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Standard Model and open issues

The SM does not take into account the following observations:
• neutrino oscillations;
• dark matter observation;
• baryogenesis;
• gravity.

It does not provide a convincing explanation for:
• hierarchy problem;
• flavour puzzle;
• QCD theta term;
• gauge couplings unification.
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Lepton Flavour Violation: a conceptual challenge

The Dim-4 SM provides an accidental flavour symmetry:
• it holds in QCD and EM interactions;
• in the quark sector, it’s broken by EW interactions.

The lepton sector strictly conserves flavour and CP.

At the same time, we have remarkable phenomenological
evidences of FV in the neutrino sector, but. . .

. . . No evidence of the following phenomenological realisations:
• l±h → γ + l±i where h, i = e, µ, τ ,
• l±h → l±i l

±
j l
∓
k where h, i, j, k = e, µ, τ ,

• Z → l±h l
∓
i where h, i = e, µ, τ ,

• H → l±h l
∓
i where h, i = e, µ, τ .
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Lepton flavour and CP violation are new physics

Leptons come in three generations and mix: CPV is expected.
Neutral sector: neutrino mass generation mechanism
ν oscillation is a BSM signal, but what is the underlying picture?
Charged sector: lepton flavour and CP puzzle
cLFV & CPV are severely constrained, why BSM is so elusive?

The handhold: leptonic electric dipole moment

“The KM phase in the quark sector can induce a lepton EDM via a diagram with a closed quark loop, but
a non-vanishing result appears first at the four-loop level and therefore is even more suppressed, below
the level of

dCKM
e ≤ 10−38e cm,

and so small that the EDMs of paramagnetic atoms and molecules would be induced more efficiently by
e.g. Schiff moments and other CP-odd nuclear momenta. [. . . ] The electron EDM is not the best way to
probe CP violation in the lepton sector.
M. Pospelov and A. Ritz, Annals Phys. 318 (2005) 119
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A selection of limits on leptonic observables

Lepton EDMs:
• de < 0.87× 10−28ecm at the 90% C.L.

ACME Collaboration, Science 343 (2014) 269;

• dµ < (−0.1± 0.9)× 10−19ecm at the 90% C.L.
Muon (g − 2) Collaboration, Phys. Rev. D 80 (2009) 052008;

• −0.22× 10−16ecm< dτ < 0.45× 10−16ecm at the 95% C.L.
Belle Collaboration, Phys. Lett. B 551 (2003) 16.

cLFV in the muon sector:
• BR(µ→ 3e)< 1.0× 10−12 at the 90% C.L.

SINDRUM collaboration, Nucl. Phys. B 299 (1988) 1;

• σ(µ− → e−)/σ(capt.)
∣∣
Au

< 7.0× 10−13 at the 90% C.L.
SINDRUM II collaboration, Eur. Phys. J. C 47 (2006) 337;

• BR(µ→ γ + e)< 4.2× 10−13 at the 90% C.L.
MEG collaboration, Eur. Phys. J. C 76 (2016) 434;
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Recent developments

One can contribute in two ways:
1 performing precise calculations for backgrounds;
2 interpreting properly the current absence of signals.

1) Typical low-energy cLFV background computations:
• radiative decays, l1 → l2 + γ + 2ν;
• rare decays, l1 → 3l2 + 2ν, l1 → 2l2 + l3 + 2ν.

2) Typical interpretive approaches:
• bottom-up, effective field theoretical formulations;
• top-down, UV-complete extensions of the SM.
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Extending the interactions of the SM

Assumptions: SM is merely an effective theory, valid up to
some scale Λ. It can be extended to a field theory that satisfies
the following requirements:
• its gauge group should contain SU(3)C × SU(2)L × U(1)Y ;
• all the SM degrees of freedom must be incorporated;
• at low energies (i.e. when Λ→∞), it should reduce to SM.

Assuming that such reduction proceeds via decoupling of New
Physics (NP), the Appelquist-Carazzone theorem allows us to
write such theory in the form:

L = LSM +
1

Λ

∑
k

C
(5)
k Q

(5)
k +

1

Λ2

∑
k

C
(6)
k Q

(6)
k +O

(
1

Λ3

)
.
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Dimension-five operator

Only one dimension 5 operator is allowed by gauge symmetry:

Qνν = εjkεmnϕ
jϕm(lkp)TClnr ≡ (ϕ̃†lp)

TC(ϕ̃†lr).

