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•  
‣  P’5  and other smaller tensions for B → K(*)𝜇𝜇 
‣  LFU violation in RK:

Putative anomalies in B decays:
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Lepton flavour universality (LFU) in B-decays is revisited in a model-independent way by con-
sidering semileptonic operators defined at a scale ⇤ above the electroweak scale v. The importance
of quantum e↵ects, so far neglected in the literature, are emphasised. We construct the low-energy
e↵ective Lagrangian taking into account the running e↵ects from ⇤ down to v through the one-loop
renormalization group equations (RGE) in the limit of exact electroweak symmetry and QED RGEs
from v down to the 1GeV scale. The most important quantum e↵ects turn out to be the modifica-
tion of the leptonic couplings of the vector boson Z and the generation of a purely leptonic e↵ective
Lagrangian. Large LFU breaking e↵ects in Z and ⌧ decays and visible lepton flavour violating
(LFV) e↵ects in the processes ⌧ ! µ``, ⌧ ! µ⇢, ⌧ ! µ⇡, ⌧ ! µ⌘(0) are induced.

Introduction Lepton flavour universality (LFU) tests
are among the most powerful probes of the Standard
Model (SM) and, in turn, of New Physics (NP) e↵ects. In
the recent years, experimental data in B physics hinted
at deviations from the SM expectations, both in charged-
current as well as neutral current transitions. The statis-
tically most significant data are summarized as follows:

• An overall 3.9� violation from the ⌧/` universality
(` = µ, e) in the charged-current b ! c decays [1–4]:

R⌧/`
D(⇤) =

B(B̄ ! D(⇤)⌧ ⌫̄)
exp

/B(B̄ ! D(⇤)⌧ ⌫̄)SM
B(B̄ ! D(⇤)l⌫̄)

exp

/B(B̄ ! D(⇤)l⌫̄)SM
, (1)

R⌧/`
D = 1.37± 0.17, R⌧/l

D⇤ = 1.28± 0.08 . (2)

• A 2.6� deviation from µ/e universality in the
neutral-current b ! s transition [5]:

Rµ/e
K =

B(B ! Kµ+µ�)
exp

B(B ! Ke+e�)
exp

= 0.745+0.090
�0.074 ± 0.036 (3)

where the SM corrections do not exceed a few % [6].

As argued in [7–10] by means of global-fit analyses, the

Rµ/e
K anomaly favours an e↵ective 4-fermion operator in-

volving left-handed currents, (s̄L�µbL)(µ̄L�µµL). This
naturally brings to the appealing possibility of inter-
preting the charged-current anomaly also in terms of a
left-handed operator (c̄L�µbL)(⌧̄L�µ⌫L) which is related
to (s̄L�µbL)(µ̄L�µµL) under the SU(2)L gauge symme-
try [11]. Clearly, this picture might work only provided
NP couples much more strongly to the third generation
than to first two. Such a requirement can be naturally ac-
complished in two ways: i) assuming that NP is coupled,
in the interaction basis, only to the third generation of
quarks and leptons. Couplings to lighter generations are
then generated by the misalignment between the mass
and the interaction basis by means of small flavour mix-
ing angles [12], and ii) NP couples to di↵erent fermion
generations proportionally to their mass squared [13].

The most prominent di↵erence between the above sce-
narios is that in i) but not in ii) LFU violation necessarily
implies lepton flavour violating (LFV) phenomena.

In this work, we revisit the LFU in B-decays model-
independently focusing on operators defined above the
electroweak scale v which are invariant under the full SM
gauge group, along the lines of Refs. [11, 13–16]. The
main motivation of our study is the construction of the
low-energy e↵ective Lagrangian taking into account the
running of the Wilson coe�cients of a suitable operator
basis and the matching conditions when mass thresholds
are crossed. The running e↵ects from the NP scale ⇤
down to the electroweak scale are included through the
one-loop renormalization group equations (RGE) in the
limit of exact electroweak symmetry. Instead, from the
electroweak scale down to the 1GeV scale we use the
QED RGEs. By explicit calculations, we have checked
that the scale dependence of the RGE contributions
from gauge and top yukawa interactions cancels with
that of the matrix elements. Such a program has not
been carried out in the literature so far and it will imply
profound implications on the findings of Refs. [11, 13–
16]. The most important quantum e↵ects turn out to be
the modification of the leptonic couplings of the vector
boson Z and the generation of a purely leptonic e↵ective
Lagrangian. As a result, large LFV and LFU breaking
e↵ects in Z and ⌧ decays are induced.

E↵ective Lagrangians If the NP contributions origi-
nate at a scale ⇤ � v, in the energy window above v and
below ⇤, the NP e↵ects can be described by an e↵ective
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Lepton flavour universality (LFU) in B-decays is revisited in a model-independent way by con-
sidering semileptonic operators defined at a scale ⇤ above the electroweak scale v. The importance
of quantum e↵ects, so far neglected in the literature, are emphasised. We construct the low-energy
e↵ective Lagrangian taking into account the running e↵ects from ⇤ down to v through the one-loop
renormalization group equations (RGE) in the limit of exact electroweak symmetry and QED RGEs
from v down to the 1GeV scale. The most important quantum e↵ects turn out to be the modifica-
tion of the leptonic couplings of the vector boson Z and the generation of a purely leptonic e↵ective
Lagrangian. Large LFU breaking e↵ects in Z and ⌧ decays and visible lepton flavour violating
(LFV) e↵ects in the processes ⌧ ! µ``, ⌧ ! µ⇢, ⌧ ! µ⇡, ⌧ ! µ⌘(0) are induced.

