loop box diagrams,
such as the one shown in Fig. 4, give the leading mod-
ifications to the τ → µντ ν̄µ rate, while the τ → eντ ν̄e

decay remains SM-like to an excellent approximation.
Contributions to τ → eντ ν̄e (and τ → µντ ν̄µ) from ver-
tex corrections are suppressed by a factor m2

τ/m
2

Z� due
to SU(2)L invariance and can be safely neglected in the
regions of parameter space we are interested in. Tiny
additional corrections can arise in the presence of kinetic
Z−Z � mixing. Evaluating the box diagrams, we find the
following correction

BR(τ → µντ ν̄µ)

BR(τ → µντ ν̄µ)SM
� 1 +∆ , (27)

where,

∆ =
3(g�)2

4π2

log(m2

W /m2

Z�)

1−m2

Z�/m2

W

. (28)

Importantly, the sign of the correction ∆ is determined
by the relative sign of the Z � couplings to taus and muons.
The gauged Lµ−Lτ unambiguously leads to an enhance-
ment of the τ → µντ ν̄µ branching ratio. Interestingly,
measurements point towards a small positive contribu-
tion to the muonic branching ratio of the tau as we now
discuss.
The PDG value for the branching ratio of τ → µντ ν̄µ

reads [34]

BR(τ → µντ ν̄µ)exp = (17.41± 0.04)% . (29)

This should be compared to the SM prediction [35]

BR(τ → µντ ν̄µ)SM = ττ (5.956± 0.002)× 1011/s .(30)

The dominant uncertainty on the SM prediction for the
branching ratio comes from ττ , the lifetime of the tau.
Combining a very recent result on the tau lifetime from
Belle [36] with previous measurements at LEP [37–40]
and CLEO [41], results in ττ = (290.29± 0.53)× 10−15s.
Using this value in the SM prediction for BR(τ →
µντ ν̄µ), we find that the experimental value in Eq. (29) is
more than 2σ above the SM prediction. Translated into
the variable ∆, we obtain

∆ = (7.0± 3.0)× 10−3 . (31)

In Fig. 3, the region of parameter space favored by the τ
decay to muons is shown as a green band.

• Z coupling to leptons. Loops involving the Z � also
affect the couplings of the SM Z vector-boson to muons,
taus and neutrinos. The corresponding branching ratios
have been measured very accurately at LEP and SLC
facilities. The corrections to the vector and axial-vector
couplings of the Z to leptons are given by

gV e

gSMV e

=
gAe

gSMAe

= 1 , (32a)

gV µ

gSMV µ

=
gAµ

gSMAµ

=

����1 +
(g�)2

(4π)2
KF (mZ�)

���� , (32b)

gV τ

gSMV τ

=
gAτ

gSMAτ

=

����1 +
(g�)2

(4π)2
KF (mZ�)

���� , (32c)

[Altmannshofer et al., 1403.1269]

favoured by anomaly 
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gion in white is the allowed region. The anomaly in B →
K∗µ+µ− can be accommodated everywhere to the left of the
bottom-right triangle, see Eq. (21). Note that the constraint
from the neutrino trident production of muon pairs (red re-
gion) completely excludes the region favored by (g−2)µ. The
dotted lines in the allowed region denote (5−10)% NP effects
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FIG. 4. Example one-loop box diagram that gives a correction
to the τ → µντ ν̄µ decay. In total there are four box diagrams
with the Z� connected to the lepton legs.

to be vΦ � 180 GeV. The corresponding 1σ range is
shown in Fig. 3 as the blue diagonal band. Alternatively,
this measurement sets a ∼ 5σ lower bound on the VEV
of vΦ � 110 GeV such that ∆aµ � 7.4 × 10−9 (see the
diagonal gray region in Fig. 3).

