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Plan of the talk

1 Strategies to look for New Physics at low-energy

2 Experimental status and fit results for Rµ/e
K and Rτ/`

D(∗)

3 Running and matching: from high-energy SU(2)L ⊗ U(1)Y effective
Lagrangians down to low-energy U(1)em invariant effective Lagrangians

4 The importance of quantum effects:
I Z and W leptonic coupling modifications
I generation of a purely leptonic effective Lagrangian
I corrections to the semileptonic effective Lagrangian

5 Observables:
I Rµ/e

K and Rτ/`
D(∗) @ the tree level

I LFU violations in Z and τ decays: Rτ/`Z and Rτ/`τ @ the quantum level
I LFV B-decays: B → K∗τµ and Bs → τµ @ the tree level
I LFV τ decays: τ → µ``, τ → µρ, ..... @ the quantum level

6 Conclusions and future prospects
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NP search strategies

• High-energy frontier: A unique effort to determine the NP scale

• High-intensity frontier (flavor physics): A collective effort to determine the
flavor structure of NP

Where to look for New Physics at low-energy?

• Processes very suppressed or even forbidden in the SM

I FCNC processes (µ→ eγ, µ→ e in N, τ → µγ, τ → 3µ, B → Kτµ, · · · )
I CPV effects in the electron/neutron EDMs

I FCNC & CPV in Bs,d & D decay/mixing amplitudes

• Processes predicted with high precision in the SM

I EWPO as (g − 2)µ: aexp
µ − aSM

µ ≈ (3± 1)× 10−9, a discrepancy at 3σ!

I LFU in M → `ν (with M = π,K ,B), B → D(∗)`ν, B → K ``′ and τ decays
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Experimental status

• Experimental data in B physics hints at non-standard LFU violations
both in charged-current as well as neutral-current transitions:

I An overall 3.9σ violation from τ/` universality (` = µ, e) in the charged-current
b → c decays [BaBar ’13, Belle ’15, LHCb ’15, Fajfer, Kamenik and Nisandzic ’12]

Rτ/`
D(∗) =

B(B̄ → D(∗)τ ν̄)exp/B(B̄ → D(∗)τ ν̄)SM

B(B̄ → D(∗)`ν̄)exp/B(B̄ → D(∗)`ν̄)SM

Rτ/`D = 1.37± 0.17, Rτ/`D∗ = 1.28± 0.08

I A 2.6σ deviation from µ/e universality in the neutral-current b → s transition

Rµ/e
K =

B(B → Kµ+µ−)exp

B(B → Ke+e−)exp
= 0.745+0.090

−0.074 ± 0.036

while (Rµ/e
K )SM = 1 up to few % corrections [Hiller et al,’07, Bordone, Isidori and Pattori, ’16].
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Fit results

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5
-2

-1

0

1

2

C9
Μ

C
9e

LFU

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
-1.0

-0.5

0.0

0.5

1.0

C9
Μ

=-C10
Μ

C
9e =

-
C

10e LFU

Figure: Best fit regions at 1 and 2σ in the plane Cµ9 vs. Ce
9 (left) and Cµ9 = −Cµ10 vs.

Ce
9 = −Ce

10 (right). The diagonal line corresponds to lepton flavour universality.

LNC
eff =

4 GF√
2

VtbV ∗ts
e2

16π2

∑
i

(CiOi + C′i O
′
i ) + h.c.

O9 = (s̄γµPLb)(¯̀γµ`) , O10 = (s̄γµPLb)(¯̀γµγ5`)

[Altmannshofer & Straub, ’15, see also Hiller et al., ’14, Hurth et al., ’14, Descotes-Genon et al., ’15]
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High-energy effective Lagrangian

• The explanation of the Rµ/e
K anomaly favours an effective 4-fermion operator

involving left-handed currents, (s̄LγµbL)(µ̄LγµµL) [Hiller et al., ’14, Hurth et al.,’14,

Altmannshofer and Straub ’14, Descotes-Genon et al., ’15, . . . . . . ]

• This naturally suggests to account also for the charged-current anomaly
through a left-handed operator (c̄LγµbL)(τ̄LγµνL) which is related to
(s̄LγµbL)(µ̄LγµµL) by the SU(2)L gauge symmetry [Bhattacharya et al., ’14].

• This picture can work only if NP couples much more strongly to the third
generation than to the first two. Two interesting scenarios are:

I Lepton Flavour Violating case: NP couples in the interaction basis only to third
generations. Couplings to lighter generations are generated by the misalignment
between the mass and the interaction bases through small flavour mixing angles.
LFU violation necessarily implies LFV [Glashow, Guadagnoli and Lane, ’14] .