Introduction Lepton flavour universality (LFU) tests
are among the most powerful probes of the Standard
Model (SM) and, in turn, of New Physics (NP) e↵ects. In
the recent years, experimental data in B physics hinted
at deviations from the SM expectations, both in charged-
current as well as neutral current transitions. The statis-
tically most significant data are summarized as follows:

• An overall 3.9� violation from the ⌧/` universality
(` = µ, e) in the charged-current b ! c decays [1–4]:

R⌧/`
D(⇤) =

B(B̄ ! D(⇤)⌧ ⌫̄)
exp

/B(B̄ ! D(⇤)⌧ ⌫̄)SM
B(B̄ ! D(⇤)l⌫̄)

exp

/B(B̄ ! D(⇤)l⌫̄)SM
, (1)

R⌧/`
D = 1.37± 0.17, R⌧/l

D⇤ = 1.28± 0.08 . (2)

• A 2.6� deviation from µ/e universality in the
neutral-current b ! s transition [5]:

Rµ/e
K =

B(B ! Kµ+µ�)
exp

B(B ! Ke+e�)
exp

= 0.745+0.090
�0.074 ± 0.036 (3)

where the SM corrections do not exceed a few % [6].

As argued in [7–10] by means of global-fit analyses, the

Rµ/e
K anomaly favours an e↵ective 4-fermion operator in-

volving left-handed currents, (s̄L�µbL)(µ̄L�µµL). This
naturally brings to the appealing possibility of inter-
preting the charged-current anomaly also in terms of a
left-handed operator (c̄L�µbL)(⌧̄L�µ⌫L) which is related
to (s̄L�µbL)(µ̄L�µµL) under the SU(2)L gauge symme-
try [11]. Clearly, this picture might work only provided
NP couples much more strongly to the third generation
than to first two. Such a requirement can be naturally ac-
complished in two ways: i) assuming that NP is coupled,
in the interaction basis, only to the third generation of
quarks and leptons. Couplings to lighter generations are
then generated by the misalignment between the mass
and the interaction basis by means of small flavour mix-
ing angles [12], and ii) NP couples to di↵erent fermion
generations proportionally to their mass squared [13].

The most prominent di↵erence between the above sce-
narios is that in i) but not in ii) LFU violation necessarily
implies lepton flavour violating (LFV) phenomena.

In this work, we revisit the LFU in B-decays model-
independently focusing on operators defined above the
electroweak scale v which are invariant under the full SM
gauge group, along the lines of Refs. [11, 13–16]. The
main motivation of our study is the construction of the
low-energy e↵ective Lagrangian taking into account the
running of the Wilson coe�cients of a suitable operator
basis and the matching conditions when mass thresholds
are crossed. The running e↵ects from the NP scale ⇤
down to the electroweak scale are included through the
one-loop renormalization group equations (RGE) in the
limit of exact electroweak symmetry. Instead, from the
electroweak scale down to the 1GeV scale we use the
QED RGEs. By explicit calculations, we have checked
that the scale dependence of the RGE contributions
from gauge and top yukawa interactions cancels with
that of the matrix elements. Such a program has not
been carried out in the literature so far and it will imply
profound implications on the findings of Refs. [11, 13–
16]. The most important quantum e↵ects turn out to be
the modification of the leptonic couplings of the vector
boson Z and the generation of a purely leptonic e↵ective
Lagrangian. As a result, large LFV and LFU breaking
e↵ects in Z and ⌧ decays are induced.
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•  
‣  Only 4 dimension-6 operators can address the RD anomaly

B ! K (! ) ! + ! "

RK (⇤) =
B
�
B ! K (! )µ+ µ"

�

B
�
B ! K (! )e+ e"

� = 1

Rµ/e
K =

B (B ! Kµ + µ" )exp

B (B ! Ke+ e" )exp

Rµ/e
K = 0.745+0 .090

" 0.074 ± 0.036
)

RK (⇤) "= 1

RK (⇤) = 1

RK =
B (B ! Kµ + µ" )

B (B ! Ke+ e" )
= 0.745+0 .090

" 0.074 ± 0.036

RSM
K = 1.00± 0.01

f (6GeV2, mrec,`
B ) < m 2

J/  

B
�
B ! K ! + ! " �

B
�
B ! K ! ! + ! " �

�RK # $ 4.6% $ ($ 7.6%) = +3.0%

�RK ⇤ # $ 4.5% $ ($ 7.3%) = +2.8%

B̄ ! D (! ) ! "̄

Le↵ =
Cpqrs

1

⇤2 (q̄pL #µqqL)
�
!̄ rL #µ ! sL

�
+

Cpqrs
3

⇤2 (q̄pL #µ$aqqL)
�
!̄ rL #µ$a! sL

�

+
Cpqrs
``

⇤2

�
!̄ pL #µ ! qL

� �
!̄ rL #µ ! sL

�

Le↵ =
Cpqrs

1

⇤2 (q̄pL #µqqL)
�
!̄ rL #µ ! sL

�

+
Cpqrs

3

⇤2 (q̄pL #µ$aqqL)
�
!̄ rL #µ$a! sL

�

Cpqrs
1,3

⇤, C1, C3, %bs, %⌧µ

1

B ! K(⇤)`+`�

RK(! ) =
B �

B ! K(⇤)µ+µ��

B �
B ! K(⇤)e+e�

� = 1

Rµ/e
K =

B (B ! Kµ+µ�)
exp

B (B ! Ke+e�)
exp

Rµ/e
K = 0.745+0.090

�0.074 ± 0.036
)

)

RK(! ) 6= 1

RK(! ) = 1

O(3)

lq = (q̄L�µ�
aqL)(¯̀L�µ�

a`L) O(1)

lequ = (¯̀LeR)i�
2(q̄LuR)

Oledq = (¯̀LeR)(d̄RqL) O(3)

lequ = (¯̀L�µ⌫eR)i�
2(q̄L�

µ⌫uR)

RK =
B (B ! Kµ+µ�)

B (B ! Ke+e�)
= 0.745+0.090

�0.074 ± 0.036

RSM

K = 1.00± 0.01

B̄ ! D(⇤)`⌫̄

O
9

=
↵

4⇡
(s̄L�µbL)(¯̀�µ`)

O
10

=
↵

4⇡
(s̄L�µbL)(¯̀�µ�5`)