• τ decays. The Z � also leads to corrections to tau
decay processes. In particular, one-loop box diagrams,
such as the one shown in Fig. 4, give the leading mod-
ifications to the τ → µντ ν̄µ rate, while the τ → eντ ν̄e

decay remains SM-like to an excellent approximation.
Contributions to τ → eντ ν̄e (and τ → µντ ν̄µ) from ver-
tex corrections are suppressed by a factor m2

τ/m
2

Z� due
to SU(2)L invariance and can be safely neglected in the
regions of parameter space we are interested in. Tiny
additional corrections can arise in the presence of kinetic
Z−Z � mixing. Evaluating the box diagrams, we find the
following correction

BR(τ → µντ ν̄µ)

BR(τ → µντ ν̄µ)SM
� 1 +∆ , (27)

where,

∆ =
3(g�)2

4π2

log(m2

W /m2

Z�)

1−m2

Z�/m2

W

. (28)

Importantly, the sign of the correction ∆ is determined
by the relative sign of the Z � couplings to taus and muons.
The gauged Lµ−Lτ unambiguously leads to an enhance-
ment of the τ → µντ ν̄µ branching ratio. Interestingly,
measurements point towards a small positive contribu-
tion to the muonic branching ratio of the tau as we now
discuss.
The PDG value for the branching ratio of τ → µντ ν̄µ

reads [34]

BR(τ → µντ ν̄µ)exp = (17.41± 0.04)% . (29)

This should be compared to the SM prediction [35]

BR(τ → µντ ν̄µ)SM = ττ (5.956± 0.002)× 1011/s .(30)

The dominant uncertainty on the SM prediction for the
branching ratio comes from ττ , the lifetime of the tau.
Combining a very recent result on the tau lifetime from
Belle [36] with previous measurements at LEP [37–40]
and CLEO [41], results in ττ = (290.29± 0.53)× 10−15s.
Using this value in the SM prediction for BR(τ →
µντ ν̄µ), we find that the experimental value in Eq. (29) is
more than 2σ above the SM prediction. Translated into
the variable ∆, we obtain

∆ = (7.0± 3.0)× 10−3 . (31)

In Fig. 3, the region of parameter space favored by the τ
decay to muons is shown as a green band.

• Z coupling to leptons. Loops involving the Z � also
affect the couplings of the SM Z vector-boson to muons,
taus and neutrinos. The corresponding branching ratios
have been measured very accurately at LEP and SLC
facilities. The corrections to the vector and axial-vector
couplings of the Z to leptons are given by
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[Altmannshofer et al., 1403.1269]

LHC bound 
from Z!4l

Probing the Z ′

Z → 4µ @ LHC
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µ+

Z ′

branching ratio measured at 10% level by
ATLAS (CONF-2013-055)
and CMS (1210.3844)

BR(Z → 4µ) = (4.2± 0.4)× 10−6

possible to improve at LHC run II
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FIG. 3. Constraints on the model parameter space from the
different leptonic processes discussed in Section IV. The re-
gion in white is the allowed region. The anomaly in B →
K∗µ+µ− can be accommodated everywhere to the left of the
bottom-right triangle, see Eq. (21). Note that the constraint
from the neutrino trident production of muon pairs (red re-
gion) completely excludes the region favored by (g−2)µ. The
dotted lines in the allowed region denote (5−10)% NP effects
in Bs mixing.
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FIG. 4. Example one-loop box diagram that gives a correction
to the τ → µντ ν̄µ decay. In total there are four box diagrams
with the Z� connected to the lepton legs.

to be vΦ � 180 GeV. The corresponding 1σ range is
shown in Fig. 3 as the blue diagonal band. Alternatively,
this measurement sets a ∼ 5σ lower bound on the VEV
of vΦ � 110 GeV such that ∆aµ � 7.4 × 10−9 (see the
diagonal gray region in Fig. 3).

• τ decays. The Z � also leads to corrections to tau
decay processes. In particular, one-loop box diagrams,
such as the one shown in Fig. 4, give the leading mod-
ifications to the τ → µντ ν̄µ rate, while the τ → eντ ν̄e

decay remains SM-like to an excellent approximation.
Contributions to τ → eντ ν̄e (and τ → µντ ν̄µ) from ver-
tex corrections are suppressed by a factor m2

τ/m
2

Z� due
to SU(2)L invariance and can be safely neglected in the
regions of parameter space we are interested in. Tiny
additional corrections can arise in the presence of kinetic
Z−Z � mixing. Evaluating the box diagrams, we find the
following correction

BR(τ → µντ ν̄µ)

BR(τ → µντ ν̄µ)SM
� 1 +∆ , (27)

where,

∆ =
3(g�)2

4π2

log(m2

W /m2

Z�)

1−m2

Z�/m2

W

. (28)