I Lepton Flavour Conserving case: NP couples to different fermion generations
proportionally to their mass squared [Alonso, ’15]. The non-abelian leptonic flavour
group is broken but U(1)e × U(1)µ × U(1)τ is preserved.
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LFV case: high-energy effective Lagrangian

• In the energy window between the EW scale v and the NP scale Λ, NP effects
are described by L=LSM + LNP with L invariant under SU(2)L ⊗ U(1)Y .

LNP =
C1

Λ2 (q̄3Lγ
µq3L)

(
¯̀3Lγµ`3L

)
+

C3

Λ2

(
q̄3Lγ

µτ aq3L
) (

¯̀3Lγµτ
a`3L

)
.

• After EWSB we move from the interaction to the mass basis through the unitary
transformations (V †u Vd = VCKM ≡ V ) [Calibbi, Crivellin, Ota, ’15]

uL → VuuL dL → Vd dL νL → UeνL eL → UeeL ,

LNP =
1

Λ2 [(C1 +C3)λd
ij λ

e
kl (d̄Liγ

µdLj )(ēLkγµeLl ) + B → K ``′

2C3

(
λud

ij λ
e
kl (ūLiγ

µdLj )(ēLkγµνLl )+h.c.
)

B → D(∗)`ν

(C1−C3)λd
ij λ

e
kl (d̄Liγ

µdLj )(ν̄LkγµνLl ) + · · · ] B → Kνν

λd
ij = V ∗d3iVd3j λe

ij = U∗e3iUe3j λud
ij = V ∗u3iVd3j

Lesson: at tree-level τ LFU & LFV processes are not generated!!
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Semileptonic effective Lagrangian

• Effective Lagrangian for b → s`` and b → sνν [Buchalla et al., ’95]

LNC
eff =

4GF√
2

VtbV ∗ts
(

C ij
νOij

ν + C ij
9O

ij
9 + C ij

10O
ij
10

)
+ h.c. ,

Oij
ν =

e2

(4π)2 (s̄LγµbL)(ν̄iγ
µ(1−γ5)νj ) , Oij

9(10) =
e2

(4π)2 (s̄LγµbL)(ēiγ
µ(γ5)ej )

• By matching LNC
eff with LNP [Alonso, Grinstein, Camalich, ’14, ’15 & Calibbi, Crivellin, Ota, ’15]

(C9)ij =− C ij
10 =

4π2

e2VtbV ∗ts

v2

Λ2 (C1 +C3)λd
23λ

e
ij + · · · ,

(Cν)ij =
4π2

e2VtbV ∗ts

v2

Λ2 (C1−C3)λd
23λ

e
ij + · · ·

• Effective Lagrangian for b → c`ν [Buchalla et al., ’95]

LCC
eff =−4GF√

2
Vcb (Ccb

L )ij (c̄LγµbL) (ēLiγ
µνLj ) + h.c.

• By matching LCC
eff with LNP [Alonso, Grinstein, Camalich, ’14, ’15 & Calibbi, Crivellin, Ota, ’15]

(Ccb
L )ij = δij −

v2

Λ2

λud
23

Vcb
C3 λ

e
ij
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Semileptonic observables

• B → K `¯̀

Rµ/e
K ≈

|Cµµ
9 + CSM

9 |2

|Cee
9 + CSM

9 |2
≈ 1− 0.28

(C1 + C3)

Λ2(TeV)

λd
23 |λe

23|2

10−3

Rµ/e
K = 0.745+0.090

−0.074 ± 0.036

• Rτ/`

D(∗)

Rτ/`

D(∗) =

∑
j |(C

cb
L )3j |2∑

j |(Ccb
L )`j |2

≈ 1− 0.12 C3

Λ2(TeV)

(
1 +

λd
23

Vcb

)
λe

33

Rτ/`
D = 1.37± 0.17, Rτ/`

D∗ = 1.28± 0.08

• B → Kνν̄

Rνν
K =

B(B → Kνν̄)

B(B → Kνν̄)SM
=

∑
ij |C

SM
ν δij + C ij

ν |2

3|CSM
ν |2

≤ 4.3

≈ 1+
0.6 (C1 − C3)

Λ2(TeV)

(
λd

23

0.01

)
+

0.3 (C1 − C3)2

Λ4(TeV)

(
λd

23

0.01

)2

I B-physics anomalies accommodated for: i) C1 = 0 and C3 6= 0 and ii) C1 = C3.