L
e↵

=
Cpqrs
1

⇤2

(q̄pL�
µqqL)

�
¯̀
rL�µ`sL

�
+

Cpqrs
3

⇤2

(q̄pL�
µ⌧aqqL)

�
¯̀
rL�µ⌧

a`sL
�

+
Cpqrs
``

⇤2

�
¯̀
pL�µ`qL

� �
¯̀
rL�µ`sL

�

L
e↵

=
Cpqrs
1

⇤2

(q̄pL�
µqqL)

�
¯̀
rL�µ`sL

�

1



How to address b→d anomalies

  Andrea Pattori, University of Zürich LFV/LFUV, why and how?  —  08.11.2016 4/18

•  
‣  Only 4 dimension-6 operators can address the RD anomaly
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current

• Is a LH quark-lepton current the way? 
‣  simultaneous explanation of RK, RD  
‣bonus: relaxing P’5  (et al.) tension(s) 
‣  well-motivated NP models behind it (vector leptoquark, Z’) 

Is it this simple?



RK vs. RD(*)

• Simultaneous explanation of RK and RD(*) anomalies:
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2Istituto Nazionale Fisica Nucleare, Sezione di Padova, I–35131 Padova, Italy

3Physik-Institut, Universität Zürich, CH-8057 Zürich, Switzerland

Lepton flavour universality (LFU) in B-decays is revisited in a model-independent way by con-
sidering semileptonic operators defined at a scale ⇤ above the electroweak scale v. The importance
of quantum e↵ects, so far neglected in the literature, are emphasised. We construct the low-energy
e↵ective Lagrangian taking into account the running e↵ects from ⇤ down to v through the one-loop
renormalization group equations (RGE) in the limit of exact electroweak symmetry and QED RGEs
from v down to the 1GeV scale. The most important quantum e↵ects turn out to be the modifica-
tion of the leptonic couplings of the vector boson Z and the generation of a purely leptonic e↵ective
Lagrangian. Large LFU breaking e↵ects in Z and ⌧ decays and visible lepton flavour violating
(LFV) e↵ects in the processes ⌧ ! µ``, ⌧ ! µ⇢, ⌧ ! µ⇡, ⌧ ! µ⌘(0) are induced.

Introduction Lepton flavour universality (LFU) tests
are among the most powerful probes of the Standard
Model (SM) and, in turn, of New Physics (NP) e↵ects. In
the recent years, experimental data in B physics hinted
at deviations from the SM expectations, both in charged-
current as well as neutral current transitions. The statis-
tically most significant data are summarized as follows:

• An overall 3.9� violation from the ⌧/` universality
(` = µ, e) in the charged-current b ! c decays [1–4]:

R⌧/`
D(⇤) =

B(B̄ ! D(⇤)⌧ ⌫̄)
exp

/B(B̄ ! D(⇤)⌧ ⌫̄)SM
B(B̄ ! D(⇤)l⌫̄)

exp

/B(B̄ ! D(⇤)l⌫̄)SM
, (1)

R⌧/`
D = 1.37± 0.17, R⌧/l

D⇤ = 1.28± 0.08 . (2)

• A 2.6� deviation from µ/e universality in the
neutral-current b ! s transition [5]:

Rµ/e
K =

B(B ! Kµ+µ�)
exp

B(B ! Ke+e�)
exp

= 0.745+0.090
�0.074 ± 0.036 (3)

where the SM corrections do not exceed a few % [6].

As argued in [7–10] by means of global-fit analyses, the

Rµ/e
K anomaly favours an e↵ective 4-fermion operator in-

volving left-handed currents, (s̄L�µbL)(µ̄L�µµL). This
naturally brings to the appealing possibility of inter-
preting the charged-current anomaly also in terms of a
left-handed operator (c̄L�µbL)(⌧̄L�µ⌫L) which is related
to (s̄L�µbL)(µ̄L�µµL) under the SU(2)L gauge symme-
try [11]. Clearly, this picture might work only provided
NP couples much more strongly to the third generation
than to first two. Such a requirement can be naturally ac-
complished in two ways: i) assuming that NP is coupled,
in the interaction basis, only to the third generation of
quarks and leptons. Couplings to lighter generations are
then generated by the misalignment between the mass
and the interaction basis by means of small flavour mix-
ing angles [12], and ii) NP couples to di↵erent fermion
generations proportionally to their mass squared [13].

The most prominent di↵erence between the above sce-
narios is that in i) but not in ii) LFU violation necessarily
implies lepton flavour violating (LFV) phenomena.

In this work, we revisit the LFU in B-decays model-
independently focusing on operators defined above the
electroweak scale v which are invariant under the full SM
gauge group, along the lines of Refs. [11, 13–16]. The
main motivation of our study is the construction of the
low-energy e↵ective Lagrangian taking into account the
running of the Wilson coe�cients of a suitable operator
basis and the matching conditions when mass thresholds
are crossed. The running e↵ects from the NP scale ⇤
down to the electroweak scale are included through the
one-loop renormalization group equations (RGE) in the
limit of exact electroweak symmetry. Instead, from the
electroweak scale down to the 1GeV scale we use the
QED RGEs. By explicit calculations, we have checked
that the scale dependence of the RGE contributions
from gauge and top yukawa interactions cancels with
that of the matrix elements. Such a program has not
been carried out in the literature so far and it will imply
profound implications on the findings of Refs. [11, 13–
16]. The most important quantum e↵ects turn out to be
the modification of the leptonic couplings of the vector
boson Z and the generation of a purely leptonic e↵ective
Lagrangian. As a result, large LFV and LFU breaking
e↵ects in Z and ⌧ decays are induced.