Importantly, the sign of the correction ∆ is determined
by the relative sign of the Z � couplings to taus and muons.
The gauged Lµ−Lτ unambiguously leads to an enhance-
ment of the τ → µντ ν̄µ branching ratio. Interestingly,
measurements point towards a small positive contribu-
tion to the muonic branching ratio of the tau as we now
discuss.
The PDG value for the branching ratio of τ → µντ ν̄µ

reads [34]

BR(τ → µντ ν̄µ)exp = (17.41± 0.04)% . (29)

This should be compared to the SM prediction [35]

BR(τ → µντ ν̄µ)SM = ττ (5.956± 0.002)× 1011/s .(30)

The dominant uncertainty on the SM prediction for the
branching ratio comes from ττ , the lifetime of the tau.
Combining a very recent result on the tau lifetime from
Belle [36] with previous measurements at LEP [37–40]
and CLEO [41], results in ττ = (290.29± 0.53)× 10−15s.
Using this value in the SM prediction for BR(τ →
µντ ν̄µ), we find that the experimental value in Eq. (29) is
more than 2σ above the SM prediction. Translated into
the variable ∆, we obtain

∆ = (7.0± 3.0)× 10−3 . (31)

In Fig. 3, the region of parameter space favored by the τ
decay to muons is shown as a green band.

• Z coupling to leptons. Loops involving the Z � also
affect the couplings of the SM Z vector-boson to muons,
taus and neutrinos. The corresponding branching ratios
have been measured very accurately at LEP and SLC
facilities. The corrections to the vector and axial-vector
couplings of the Z to leptons are given by

gV e

gSMV e

=
gAe

gSMAe

= 1 , (32a)

gV µ

gSMV µ

=
gAµ

gSMAµ

=

����1 +
(g�)2

(4π)2
KF (mZ�)

���� , (32b)

gV τ

gSMV τ

=
gAτ

gSMAτ

=

����1 +
(g�)2

(4π)2
KF (mZ�)

���� , (32c)
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FIG. 3. Constraints on the model parameter space from the
different leptonic processes discussed in Section IV. The re-
gion in white is the allowed region. The anomaly in B →
K∗µ+µ− can be accommodated everywhere to the left of the
bottom-right triangle, see Eq. (21). Note that the constraint
from the neutrino trident production of muon pairs (red re-
gion) completely excludes the region favored by (g−2)µ. The
dotted lines in the allowed region denote (5−10)% NP effects
in Bs mixing.
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FIG. 4. Example one-loop box diagram that gives a correction
to the τ → µντ ν̄µ decay. In total there are four box diagrams
with the Z� connected to the lepton legs.

to be vΦ � 180 GeV. The corresponding 1σ range is
shown in Fig. 3 as the blue diagonal band. Alternatively,
this measurement sets a ∼ 5σ lower bound on the VEV
of vΦ � 110 GeV such that ∆aµ � 7.4 × 10−9 (see the
diagonal gray region in Fig. 3).

• τ decays. The Z � also leads to corrections to tau
decay processes. In particular, one-loop box diagrams,
such as the one shown in Fig. 4, give the leading mod-
ifications to the τ → µντ ν̄µ rate, while the τ → eντ ν̄e

decay remains SM-like to an excellent approximation.
Contributions to τ → eντ ν̄e (and τ → µντ ν̄µ) from ver-
tex corrections are suppressed by a factor m2

τ/m
2

Z� due
to SU(2)L invariance and can be safely neglected in the
regions of parameter space we are interested in. Tiny
additional corrections can arise in the presence of kinetic
Z−Z � mixing. Evaluating the box diagrams, we find the
following correction

BR(τ → µντ ν̄µ)

BR(τ → µντ ν̄µ)SM
� 1 +∆ , (27)

where,

∆ =
3(g�)2

4π2

log(m2

W /m2

Z�)

1−m2

Z�/m2

W

. (28)

Importantly, the sign of the correction ∆ is determined
by the relative sign of the Z � couplings to taus and muons.
The gauged Lµ−Lτ unambiguously leads to an enhance-
ment of the τ → µντ ν̄µ branching ratio. Interestingly,
measurements point towards a small positive contribu-
tion to the muonic branching ratio of the tau as we now
discuss.
The PDG value for the branching ratio of τ → µντ ν̄µ

reads [34]

BR(τ → µντ ν̄µ)exp = (17.41± 0.04)% . (29)