I The correct pattern of deviation from the SM is reproduced for C3 < 0, λd
23 < 0

and |λd
23/Vcb| < 1. For |C3| ∼ O(1), we need Λ ∼ 1 TeV and |λe

23| & 0.1.
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Low-energy effective Lagrangian

Construction of the low-energy effective Lagrangian: running and matching

• We use the renormalization group equations (RGEs) to evolve the effective
lagrangian LNP from µ ∼ Λ down to µ ∼ 1 GeV. This is done is three steps:

I In the first step, the RGEs in the unbroken phase of the SU(2)⊗ U(1) theory are
used to compute the coefficients in the effective lagrangian down to a scale µ ∼ mZ .

I In the second step, the coefficients are matched to those of an effective lagrangian
for the theory in the broken symmetry phase of SU(2)⊗ U(1), that is U(1)el .

I In the third step, the coefficients of this effective lagrangian are computed at µ ∼ 1
GeV using the RGEs for the theory with only U(1)el gauge group.

• Then we take matrix elements of the relevant operators, using perturbative QCD
for heavy quarks and chiral perturbation theory for light quark loops.The scale
dependence of the RGE contributions cancels with that of the matrix elements.
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Leptonic Z-coupling modifications

• LNP induces modification of the W and Z couplings

LNP =
1

Λ2 [(C1 +C3)λu
ijλ

e
kl (ūLiγ

µuLj )(ν̄LkγµνLl ) +

(C1−C3)λu
ijλ

e
kl (̄uLiγ

µuLj )(ēLkγµeLl ) + . . . ]

LZ =
g2

cW
ēi

(
Z/ g ij

`LPL + Z/ g ij
`RPR

)
ej +

g2

cW
ν̄Li Z/ g ij

νL νLj

∆g ij
`L '

v2

Λ2

(
3y2

t (C1−C3)λu
33 + g2

2C3

)
log
(

Λ

mZ

)
λe

ij

16π2

∆g ij
νL '

v2

Λ2

(
3y2

t (C1 +C3)λu
33 − g2

2C3

)
log
(

Λ

mZ

)
λe

ij

16π2
Figure: The square is a
4-fermion interaction in LNP

• These expressions provide a good approximation of the exact results obtained
adding to the RGE contributions from gauge and top yukawa interactions the
one-loop matrix element with the Z four-momentum set on the mass-shell.

• The scale dependence of the RGE contribution cancels with that of the matrix
element dominated by a quark loop.
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Z-pole observables

• LEP bounds on non-universal leptonic Z couplings [PDG]

vτ
ve

= 0.959± 0.029 ,
aτ
ae

= 1.0019± 0.0015

v` = g```L + g```R and a` = g```L − g```R are the vector and axial-vector couplings

vτ
ve
' 1− 2 ∆g33

`L

(1− 4s2
W )
≈ 1− 0.05

(c− + 0.2 C3)

Λ2(TeV)

aτ
ae
' 1− 2 ∆g33

`L ≈ 1− 0.004
(c− + 0.2 C3)

Λ2(TeV)
,

• Number of neutrinos Nν from the invisible Z decay width

Nν = 2 +

(
g33
νL

gSM
νL

)2

' 3 + 4 ∆g33
νL ≈ 3 + 0.008

(c+ − 0.2 C3)

Λ2(TeV)

to be compared with the experimental result [PDG]

Nν = 2.9840± 0.0082

• B(Z → µ±τ∓) is always well below the current experimental bound.
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Purely leptonic effective Lagrangian

• Quantum effects generate also a purely leptonic effective Lagrangian, as well as
corrections to the semileptonic interactions.

LNC
eff =− 4GF√

2
λe

ij

[
(eLiγµeLj )

∑
ψ
ψγµψ

(
2gZ

ψce
t −Qψce

γ

)
+ h.c.

]
LCC
eff =− 4GF√

2
λe

ij

[
ccc

t (eLiγµνLj )(νLkγ
µeLk + uLkγ

µVkldLl ) + h.c.
]

where ψ = {νLk , eLk,Rk , uL,R , dL,R , sL,R} and gZ
ψ = T3(ψ)−Qψ sin2 θW .

ce
t = y2

t
3

32π2

v2

Λ2 (C1−C3)λu
33 log

Λ2

m2
t

ccc
t = y2

t
3

16π2

v2

Λ2 C3 λ
u
33 log

Λ2

m2
t

ce
γ =

e2

48π2

v2

Λ2

[
(3C3−C1) log

Λ2

µ2 − (C1 +C3)λd
33 log

m2
b

µ2

+ 2(C1−C3)