E↵ective Lagrangians If the NP contributions origi-
nate at a scale ⇤ � v, in the energy window above v and
below ⇤, the NP e↵ects can be described by an e↵ective
Lagrangian L=L

SM

+L
NP

invariant under the SM gauge
group. Here we assume that NP is dominated by

L
NP

=
C

1

⇤2

(q̄
3L�

µq
3L)

�
¯̀
3L�µ`3L

�
+

C
3

⇤2

(q̄
3L�

µ⌧aq
3L)

�
¯̀
3L�µ⌧

a`
3L

�
. (4)

Moving from the interaction to the mass basis by means
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Introduction Lepton flavour universality (LFU) tests
are among the most powerful probes of the Standard
Model (SM) and, in turn, of New Physics (NP) e! ects. In
the recent years, experimental data in B physics hinted
at deviations from the SM expectations, both in charged-
current as well as neutral current transitions. The statis-
tically most significant data are summarized as follows:

¥ An overall 3.9! violation from the " /# universality
(#= µ, e) in the charged-current b ! c decays [1–4]:

R! /"
D( ⇤) =

B(B̄ ! D(⇤)" $̄)
exp

/B(B̄ ! D(⇤)" $̄)SM

B(B̄ ! D(⇤)l$̄)
exp

/B(B̄ ! D(⇤)l$̄)SM

, (1)

R! /"
D = 1.37 ± 0.17, R! /l

D⇤ = 1.28 ± 0.08 . (2)

¥ A 2.6! deviation from µ/e universality in the
neutral-current b ! s transition [5]:

Rµ/e
K =

B(B ! Kµ+µ�)
exp

B(B ! Ke+e�)
exp

= 0.745+0.090
�0.074 ± 0.036 (3)

where the SM corrections do not exceed a few % [6].

As argued in [7–10] by means of global-fit analyses, the

Rµ/e
K anomaly favours an e! ective 4-fermion operator in-

volving left-handed currents, (s̄L%µbL)(µ̄L%µµL). This
naturally brings to the appealing possibility of inter-
preting the charged-current anomaly also in terms of a
left-handed operator (c̄L%µbL)("̄L%µ$L) which is related
to (s̄L%µbL)(µ̄L%µµL) under the SU(2)L gauge symme-
try [11]. Clearly, this picture might work only provided
NP couples much more strongly to the third generation
than to first two. Such a requirement can be naturally ac-
complished in two ways: i) assuming that NP is coupled,
in the interaction basis, only to the third generation of
quarks and leptons. Couplings to lighter generations are
then generated by the misalignment between the mass
and the interaction basis by means of small flavour mix-
ing angles [12], and ii) NP couples to di! erent fermion
generations proportionally to their mass squared [13].

The most prominent di! erence between the above sce-
narios is that in i) but not in ii) LFU violation necessarily
implies lepton flavour violating (LFV) phenomena.

In this work, we revisit the LFU in B-decays model-
independently focusing on operators defined above the
electroweak scale v which are invariant under the full SM
gauge group, along the lines of Refs. [11, 13–16]. The
main motivation of our study is the construction of the
low-energy e! ective Lagrangian taking into account the
running of the Wilson coe" cients of a suitable operator
basis and the matching conditions when mass thresholds
are crossed. The running e! ects from the NP scale #
down to the electroweak scale are included through the
one-loop renormalization group equations (RGE) in the
limit of exact electroweak symmetry. Instead, from the
electroweak scale down to the 1GeV scale we use the
QED RGEs. By explicit calculations, we have checked
that the scale dependence of the RGE contributions
from gauge and top yukawa interactions cancels with
that of the matrix elements. Such a program has not
been carried out in the literature so far and it will imply
profound implications on the findings of Refs. [11, 13–
16]. The most important quantum e! ects turn out to be
the modification of the leptonic couplings of the vector
boson Z and the generation of a purely leptonic e! ective
Lagrangian. As a result, large LFV and LFU breaking
e! ects in Z and " decays are induced.

E! ective Lagrangians If the NP contributions origi-
nate at a scale # � v, in the energy window above v and
below # , the NP e! ects can be described by an e! ective
Lagrangian L =L

SM

+L
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invariant under the SM gauge
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Introduction Lepton flavour universality (LFU) tests
are among the most powerful probes of the Standard
Model (SM) and, in turn, of New Physics (NP) e↵ects. In
the recent years, experimental data in B physics hinted
at deviations from the SM expectations, both in charged-
current as well as neutral current transitions. The statis-
tically most significant data are summarized as follows:

• An overall 3.9� violation from the ⌧/` universality
(` = µ, e) in the charged-current b ! c decays [1–4]:

R⌧/`
D(⇤) =
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, (1)
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D = 1.37± 0.17, R⌧/l

D⇤ = 1.28± 0.08 . (2)

• A 2.6� deviation from µ/e universality in the
neutral-current b ! s transition [5]:
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exp

B(B ! Ke+e�)
exp

= 0.745+0.090
�0.074 ± 0.036 (3)

where the SM corrections do not exceed a few % [6].

As argued in [7–10] by means of global-fit analyses, the
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K anomaly favours an e↵ective 4-fermion operator in-

volving left-handed currents, (s̄L�µbL)(µ̄L�µµL). This
naturally brings to the appealing possibility of inter-
preting the charged-current anomaly also in terms of a
left-handed operator (c̄L�µbL)(⌧̄L�µ⌫L) which is related
to (s̄L�µbL)(µ̄L�µµL) under the SU(2)L gauge symme-
try [11]. Clearly, this picture might work only provided
NP couples much more strongly to the third generation
than to first two. Such a requirement can be naturally ac-
complished in two ways: i) assuming that NP is coupled,
in the interaction basis, only to the third generation of
quarks and leptons. Couplings to lighter generations are
then generated by the misalignment between the mass
and the interaction basis by means of small flavour mix-
ing angles [12], and ii) NP couples to di↵erent fermion
generations proportionally to their mass squared [13].

The most prominent di↵erence between the above sce-
narios is that in i) but not in ii) LFU violation necessarily
implies lepton flavour violating (LFV) phenomena.