This should be compared to the SM prediction [35]

BR(τ → µντ ν̄µ)SM = ττ (5.956± 0.002)× 1011/s .(30)

The dominant uncertainty on the SM prediction for the
branching ratio comes from ττ , the lifetime of the tau.
Combining a very recent result on the tau lifetime from
Belle [36] with previous measurements at LEP [37–40]
and CLEO [41], results in ττ = (290.29± 0.53)× 10−15s.
Using this value in the SM prediction for BR(τ →
µντ ν̄µ), we find that the experimental value in Eq. (29) is
more than 2σ above the SM prediction. Translated into
the variable ∆, we obtain

∆ = (7.0± 3.0)× 10−3 . (31)

In Fig. 3, the region of parameter space favored by the τ
decay to muons is shown as a green band.

• Z coupling to leptons. Loops involving the Z � also
affect the couplings of the SM Z vector-boson to muons,
taus and neutrinos. The corresponding branching ratios
have been measured very accurately at LEP and SLC
facilities. The corrections to the vector and axial-vector
couplings of the Z to leptons are given by
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gSMV e

=
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gSMAe

= 1 , (32a)
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gSMV µ

=
gAµ

gSMAµ

=

����1 +
(g�)2

(4π)2
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FIG. 3. Constraints on the model parameter space from the
different leptonic processes discussed in Section IV. The re-
gion in white is the allowed region. The anomaly in B →
K∗µ+µ− can be accommodated everywhere to the left of the
bottom-right triangle, see Eq. (21). Note that the constraint
from the neutrino trident production of muon pairs (red re-
gion) completely excludes the region favored by (g−2)µ. The
dotted lines in the allowed region denote (5−10)% NP effects
in Bs mixing.
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FIG. 4. Example one-loop box diagram that gives a correction
to the τ → µντ ν̄µ decay. In total there are four box diagrams
with the Z� connected to the lepton legs.

to be vΦ � 180 GeV. The corresponding 1σ range is
shown in Fig. 3 as the blue diagonal band. Alternatively,
this measurement sets a ∼ 5σ lower bound on the VEV
of vΦ � 110 GeV such that ∆aµ � 7.4 × 10−9 (see the
diagonal gray region in Fig. 3).

• τ decays. The Z � also leads to corrections to tau
decay processes. In particular, one-loop box diagrams,
such as the one shown in Fig. 4, give the leading mod-
ifications to the τ → µντ ν̄µ rate, while the τ → eντ ν̄e

decay remains SM-like to an excellent approximation.
Contributions to τ → eντ ν̄e (and τ → µντ ν̄µ) from ver-
tex corrections are suppressed by a factor m2

τ/m
2

Z� due
to SU(2)L invariance and can be safely neglected in the
regions of parameter space we are interested in. Tiny
additional corrections can arise in the presence of kinetic
Z−Z � mixing. Evaluating the box diagrams, we find the
following correction

BR(τ → µντ ν̄µ)

BR(τ → µντ ν̄µ)SM
� 1 +∆ , (27)

where,

∆ =
3(g�)2

4π2

log(m2

W /m2

Z�)

1−m2

Z�/m2

W

. (28)

Importantly, the sign of the correction ∆ is determined
by the relative sign of the Z � couplings to taus and muons.
The gauged Lµ−Lτ unambiguously leads to an enhance-
ment of the τ → µντ ν̄µ branching ratio. Interestingly,
measurements point towards a small positive contribu-
tion to the muonic branching ratio of the tau as we now
discuss.
The PDG value for the branching ratio of τ → µντ ν̄µ

reads [34]

BR(τ → µντ ν̄µ)exp = (17.41± 0.04)% . (29)

This should be compared to the SM prediction [35]

BR(τ → µντ ν̄µ)SM = ττ (5.956± 0.002)× 1011/s .(30)

The dominant uncertainty on the SM prediction for the
branching ratio comes from ττ , the lifetime of the tau.
Combining a very recent result on the tau lifetime from
Belle [36] with previous measurements at LEP [37–40]
and CLEO [41], results in ττ = (290.29± 0.53)× 10−15s.
Using this value in the SM prediction for BR(τ →
µντ ν̄µ), we find that the experimental value in Eq. (29) is
more than 2σ above the SM prediction. Translated into
the variable ∆, we obtain

∆ = (7.0± 3.0)× 10−3 . (31)

In Fig. 3, the region of parameter space favored by the τ
decay to muons is shown as a green band.