After the EW symmetry breaking, it can generate neutrino
masses and mixing (no other operator can do the job).

Its contribution to LFV has been studied since the late 70s:
• in the context of higher dimensional effective realisations;

S. T. Petcov, Sov. J. Nucl. Phys. 25 (1977) 340 [Yad. Fiz. 25 (1977) 641]

• in connection with the “see-saw” mechanism.
P. Minkowski, Phys. Lett. B 67, 421 (1977)

“[. . . ] This effect is beyond the reach of presently planned experiments.”
J. P. Archambault, A. Czarnecki and M. Pospelov, Phys. Rev. D 70 (2004) 073006
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Dimension-six operators

2-leptons

QeW = (l̄pσ
µνer)τ

IϕW I
µν ;

QeB = (l̄pσ
µνer)ϕBµν .

Q
(1)
ϕl = (ϕ†i

↔
Dµ ϕ)(l̄pγ

µlr)

Q
(3)
ϕl = (ϕ†i

↔
D I
µ ϕ)(l̄pτ

Iγµlr)

Qϕe = (ϕ†i
↔
Dµ ϕ)(ēpγ

µer)

Qeϕ = (ϕ†ϕ)(l̄perϕ)

4-leptons

Qll = (l̄pγµlr)(l̄sγ
µlt)

Qee = (ēpγµer)(ēsγ
µet)

Qle = (l̄pγµlr)(ēsγ
µet)

4-fermions

Q
(1)
lq = (l̄pγµlr)(q̄sγ

µqt)

Q
(3)
lq = (l̄pγµτ

I lr)(q̄sγ
µτ Iqt)

Qeu = (ēpγµer)(ūsγ
µut)

Qed = (ēpγµer)(d̄sγ
µdt)

Qlu = (l̄pγµlr)(ūsγ
µut)

Qld = (l̄pγµlr)(d̄sγ
µdt)

Qqe = (q̄pγµqr)(ēsγ
µet)

Qledq = (l̄jper)(d̄sq
j
t )

Q
(1)
lequ = (l̄jper)εjk(q̄ksut)

Q
(3)
lequ = (l̄jpσµνer)εjk(q̄ksσ

µνut)
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Leptonic tensorial current at the tree level

One dimension-six operator can produce tensorial current:
B. Grzadkowski, M. Iskrzynski, M. Misiak and J. Rosiek, JHEP 1010 (2010) 085

Working in the physical basis, we consider:

CeB → CeγcW − CeZsW ,
CeW → −CeγsW − CeZcW ,

where sW = sin(θW ) and cW = cos(θW ) are the sine and cosine
of the weak mixing angle.

Leγ ≡
Ceγ
Λ2

Qeγ + h.c. =
Cpreγ
Λ2

(l̄pσ
µνer)ϕFµν + h.c.



Intro SMEFT From EW to EM Background Conclusion

Lepton dipole moments

Dimension-six operators contribute to the Wilson coefficients
CTL and CTR of the dipole interaction:

V µ =
1

Λ2
iσµν

(
CTL(p2

γ)ωL + CTR(p2
γ)ωR

)
(pγ)ν .

Anomalous magnetic and electric-dipole moments:

al ∝ <(CTR + CTL)|p2
γ→0 CPC

dl ∝ =(CTR − CTL)|p2
γ→0 CPV

If flavour is not diagonal, then the momenta are “transitional”.

In all generalities, UV-complete theories produce both CPV and
FV effective dipole contributions.
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Low-energy LFV observables

Neutrinoless radiative decay

Br (µ→ eγ) =
αem5

µ

Λ4Γµ

(∣∣∣CDL ∣∣∣2 +
∣∣∣CDR ∣∣∣2) .