In this work, we revisit the LFU in B-decays model-
independently focusing on operators defined above the
electroweak scale v which are invariant under the full SM
gauge group, along the lines of Refs. [11, 13–16]. The
main motivation of our study is the construction of the
low-energy e↵ective Lagrangian taking into account the
running of the Wilson coe�cients of a suitable operator
basis and the matching conditions when mass thresholds
are crossed. The running e↵ects from the NP scale ⇤
down to the electroweak scale are included through the
one-loop renormalization group equations (RGE) in the
limit of exact electroweak symmetry. Instead, from the
electroweak scale down to the 1GeV scale we use the
QED RGEs. By explicit calculations, we have checked
that the scale dependence of the RGE contributions
from gauge and top yukawa interactions cancels with
that of the matrix elements. Such a program has not
been carried out in the literature so far and it will imply
profound implications on the findings of Refs. [11, 13–
16]. The most important quantum e↵ects turn out to be
the modification of the leptonic couplings of the vector
boson Z and the generation of a purely leptonic e↵ective
Lagrangian. As a result, large LFV and LFU breaking
e↵ects in Z and ⌧ decays are induced.
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nate at a scale ⇤ � v, in the energy window above v and
below ⇤, the NP e↵ects can be described by an e↵ective
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RK vs. RD(*)

• Simultaneous explanation of RK and RD(*) anomalies:

Revisiting Lepton Flavour Universality in B Decays
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Lepton flavour universality (LFU) in B-decays is revisited in a model-independent way by con-
sidering semileptonic operators defined at a scale ⇤ above the electroweak scale v. The importance
of quantum e↵ects, so far neglected in the literature, are emphasised. We construct the low-energy
e↵ective Lagrangian taking into account the running e↵ects from ⇤ down to v through the one-loop
renormalization group equations (RGE) in the limit of exact electroweak symmetry and QED RGEs
from v down to the 1GeV scale. The most important quantum e↵ects turn out to be the modifica-
tion of the leptonic couplings of the vector boson Z and the generation of a purely leptonic e↵ective
Lagrangian. Large LFU breaking e↵ects in Z and ⌧ decays and visible lepton flavour violating
(LFV) e↵ects in the processes ⌧ ! µ``, ⌧ ! µ⇢, ⌧ ! µ⇡, ⌧ ! µ⌘(0) are induced.

Introduction Lepton flavour universality (LFU) tests
are among the most powerful probes of the Standard
Model (SM) and, in turn, of New Physics (NP) e↵ects. In
the recent years, experimental data in B physics hinted
at deviations from the SM expectations, both in charged-
current as well as neutral current transitions. The statis-
tically most significant data are summarized as follows:

• An overall 3.9� violation from the ⌧/` universality
(` = µ, e) in the charged-current b ! c decays [1–4]:

R⌧/`
D(⇤) =

B(B̄ ! D(⇤)⌧ ⌫̄)
exp

/B(B̄ ! D(⇤)⌧ ⌫̄)SM
B(B̄ ! D(⇤)l⌫̄)

exp

/B(B̄ ! D(⇤)l⌫̄)SM
, (1)

R⌧/`
D = 1.37± 0.17, R⌧/l

D⇤ = 1.28± 0.08 . (2)

• A 2.6� deviation from µ/e universality in the
neutral-current b ! s transition [5]:

Rµ/e
K =

B(B ! Kµ+µ�)
exp

B(B ! Ke+e�)
exp

= 0.745+0.090
�0.074 ± 0.036 (3)

where the SM corrections do not exceed a few % [6].

As argued in [7–10] by means of global-fit analyses, the

Rµ/e
K anomaly favours an e↵ective 4-fermion operator in-

volving left-handed currents, (s̄L�µbL)(µ̄L�µµL). This
naturally brings to the appealing possibility of inter-
preting the charged-current anomaly also in terms of a
left-handed operator (c̄L�µbL)(⌧̄L�µ⌫L) which is related
to (s̄L�µbL)(µ̄L�µµL) under the SU(2)L gauge symme-
try [11]. Clearly, this picture might work only provided
NP couples much more strongly to the third generation
than to first two. Such a requirement can be naturally ac-
complished in two ways: i) assuming that NP is coupled,
in the interaction basis, only to the third generation of
quarks and leptons. Couplings to lighter generations are
then generated by the misalignment between the mass
and the interaction basis by means of small flavour mix-
ing angles [12], and ii) NP couples to di↵erent fermion
generations proportionally to their mass squared [13].

The most prominent di↵erence between the above sce-
narios is that in i) but not in ii) LFU violation necessarily
implies lepton flavour violating (LFV) phenomena.

In this work, we revisit the LFU in B-decays model-
independently focusing on operators defined above the
electroweak scale v which are invariant under the full SM
gauge group, along the lines of Refs. [11, 13–16]. The
main motivation of our study is the construction of the
low-energy e↵ective Lagrangian taking into account the
running of the Wilson coe�cients of a suitable operator
basis and the matching conditions when mass thresholds
are crossed. The running e↵ects from the NP scale ⇤
down to the electroweak scale are included through the
one-loop renormalization group equations (RGE) in the
limit of exact electroweak symmetry. Instead, from the
electroweak scale down to the 1GeV scale we use the
QED RGEs. By explicit calculations, we have checked
that the scale dependence of the RGE contributions
from gauge and top yukawa interactions cancels with
that of the matrix elements. Such a program has not
been carried out in the literature so far and it will imply
profound implications on the findings of Refs. [11, 13–
16]. The most important quantum e↵ects turn out to be
the modification of the leptonic couplings of the vector
boson Z and the generation of a purely leptonic e↵ective
Lagrangian. As a result, large LFV and LFU breaking
e↵ects in Z and ⌧ decays are induced.