• Z coupling to leptons. Loops involving the Z � also
affect the couplings of the SM Z vector-boson to muons,
taus and neutrinos. The corresponding branching ratios
have been measured very accurately at LEP and SLC
facilities. The corrections to the vector and axial-vector
couplings of the Z to leptons are given by
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=
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= 1 , (32a)
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=
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=
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[Altmannshofer et al., 1403.1269]
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FIG. 3. Constraints on the model parameter space from the
different leptonic processes discussed in Section IV. The re-
gion in white is the allowed region. The anomaly in B →
K∗µ+µ− can be accommodated everywhere to the left of the
bottom-right triangle, see Eq. (21). Note that the constraint
from the neutrino trident production of muon pairs (red re-
gion) completely excludes the region favored by (g−2)µ. The
dotted lines in the allowed region denote (5−10)% NP effects
in Bs mixing.
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FIG. 4. Example one-loop box diagram that gives a correction
to the τ → µντ ν̄µ decay. In total there are four box diagrams
with the Z� connected to the lepton legs.

to be vΦ � 180 GeV. The corresponding 1σ range is
shown in Fig. 3 as the blue diagonal band. Alternatively,
this measurement sets a ∼ 5σ lower bound on the VEV
of vΦ � 110 GeV such that ∆aµ � 7.4 × 10−9 (see the
diagonal gray region in Fig. 3).

• τ decays. The Z � also leads to corrections to tau
decay processes. In particular, one-loop box diagrams,
such as the one shown in Fig. 4, give the leading mod-
ifications to the τ → µντ ν̄µ rate, while the τ → eντ ν̄e

decay remains SM-like to an excellent approximation.
Contributions to τ → eντ ν̄e (and τ → µντ ν̄µ) from ver-
tex corrections are suppressed by a factor m2

τ/m
2

Z� due
to SU(2)L invariance and can be safely neglected in the
regions of parameter space we are interested in. Tiny
additional corrections can arise in the presence of kinetic
Z−Z � mixing. Evaluating the box diagrams, we find the
following correction

BR(τ → µντ ν̄µ)

BR(τ → µντ ν̄µ)SM
� 1 +∆ , (27)

where,

∆ =
3(g�)2

4π2

log(m2

W /m2

Z�)

1−m2

Z�/m2

W

. (28)

Importantly, the sign of the correction ∆ is determined
by the relative sign of the Z � couplings to taus and muons.
The gauged Lµ−Lτ unambiguously leads to an enhance-
ment of the τ → µντ ν̄µ branching ratio. Interestingly,
measurements point towards a small positive contribu-
tion to the muonic branching ratio of the tau as we now
discuss.
The PDG value for the branching ratio of τ → µντ ν̄µ

reads [34]

BR(τ → µντ ν̄µ)exp = (17.41± 0.04)% . (29)

This should be compared to the SM prediction [35]

BR(τ → µντ ν̄µ)SM = ττ (5.956± 0.002)× 1011/s .(30)

The dominant uncertainty on the SM prediction for the
branching ratio comes from ττ , the lifetime of the tau.
Combining a very recent result on the tau lifetime from
Belle [36] with previous measurements at LEP [37–40]
and CLEO [41], results in ττ = (290.29± 0.53)× 10−15s.
Using this value in the SM prediction for BR(τ →
µντ ν̄µ), we find that the experimental value in Eq. (29) is
more than 2σ above the SM prediction. Translated into
the variable ∆, we obtain

∆ = (7.0± 3.0)× 10−3 . (31)

In Fig. 3, the region of parameter space favored by the τ
decay to muons is shown as a green band.

• Z coupling to leptons. Loops involving the Z � also
affect the couplings of the SM Z vector-boson to muons,
taus and neutrinos. The corresponding branching ratios
have been measured very accurately at LEP and SLC
facilities. The corrections to the vector and axial-vector
couplings of the Z to leptons are given by
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LFV: Using 1012 Z decays
Table 13: Best published limits on lepton-flavour-violating decays [523–533].