Neutrinoless three-body decay

Br(µ→ 3e) =
α2
em

5
µ

12πΛ4Γµ

(∣∣∣CDL ∣∣∣2 +
∣∣∣CDR ∣∣∣2)(8 log

[
mµ

me

]
− 11

)
+

m5
µ

3(16π)3Λ4Γµ

( ∣∣∣CS LLee

∣∣∣2 + 16
∣∣∣CV LL
ee

∣∣∣2 + 8
∣∣∣CV LR
ee

∣∣∣2
+
∣∣∣CS RRee

∣∣∣2 + 16
∣∣∣CV RR
ee

∣∣∣2 + 8
∣∣∣CV RL
ee

∣∣∣2 ) .
Coherent conversion in nuclei

ΓNµ→e =
m5
µ

4Λ4

∣∣∣eCDL DN + 4
(
GFmµmpC̃

SL
(p)S

(p)
N + C̃V R(p) V

(p)
N + p→ n

)∣∣∣2+L↔ R.
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High-energy LFV observables
Flavour-violating Z decays can be parametrised at the tree level by
means of the following four operators:

Γ(Z → l±1 l
∓
2 ) =

m3
Zv

2

12πΛ4

(∣∣C12
eZ

∣∣2 +
∣∣C21
eZ

∣∣2
+
∣∣C12
ϕe

∣∣2 +
∣∣∣C12
ϕl(1)

∣∣∣2 +
∣∣∣C12
ϕl(3)

∣∣∣2) ,
and all of their contributions occur at the same order. We have
summed over the two possible final states, l+1 l

−
2 and l−1 l

+
2 .

For the Higgs boson decay H → l±1 l
∓
2 , one has

Γ(H → l±1 l
∓
2 ) =

mHv
4

16πΛ4

(∣∣C12
eϕ

∣∣2 +
∣∣C21
eϕ

∣∣2) ,
where only one operator contributes at tree level. Again, we have
summed over the two possible decays l+1 l

−
2 and l−1 l

+
2 .
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Dimension-six operators: lepton current at one loop
From a point-like interaction. . .

. . . to quantum fluctuations!
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Effective coefficients and energy scale

The effective dipole coefficient can be written as

C
(1)
T = − v√

2

Ceγ (1 + e2c(1)
eγ

)
+
∑
i 6=eγ

e2c
(1)
i Ci

 .

In general, the coefficients c(1)
eγ and c(1)

i contain UV singularities,
i.e. a renormalisation of Ceγ is required.

Such procedure makes the scale dependence explicit via the
anomalous dimensions of the coefficient.

At the end of the day, the renormalised effective coefficients
and the CTL and CTR are running quantities.
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Renormalisation Group Equations

16π2
∂ Cijeγ

∂ log λ
'
(

47e2

3
+

e2

4c2W
−

9e2

4s2W
+ 3Y 2

t

)
Cijeγ + 6e2

(
cW

sW
−
sW

cW

)
CijeZ

+ 16eYt C
(3)
ijtt ,

16π2
∂ CijeZ

∂ log λ
' −

2e2

3

(
2cW

sW
+

31sW

cW

)
Cijeγ + 2e

(
3cW

sW
−

5sW

cW

)
Yt C

(3)
ijtt

+

(
−

47e2

3
+

151e2

12c2W
−

11e2

12s2W
+ 3Y 2

t

)
CijeZ ,

16π2
∂ C

(3)
ijtt

∂ log λ
'

7eYt

3
Cijeγ +

eYt

2

(
3cW

sW
−

5sW

3cW

)
CijeZ +

+

(
2e2

9c2W
−

3e2

s2W
+

3Y 2
t

2
+

8g2
S

3

)
C

(3)
ijtt +

e2

8

(
5

c2W
+

3

s2W

)
C

(1)
ijtt ,

16π2
∂ C

(1)
ijtt

∂ log λ
'
(

30e2

c2W
+

18e2

s2W

)
C

(3)
ijtt +

(
−

11e2

3c2W
+

15Y 2
t

2
− 8g2

S

)
C

(1)
ijtt .
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Experimental limits “reinterpreted” at the EW scale
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cLFV effective contributions to CTL and CTR
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No correlation: limits from muonic cLFV

GMP and A. Signer
JHEP 1410 (2014) 014

F. Feruglio,
arXiv:1509.08428

GMP and A. Signer
EPJWC 118 (2016) 01031
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No correlation: limits from tauonic cLFV



Intro SMEFT From EW to EM Background Conclusion

No correlation: limits from EDM
Separate hard and soft! Regularisation scheme independent?