(
λu

33 log
m2

t

µ2 + λu
22 log

m2
c

µ2

)]
• The top-quark yukawa interactions affect both the neutral and charged currents.
• The gauge interactions are proportional to e2 and to the e.m. current.
• The residual scale dependence is removed by the matrix elements in the low

energy theory. For simplicity, we assume a common mass mu,d,s = µ ≈ 1 GeV.
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LFU violation in τ → `ν̄ν

• LFU breaking effects in τ → `ν̄ν

Rτ/e
τ =

B(τ → µνν̄)exp/B(τ → µνν̄)SM
B(µ→ eνν̄)exp/B(µ→ eνν̄)SM

Rτ/µ
τ =

B(τ → eνν̄)exp/B(τ → eνν̄)SM
B(µ→ eνν̄)exp/B(µ→ eνν̄)SM

• Rτ/`
τ : experiments vs. theory

Rτ/µ
τ = 1.0022± 0.0030 , Rτ/e

τ = 1.0060± 0.0030 [HFAG, ’14]

Rτ/`
τ ' 1 + 2 ccc

t λ
e
33 ≈ 1+

0.008 C3

Λ2(TeV)
λe

33

• Rτ/`

D(∗) : experiments vs. theory

Rτ/`
D = 1.37± 0.17, Rτ/`

D∗ = 1.28± 0.08

Rτ/`

D(∗) ≈ 1− 0.12 C3

Λ2(TeV)
λe

33

Strong tension between Rτ/`
τ and Rτ/`

D !!
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LFV τ decays

• LFV τ decays

B(τ → 3µ) ≈ 5× 10−8 c 2
−

Λ4(TeV)

(
λe

23

0.3

)2

B(τ → µρ) ≈ 5× 10−8 (c− − 0.28C3)2

Λ4(TeV)

(
λe

23

0.3

)2

B(τ → µπ) ≈ 8× 10−8 c2
−

Λ4(TeV)

(
λe

23

0.3

)2

• LFV B decays

B(B→K τµ) ≈ 4×10−8 ∣∣Cµτ
9

∣∣2 ≈ 10−7
∣∣∣∣Cµµ

9

0.5

∣∣∣∣2 ∣∣∣∣0.3λe
23

∣∣∣∣2 ,
since Cµµ

9 /Cµτ
9 ≈λ

e
23 and |Cµµ

9 | ≈ 0.5 from Re/µ
K ≈ 0.75.

• Experimental bounds [HFAG]:

B(τ → 3µ)exp ≤ 2.1× 10−8

B(τ → µρ)exp ≤ 1.2× 10−8

B(τ → µπ)exp ≤ 2.7× 10−8

B(B → K τµ)exp ≤ 4.8× 10−5
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Rµ/e
K vs. Rτ/`

D(∗)

Rµ/e
K vs. Rτ/`

D(∗) for C1 = 0, |C3| ≤ 3, |λd
23| ≤ 0.04 and |λe

23| ≤ 1/2.
The allowed regions are coloured according to the legend.
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B(B → K τµ) vs. B(τ → 3µ)

B(B → K τµ) vs. B(τ → 3µ) for |λd
23| = 0.01, C1 = C3 (green points) or

C1 = 0 (blue points) imposing all the experimental bounds except Rτ/`

D(∗) .
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Conclusions and future prospects

• Important questions in view of ongoing/future experiments are:

I What are the expected deviations from the SM predictions induced by TeV NP?

I Which observables are not limited by theoretical uncertainties?

I In which case we can expect a substantial improvement on the experimental side?

I What will the measurements teach us if deviations from the SM are [not] seen?

• (Personal) answers:

I The expected deviations from the SM predictions induced by NP at the TeV scale
with generic flavor structure are already ruled out by many orders of magnitudes.
Therefore, we can expect any size of deviation below the current bounds.

I LFV processes, leptonic EDMs and LFU observables do not suffer from theoretical
limitations and there are still excellent prospects for experimental improvements.

I The observed LFU breaking effects in B → D(∗)`ν, B → K ``′ might be true NP
signals. It’s worth to look for LFU breaking effects in B → `ν and B → Kττ .

I Large LFU breaking effects in B → D(∗)`ν and B → K ``′ Z τ are typically
associated with large LFU breaking effects in τ → `νν and in Z pole observables.

I If LFU breaking effects arise from LFV sources, the most sensitive LFV channels are
typically not B-decays but τ decays such as τ → µ`` and τ → µρ, · · · .
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