Br(µ− → X−) · 1012 (90% CL)

e−γ 0.57 e−2γ 72 e−e−e+ 1.0

Br(τ− → X−) · 108 (90% CL)

e−γ 3.3 e−e+e− 2.7 e−µ+µ− 2.7 e−e−µ+ 1.5 e−π0 8.0
µ−γ 4.4 µ−e+e− 1.8 µ−µ+µ− 2.1 µ−µ−e+ 1.7 µ−π0 11
e−η 9.2 e−η� 16 e−ρ0 1.8 e−ω 4.8 e−φ 3.1
µ−η 6.5 µ−η� 13 µ−ρ0 1.2 µ−ω 4.7 µ−φ 8.4
e−KS 2.6 e−K∗0 3.2 e−K̄∗0 3.4 e−K+π− 3.1 e−π+K− 3.7
µ−KS 2.3 µ−K∗0 5.9 µ−K̄∗0 7.0 µ−K+π− 4.5 µ−π+K− 8.6
e−KSKS 7.1 e−K+K− 3.4 e−π+π− 2.3
µ−KSKS 8.0 µ−K+K− 4.4 µ−π+π− 2.1
e−f0(980) → e−π+π− 3.2 µ−f0(980) → µ−π+π− 3.4

Br(Z → X0) · 106 (95% CL)

e±µ∓ 1.7 e±τ∓ 9.8 µ±τ∓ 12

Br(B0

(s)
→ X0) · 108 (95% CL)

B0 → e±µ∓ 0.37 B0

s
→ e±µ∓ 1.4

Br(µ− +N → e− +N) · 1012 (90% CL)

Au 0.7 Ti 4.3 Pb 46

term which will no longer be real. With only three Majorana (Dirac) neutrinos, the 3 × 3 matrix VL

involves six (four) independent parameters: three mixing angles and three (one) phases.

The smallness of neutrino masses implies a strong suppression of neutrinoless lepton-flavour-violating
processes, which can be avoided in models with sources of lepton-flavour violation (LFV) not related
to mνi . LFV processes have the potential to probe physics at scales much higher than the TeV [413,
484–522]. The LFV scale can be constrained imposing the requirement of a viable leptogenesis. Recent
studies within different new-physics scenarios find interesting correlations between µ and τ LFV decays,
with µ → eγ often expected to be close to the present exclusion limit.

Table 13 shows the best published limits on LFV decays of Z bosons [523–526], B mesons [527],
muons [528–530] and taus [531, 532], together with the present experimental constraints on µ → e
conversions in muonic atoms [533]. The B factories are pushing the experimental limits on neutrinoless
LFV τ decays to the 10−8 level, increasing in a drastic way the sensitivity to new physics scales. A rather
competitive upper bound on τ → 3µ has been also obtained at LHCb, Br(τ− → µ−µ+µ−) < 8.0× 10−8

[534], showing the potential of the high-statistics collider data in some particular decay modes. Future
experiments could improve further some limits to the 10−9 level, allowing to explore interesting and
totally unknown phenomena.

Complementary information is provided by the MEG experiment, which has recently set a very
stringent limit on LFV in muon decay, Br(µ+ → e+γ) < 5.7 × 10−13 (90% CL) [528], improving

47

[Pich, 1310.7922]

Z!"l are most weakly limited lepton-flavour violation (LFV) modes
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LFV: Using 1012 Z decays

Improvement of bounds by 5 orders of magnitude seem possible

LEP, 4·106 Z decays

GigaZ, O(109) Z decays

Br (Z → τµ) < 1.2 · 10−5

Br (Z → τe) < 9.8 · 10−6

Br (Z → τe) < [1.3, 6.5] · 10−8

Br (Z → τµ) < [0.4, 2.2] · 10−8

FCC-ee, O(1012) Z decaysBr (Z → τ l) < O(10−10
− 10−11)

!

!

[Wilson, talks at DESY-ECFA LC workshops "98 & "99]

my naive extrapolation



LFV: Using 1012 Z decays

Figure 3: Dominant diagrams contributing to (a) Z → µe and (b) µ → eγ, in terms of
gauginos, higgsinos and current eigenstates, showing the approximate linear dependence on the
flavor–changing mass insertions δ12 (crosses), the fermion mass insertions (big dots) and tanβ.

tanβ = 2 to 7.5 × 10−8 for tan β = 50, practically independent of the lepton masses. The
variation is due to the mild dependence of chargino and sneutrino masses on tan β. These
branching ratios are above the values given in Eq. (4). We find that a branching ratio larger
than 2 × 10−9 (2 × 10−8) can be obtained with sneutrino masses of up to 305 GeV (85 GeV)
and chargino masses of up to 270 GeV (105 GeV).