See also: A. Crivellin et al., JHEP 1404 (2014) 167
Improving on dτ : M. Fael et al., JHEP 1603 (2016) 140
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The good old k plot
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Below the EWSB scale (1)

Leff = LQED + LQCD +
1

Λ2

∑
i

CiQi,

and the explicit structure of the operators is given by
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Below the EWSB scale (2)

Leff = LQED + LQCD

+
1

Λ2

{
CDL O

D
L +

∑
f=q,`

(
CV LL
ff OV LL

ff + CV LR
ff OV LR

ff + CS LLff OS LLff

)
+

∑
h=q,τ

(
CT LL
hh OT LL

hh + CS LRhh OS LRhh

)
+ CLggO

L
gg + L↔ R

}
+ h.c.,

and the explicit structure of the operators is given by

ODL = emµ (ēσµνPLµ)Fµν ,

OV LL
ff = (ēγµPLµ)

(
f̄γµPLf

)
,

OV LR
ff = (ēγµPLµ)

(
f̄γµPRf

)
,

OS LLff = (ēPLµ)
(
f̄PLf

)
,

OS LRhh = (ēPLµ)
(
h̄PRh

)
,

OT LL
hh = (ēσµνPLµ)

(
h̄σµνPLh

)
,

OLgg = αsmµGF (ēPLµ)GaµνG
µν
a .
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Interplay between µ→ eγ and µ→ 3e

A. Crivellin, S. Davidson, GMP and A. Signer, arXiv:1611.03409 [hep-ph].

Below the EW scale, four-fermion vs dipole:
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Dipole evolution below the EWSB scale

At the two-loop level, in the tHV scheme:

ĊDL = 16αeQ
2
l C

D
L −

Ql

(4π)

me

mµ
CS LLee −

Ql

(4π)
CS LLµµ

+
∑
h

8Qh

(4π)

mh

mµ
Nc,h CT LL

hh Θ(µ−mh)

−
αeQ3

l

(4π)2

(
116

9
CV RR
ee +

116

9
CV RR
µµ −

122

9
CV RL
µµ −

(
50

9
+ 8

me

mµ

)
CV RL
ee

)
−
∑
h

αe

(4π)2

(
6Q2

hQl +
4QhQ

2
l

9

)
Nc,h CV RR

hh Θ(µ−mh)

−
∑
h

αe

(4π)2

(
−6Q2

hQl +
4QhQ

2
l

9

)
Nc,h CV RL

hh Θ(µ−mh)

−
∑
h

αe

(4π)2
4Q2

hQlNc,h
mh

mµ
CS LRhh Θ(µ−mh) + [. . . ] .

A. Crivellin, S. Davidson, GMP and A. Signer, JHEP 1705 (2017) 117.
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In absence of interplay at the EWSB scale
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Interplay at the EWSB scale
Mu3e money plot
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Interplay at the EWSB scale
COMET/Mu2e money plot (1)
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Interplay at the EWSB scale
COMET/Mu2e money plot (2)
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MEG/MEG-II money plot
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Precise calculations for cLFV backgrounds

Leptonic radiative and rare decays are known at the
Next-to-leading order in the Fermi Theory.

• l1 → l2 + γ + 2ν
M. Fael, L. Mercolli and M. Passera, JHEP 07 (2015) 153

GMP, A. Signer and Y. Ulrich, Phys. Lett. B 772 (2017) 452

• l1 → 3l2 + 2ν
M. Fael, C. Greub, JHEP 1701, 084 (2017)

GMP, A. Signer and Y. Ulrich, Phys. Lett. B 765 (2017) 280

Fully differential NLO Monte Carlo for the radiative/rare decays
of a polarised lepton is now available.

Predictions can be tailored on future experiments, arbitrary
kinematic cuts can be implemented!
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Rare decay at the NLO: the outcome

There are substantially fewer background events than
expected from the naive tree-level simulations.
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Conclusion

√
CPV and LFV phenomena are forbidden in the minimal SM

• Neutrino sector seems to ignore this fact, calling for
something more than the minimal theoretical setup

• Charged sector seems to take the job seriously
√

If NP lives at very high energy, then consistent EFT techniques
can be adopted to extract information of new physics at high
scale from low-energy observables

√
Precise background calculations are important to improve the
experimental limits

√
From limits on leptonic FV and EDM one can gain information on
the parameter space of possible UV-complete BSM theories

√
“MEG tests the dipole interaction, and Mu2e & Mu2e test the
contact interaction” is wrong, false, misleading, et cetera.
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