E↵ective Lagrangians If the NP contributions origi-
nate at a scale ⇤ � v, in the energy window above v and
below ⇤, the NP e↵ects can be described by an e↵ective
Lagrangian L=L

SM

+L
NP

invariant under the SM gauge
group. Here we assume that NP is dominated by

L
NP

=
C

1

⇤2

(q̄
3L�

µq
3L)

�
¯̀
3L�µ`3L

�
+

C
3

⇤2

(q̄
3L�

µ⌧aq
3L)

�
¯̀
3L�µ⌧

a`
3L

�
. (4)

Moving from the interaction to the mass basis by means
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Introduction Lepton flavour universality (LFU) tests
are among the most powerful probes of the Standard
Model (SM) and, in turn, of New Physics (NP) e! ects. In
the recent years, experimental data in B physics hinted
at deviations from the SM expectations, both in charged-
current as well as neutral current transitions. The statis-
tically most significant data are summarized as follows:

¥ An overall 3.9! violation from the " /# universality
(#= µ, e) in the charged-current b ! c decays [1–4]:

R! /"
D( ⇤) =

B(B̄ ! D(⇤)" $̄)
exp

/B(B̄ ! D(⇤)" $̄)SM
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exp
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, (1)

R! /"
D = 1.37 ± 0.17, R! /l

D⇤ = 1.28 ± 0.08 . (2)

¥ A 2.6! deviation from µ/e universality in the
neutral-current b ! s transition [5]:

Rµ/e
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exp
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exp

= 0.745+0.090
�0.074 ± 0.036 (3)

where the SM corrections do not exceed a few % [6].

As argued in [7–10] by means of global-fit analyses, the
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volving left-handed currents, (s̄L%µbL)(µ̄L%µµL). This
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preting the charged-current anomaly also in terms of a
left-handed operator (c̄L%µbL)("̄L%µ$L) which is related
to (s̄L%µbL)(µ̄L%µµL) under the SU(2)L gauge symme-
try [11]. Clearly, this picture might work only provided
NP couples much more strongly to the third generation
than to first two. Such a requirement can be naturally ac-
complished in two ways: i) assuming that NP is coupled,
in the interaction basis, only to the third generation of
quarks and leptons. Couplings to lighter generations are
then generated by the misalignment between the mass
and the interaction basis by means of small flavour mix-
ing angles [12], and ii) NP couples to di! erent fermion
generations proportionally to their mass squared [13].

The most prominent di! erence between the above sce-
narios is that in i) but not in ii) LFU violation necessarily
implies lepton flavour violating (LFV) phenomena.

In this work, we revisit the LFU in B-decays model-
independently focusing on operators defined above the
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Lepton flavour universality (LFU) in B-decays is revisited in a model-independent way by con-
sidering semileptonic operators defined at a scale ⇤ above the electroweak scale v. The importance
of quantum e↵ects, so far neglected in the literature, are emphasised. We construct the low-energy
e↵ective Lagrangian taking into account the running e↵ects from ⇤ down to v through the one-loop
renormalization group equations (RGE) in the limit of exact electroweak symmetry and QED RGEs
from v down to the 1GeV scale. The most important quantum e↵ects turn out to be the modifica-
tion of the leptonic couplings of the vector boson Z and the generation of a purely leptonic e↵ective
Lagrangian. Large LFU breaking e↵ects in Z and ⌧ decays and visible lepton flavour violating
(LFV) e↵ects in the processes ⌧ ! µ``, ⌧ ! µ⇢, ⌧ ! µ⇡, ⌧ ! µ⌘(0) are induced.

Introduction Lepton flavour universality (LFU) tests
are among the most powerful probes of the Standard
Model (SM) and, in turn, of New Physics (NP) e↵ects. In
the recent years, experimental data in B physics hinted
at deviations from the SM expectations, both in charged-
current as well as neutral current transitions. The statis-
tically most significant data are summarized as follows:

• An overall 3.9� violation from the ⌧/` universality
(` = µ, e) in the charged-current b ! c decays [1–4]:

R⌧/`
D(⇤) =

B(B̄ ! D(⇤)⌧ ⌫̄)
exp

/B(B̄ ! D(⇤)⌧ ⌫̄)SM
B(B̄ ! D(⇤)l⌫̄)

exp

/B(B̄ ! D(⇤)l⌫̄)SM

, (1)

R⌧/`
D = 1.37± 0.17, R⌧/l

D⇤ = 1.28± 0.08 . (2)

• A 2.6� deviation from µ/e universality in the
neutral-current b ! s transition [5]:

Rµ/e
K =

B(B ! Kµ+µ�)
exp

B(B ! Ke+e�)
exp

= 0.745+0.090
�0.074 ± 0.036 (3)

where the SM corrections do not exceed a few % [6].

As argued in [7–10] by means of global-fit analyses, the

Rµ/e
K anomaly favours an e↵ective 4-fermion operator in-

volving left-handed currents, (s̄L�µbL)(µ̄L�µµL). This
naturally brings to the appealing possibility of inter-
preting the charged-current anomaly also in terms of a
left-handed operator (c̄L�µbL)(⌧̄L�µ⌫L) which is related
to (s̄L�µbL)(µ̄L�µµL) under the SU(2)L gauge symme-
try [11]. Clearly, this picture might work only provided
NP couples much more strongly to the third generation
than to first two. Such a requirement can be naturally ac-
complished in two ways: i) assuming that NP is coupled,
in the interaction basis, only to the third generation of
quarks and leptons. Couplings to lighter generations are
then generated by the misalignment between the mass
and the interaction basis by means of small flavour mix-
ing angles [12], and ii) NP couples to di↵erent fermion
generations proportionally to their mass squared [13].

The most prominent di↵erence between the above sce-
narios is that in i) but not in ii) LFU violation necessarily
implies lepton flavour violating (LFV) phenomena.