Most of these values of BR(Z → $I$J), however, are correlated with an experimentally
excluded rate of $J → $Iγ. We give below the results in the two scenarios (independent off-
diagonal terms and maximal mixing of the three flavors) described in the previous section.

(i) We separate the contribution of each δIJ setting all the other to zero. For the first
two families, after scanning for all the parameters in the model we find that BR(µ → eγ) <
1.2 × 10−11 implies BR(Z → µe) < 1.5 × 10−10, which is below the reach of GigaZ.

A more promising result is obtained for the processes involving the τ lepton. It turns out
(see also next section) that the bounds from τ → $Iγ can be avoided while still keeping a rate
of Z → τ$I at the reach of the best GigaZ projection (see Fig. 4). In particular, for large
δν̃ 13
LL (or δν̃ 23

LL ) and a light sneutrino (of around 70 GeV) we get BR(Z → τe) ≈ 1.6 × 10−8

for BR(τ → eγ) ≈ 3.5 × 10−8, which is two orders of magnitude below current limits (with
similar results for BR(Z → τµ) and BR(τ → µγ)). This result is due to the sneutrino–chargino
diagram. The contributions due to charged slepton mixing are essentially different in the sense
that they saturate the experimental bound to τ → $Iγ giving a small effect (at most, one order
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tanβ = 2 to 7.5 × 10−8 for tan β = 50, practically independent of the lepton masses. The
variation is due to the mild dependence of chargino and sneutrino masses on tan β. These
branching ratios are above the values given in Eq. (4). We find that a branching ratio larger
than 2 × 10−9 (2 × 10−8) can be obtained with sneutrino masses of up to 305 GeV (85 GeV)
and chargino masses of up to 270 GeV (105 GeV).

Most of these values of BR(Z → $I$J), however, are correlated with an experimentally
excluded rate of $J → $Iγ. We give below the results in the two scenarios (independent off-
diagonal terms and maximal mixing of the three flavors) described in the previous section.

(i) We separate the contribution of each δIJ setting all the other to zero. For the first
two families, after scanning for all the parameters in the model we find that BR(µ → eγ) <
1.2 × 10−11 implies BR(Z → µe) < 1.5 × 10−10, which is below the reach of GigaZ.
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LFV: Using 1012 Z decays

Figure 4: BR(Z → τµ) and BR(τ → µγ) as a function of the lightest sneutrino mass (m̃1)
with the other one decoupled (δν̃ 23

LL → ∞), in several SUSY scenarios at the reach of GigaZ.

of magnitude below the reach of GigaZ) in Z → τ$I . We obtain events at the reach of GigaZ
with lightest sneutrino masses from 55 to 215 GeV, lightest chargino from 75 to 100 GeV, and
tanβ up to 7.

(ii) In the case with maximal mixing between the three slepton flavors it is not consistent
to take δIJ #= 0 and δIK = δKJ = 0. In terms of slepton mass differences, only two of the
three mass differences are independent (δ23 = δ13 − δ12). In terms of off-diagonal terms δ̃IJ

in the mass matrix, for maximal mixing only one of them can be put to zero. Note that in
this case the non-observation of µ → eγ will constraint all the δIJ parameters, not only δ12: a
non-diagonal δ̃12 mass insertion would be generated through a δ̃13 followed by a δ̃32. In fact,
we find that the constraints from τ → eγ; µγ are always weaker than the one from µ → eγ. A
branching ratio BR(µ → eγ) < 1.2×10−11 implies BR(Z → µe; τe; τµ) <∼ 10−9, and the three
lepton flavor violating decays of the Z boson would be out of the reach of Giga Z.

3.2 Bounds on δIJ from $J → $Iγ

The bounds on the δIJ parameters establish how severe is the flavor problem in the lepton
sector of the MSSM. We will update them here, including the sneutrino–chargino contributions
neglected in previous works [27] and the general slepton–neutralino contributions (photino
diagrams are typically subdominant as pointed out by Ref. [30]). In addition, we also consider
the case of maximum mixing between the three slepton families.

The limits come exclusively from the process $J → $Iγ. To estimate the MSSM prediction
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