In this work, we revisit the LFU in B-decays model-
independently focusing on operators defined above the
electroweak scale v which are invariant under the full SM
gauge group, along the lines of Refs. [11, 13–16]. The
main motivation of our study is the construction of the
low-energy e↵ective Lagrangian taking into account the
running of the Wilson coe�cients of a suitable operator
basis and the matching conditions when mass thresholds
are crossed. The running e↵ects from the NP scale ⇤
down to the electroweak scale are included through the
one-loop renormalization group equations (RGE) in the
limit of exact electroweak symmetry. Instead, from the
electroweak scale down to the 1GeV scale we use the
QED RGEs. By explicit calculations, we have checked
that the scale dependence of the RGE contributions
from gauge and top yukawa interactions cancels with
that of the matrix elements. Such a program has not
been carried out in the literature so far and it will imply
profound implications on the findings of Refs. [11, 13–
16]. The most important quantum e↵ects turn out to be
the modification of the leptonic couplings of the vector
boson Z and the generation of a purely leptonic e↵ective
Lagrangian. As a result, large LFV and LFU breaking
e↵ects in Z and ⌧ decays are induced.

E↵ective Lagrangians If the NP contributions origi-
nate at a scale ⇤ � v, in the energy window above v and
below ⇤, the NP e↵ects can be described by an e↵ective
Lagrangian L=L

SM

+L
NP

invariant under the SM gauge
group. Here we assume that NP is dominated by

L
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=
C

1

⇤2

(q̄
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µq
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�
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C
3
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3L�

µ⌧aq
3L)
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typical assumption: NP couples mostly to the third generation quarks
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Effective Lagrangian:

3

interactions. After running the Wilson coe! cients from
" down to the electroweak scale and integrating out the
W , Z and the heavy quarksc, b, and t, we get:

L!
e! = �4GFp

2

!
! e

ij (eiL " µ ejL )
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#" µ #

#
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" ce
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#

$

+ ccc
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ij (eiL " µ $jL )($L " µ eL + uL " µ V dL )+ h.c.
%

, (22)

where # = {eL , eR , $L , dL , dR , uL , uR } and gZ
" is the

fermionic Z coupling deÞned asgZ
" = T3(# )�Q" sin2 %W .

Finally, the coe! cients ce,cc
t and ce

# are given by
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3y2
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The residual scale dependence is removed by evaluating
the matrix elements in the low energy theory, which in-
cludes the light quarks u, d, s. For simplicity, we have
done this within the quark model, by assuming for u, d
and s a common constituent massµ ⇡ 1 GeV.

As shown by eq. (23),L!
e! receives one-loop induced

RGE contributions of order y2
t / 16&2 and e2/ 16&2. The

former arises from the top-quark yukawa interactions
and a#ects both the neutral- and charged-currents.
On the contrary, the e#ects induced by the SM gauge
interactions cancel completely in the charged-current
and only partially in the neutral-current. The sur-
viving neutral-current turns out to be vector-like and
proportional to the electromagnetic coupling e2, there-
fore, it can be interpreted as the electromagnetic current.

Observables We are ready now to analyse the phe-
nomenological implications of our model at the quantum
level. We will revisit Þrst the anomalies in the tree level
processesB ! K ' ø' and B ! D (⇤) ' ø$ under the con-
straints imposed by B ! K $ø$. Then, we will study
observables arising at the loop-level, so far overlooked in
the literature, which include both LFV and LFU break-
ing e#ects in Z and ( decays.

In our model, Rµ/e
K is approximated by the expression

Rµ/e
K ⇡ |Cµµ

9 + CSM
9 |2

|Cee
9 + CSM

9 |2 , (24)

where CSM
9 ⇡4.2. The experimental central valueRµ/e

K ⇡
0.75 is reproduced forCµµ

9 ⇡�0.5 if we assumeCee
9 = 0.

In particular, we Þnd that

Rµ/e
K ⇡ 1� 0.28

(C1 + C3)
" 2(TeV)

! d
sb ! e

µµ

10�3 . (25)

The expression forR%/ !
D (! ) reads

R%/ !
D (! ) =

*
j |(Ccb

L )3j |2
*

j |(Ccb
L )! j |2

, (26)

where ' = e, µ. Assuming that ! e
µµ ⌧ ! e

%%⇠ 1, we Þnd

R%/ !
D (! ) ⇡ 1� 0.12C3

" 2(TeV)

(
! d

bb +
! d

sb

Vcb

)
. (27)

The condition ! e
µµ ⌧ ! e

%%is justiÞed by the non observa-
tion of LFU breaking e#ects in the µ/e sector up to the
<⇠ 2% level [20, 21], leading to the upper bound! e

µµ
<⇠ 0.1

once the anomaly in the( / ' sector is explained. More-
over, LFU breaking e#ects in B ! D (⇤) '$ are correlated
to those in B ! '$ , as we will discuss elsewhere.

As already noted in [16], non trivial constraints arise
from the processB ! K $ø$. DeÞning R$$

K as

R$$
K =

B(B ! K $ø$)
B(B ! K $ø$)SM

=
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$ |2
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whereCSM
$ ⇡ �6.4 and exploiting the properties tr! f = 1

and
*

ij |! f |2 = 1, we obtain
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, (29)

while the experimental bound readsR$$
K < 4.3 [22]. If

LFU e#ects arise from LFV sources, LFV phenomena are
unavoidable [12]. In our model, it turns out that [23]

B(B !K ( µ) ⇡ 4⇥10�8 |Cµ%
9 |2⇡10�7

+
+
+
+
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! e
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2

, (30)

where we have exploited the relationCµµ
9 /C µ%

9 = ! e
µ% and

set |Cµµ
9 | ⇡ 0.5 to accommodate theRe/µ

K anomaly. The
above prediction is orders of magnitude below the current
bound B(B ! K ( µ)  4.8⇥10�5 [24]. At tree level, also
the process( ! µ* is generated butB(( ! µ* )/ B(B !
K ( µ) ⇡ 5⇥ 10�3(! d

sb)2, therefore always negligible.
ModiÞcations of the leptonic Z couplings are con-

strained by the LEP measurements of the Z decay
widths, left-right and forward-backward asymmetries.
The bounds on lepton non-universal couplings are [20]

v%

ve
= 0 .959 (29),

a%

ae
= 1 .0019 (15), (31)

wherev! and a! are the vector and axial-vector couplings,
respectively, deÞned asv! = g!!

! L + g!!
! R and a! = g!!

! L �g!!
! R .

In our model, v! and a! read

v%

ve
' 1� 2$ g%%

! L

(1 � 4s2
W )
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! L , (32)
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The residual scale dependence is removed by evaluating
the matrix elements in the low energy theory, which in-
cludes the light quarks u, d, s. For simplicity, we have
done this within the quark model, by assuming for u, d
and s a common constituent massµ # 1 GeV.

As shown by eq. (23),L !
e! receives one-loop induced

RGE contributions of order y2
t / 16⇡2 and e2/ 16⇡2. The

former arises from the top-quark yukawa interactions
and a#ects both the neutral- and charged-currents.
On the contrary, the e#ects induced by the SM gauge
interactions cancel completely in the charged-current
and only partially in the neutral-current. The sur-
viving neutral-current turns out to be vector-like and
proportional to the electromagnetic coupling e2, there-
fore, it can be interpreted as the electromagnetic current.

Observables We are ready now to analyse the phe-
nomenological implications of our model at the quantum
level. We will revisit Þrst the anomalies in the tree level
processesB $ K `ø̀ and B $ D (⇤) `ø⌫ under the con-
straints imposed by B $ K ⌫ø⌫. Then, we will study
observables arising at the loop-level, so far overlooked in
the literature, which include both LFV and LFU break-
ing e#ects in Z and ⌧ decays.

In our model, Rµ/e
K is approximated by the expression
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where CSM
9 # 4.2. The experimental central valueRµ/e
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In particular, we Þnd that
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The condition �e
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%%is justiÞed by the non observa-
tion of LFU breaking e#ects in the µ/e sector up to the
<& 2% level [20, 21], leading to the upper bound�e

µµ
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once the anomaly in the⌧ / ` sector is explained. More-
over, LFU breaking e#ects in B $ D (⇤) `⌫ are correlated
to those in B $ `⌫, as we will discuss elsewhere.
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while the experimental bound readsR$$
K < 4.3 [22]. If

LFU e#ects arise from LFV sources, LFV phenomena are
unavoidable [12]. In our model, it turns out that [23]
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where we have exploited the relationCµµ
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K anomaly. The
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tree level:
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• Left-handed vector currents 
• Parametrical suppression of interaction with second-generation 
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tree level

• New phenomenology, perhaps absent at tree level 

• EW loop                    , i.e. not so important, right?
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tree level

• New phenomenology, perhaps absent at tree level 

• EW loop                    , i.e. not so important, right?
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No

EW precision tests (~10-2÷10-3) 
LFV phenomenologyRD (tree level in SM)

O(1) NP effect ~10-3 NP effect

Enhancements: ‣Big logs 

‣big O(1) numerical factors 
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1) Assume a basis where:
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2) Go to mass basis through a rotation of generations 2-3: 
‣  two real parameters: 𝛳bs, 𝛳𝜏𝜇  (assumed ≪1) 
‣  no mixing with the 1st generation

• At NP scale 𝛬:

• RGE flow down to the EW scale (leading log) 

• Matching to an EFT with broken SU(2)  

• Computation of relevant observables

here new 
operators arise



About Leading Log Approximation
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• Eventually 𝛬 ≈ 1÷3 TeV
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is it a “big” log?

<z it safely capture the order of magnitude of the effects 

<z finite contributions might be O(1)  

<z quantitatively correct, barring accidentally big cancellations

• Consider finite contributions? work in progress…
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•  Relevant observables: 

‣   

‣  LFV in 𝜏 decays: 𝜏→3𝜇, 𝜏→𝜇ee, 𝜏→𝜇𝜌, 𝜏→𝜇𝜋 

‣  LFU in 𝜏 decays:  

‣  Z pole observables: axial and vector lepton coupling 

                                             invisible Z decay width 

• We then scan over different C1, C3, 𝛳bs, 𝛳𝜏𝜇 
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Simultaneous explanation of RD and RK through left-handed currents 
is excluded highly disfavoured

Results of the scan over the parameter space in our setup:



Results
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Is B( B→K𝜏𝜇 ) really the benchmark of these scenarios?

LFV 𝜏 decays are the most sensitive probes in these scenarios

Scan over the parameter 
space, imposing: 

‣  all discussed bounds 

‣  RK anomaly at 3𝜎 

‣  not RD
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• … we want to insist on LH current? 

<z Z’ models 
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• … we want to insist on LH current? 

<z Z’ models 
<z either: 

‣  tune additional tree-level contributions: 

‣  very light Z’ mass (200 - 300 GeV) 

‣  cancellations with additional Z’’
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• … we are interested only in RK? 

<z LH currents not necessary: 

<z NP needed for RK is small (compete with SM 1-loop) 

<z loop effects are there, but not dangerous
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• … we are interested only in RD (still with LH currents)? 

<z bounds from LFU violation are still there! 
<z same caveats as before about Z’ models
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• … we are interested only in RD (other operators)? 

<z possible operators: 

‣  loop effects: suppressed by lepton Yukawa (y𝜏≈10 -2 ) 

‣  severe bounds from high-pT  𝜏 lepton searches at LHC 

‣  impossible to accommodate RK with the same operator(s)
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• Updates for RK 
‣  possibility to distinguish C9 vs. C10 

• New measurements for RD(*) 
‣  independent channel (hadronic 𝜏 tagging) 

• Measurement of RK* 
‣  more insights into the NP needed for the anomalies 

New experimental measurements coming soon:
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• B anomalies extensively studied in literature 

‣  simultaneous RK and RD(*) explanation is appealing 

‣  typically achieved using LH currents 

• crucial 1-loop effects in the leptonic sector  

‣  surprisingly overlooked so far 

‣  highly disfavour a LH current approach to RD(*)

‣  𝜏→3𝜇 can be a more interesting than B→K𝜏𝜇


