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The Standard Model of particle physics

The Standard Model of particle physics is the theory describing
three of the four known fundamental forces in the Universe.
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Round the corner

High-energy physics is entering the ballistic age.

Low-energy physics is progressing towards unprecedented
sensitivities on (beyond the) Standard Model observables.

Either new physics is weakly coupled with standard matter or
we are in presence of a considerable scale-separation between
the world that we know and what is beyond it.

Effective field theories are the best tools to describe a system
with well-defined scale separations.
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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

In terms of effective coefficients:

al =
2

e

21/4ml√
GFΛ2

<Clleγ , dl =
21/4

√
GFΛ2

=Clleγ .

If flavour is not diagonal, then the momenta are “transitional”.
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Low-energy Effective Field Theory

Leff = LQED + LQCD +
1

Λ2

∑

i

CiQi,

and the explicit structure of the operators is given by
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Muon LFV transitions below the EWSB scale

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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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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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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The doubly Charged SU(2)L-singlet scalar

Minimal model for neutrino mass generation

SM + 1 SU(2)L-singlet doubly charged scalar: S±±R

It couples only with right-handed charged leptons:

∆L =
(
DµS

++
)† (

DµS++
)

+
(
λab (`R)ca`Rb S

++ + h.c.
)

+ λ2

(
H†H

) (
S−−S++

)
+ λ4

(
S−−S++

)2
+ [inv.]

λab consists of six independent complex parameters.

Lepton Flavour Violation

S. F. King, A. Merle and L. Panizzi, JHEP 1411 (2014) 124
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The doubly charged SU(2)L-singlet scalar
Neutrino masses are generated at the three-loop level:

Ξ

W -W -

S++

la HlbLc
ΝLa HΝLbLc

ΞS±±

W ±

W ±

Effective Field Theory:

ξ

Λ3
S−−

[
H+H+

(
DµH

0
) (
DµH0

)
− 2H+H0

(
DµH

+
) (
DµH0

)

+H0H0
(
DµH

+
) (
DµH+

)]
+ h.c.

S. F. King, A. Merle and L. Panizzi, JHEP 1411 (2014) 124
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Current low-energy experimental limits

Br
[
τ∓ → e∓e±e∓

]
≤ 1.4× 10−8

Br
[
τ∓ → µ∓µ±µ∓

]
≤ 1.2× 10−8

Br
[
τ∓ → e∓µ±µ∓

]
≤ 1.6× 10−8

Br
[
τ∓ → µ∓e±µ∓

]
≤ 9.8× 10−9

Br
[
τ∓ → µ∓e±e∓

]
≤ 1.1× 10−8

Br
[
τ∓ → e∓µ±e∓

]
≤ 8.4× 10−8

Br
[
µ∓ → e∓e±e∓

]
≤ 1.0× 10−12

P
(
M̄ −M

)
= 2.4× 10−10

(for right-handed currents)

BrAu
µ→e ≤ 7× 10−13

Br [τ → eγ] ≤ 3.3× 10−8

Br [τ → µγ] ≤ 4.4× 10−8

Br [µ→ eγ] ≤ 4.2× 10−13

SINDRUM Collaboration, Nucl.Phys. B299 (1988) 1-6

MEG Collaboration, Eur.Phys.J. C76 (2016) no.8, 434

HFLAV Collaboration, Eur.Phys.J. C77 (2017) no.12, 895

BaBar Collaboration, Phys.Rev.Lett. 104 (2010) 021802
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Low-energy effective Lagrangian and the matching

10

Dipole

Qe� emr(l̄p�
µ⌫PLlr)Fµ⌫ + H.c.

Scalar/Tensorial Vectorial

QS (l̄pPLlr)(l̄sPLlt) + H.c. QV LL (l̄p�
µPLlr)(l̄s�µPLlt)

QV LR (l̄p�
µPLlr)(l̄s�µPRlt)

QV RR (l̄p�
µPRlr)(l̄s�µPRlt)

QSlq(1) (l̄pPLlr)(q̄sPLqt) + H.c. QV lqLL (l̄p�
µPLlr)(q̄s�µPLqt)

QSlq(2) (l̄pPLlr)(q̄sPRqt) + H.c. QV lqLR (l̄p�
µPLlr)(q̄s�µPRqt)

QTlq (l̄p�
µ⌫PLlr)(q̄s�µ⌫PLqt) + H.c. QV lqRL (l̄p�

µPRlr)(q̄s�µPLqt)

QV lqRR (l̄p�
µPRlr)(q̄s�µPRqt)

TABLE III: Dimension-six operators that allow for e↵ective leptonic transitions below the EW scale.

(a) (b)

(c) (d)

FIG. 8: Feynman diagrams representing the UV-complete contributions that match to the dipole and four-fermion operators.
Diagrams in Fig. 8b match into the diagram in Fig. 8a (dipole interaction) and the diagram in Fig. 8d matches into the diagram
in Fig. 8c (contact interaction).

the EW scale with the relevant Wilson coe�cients is found:

Cprst
V RR (mW ) = ��rt�

⇤
ps

2m2
�

, (A2)

Cpr
e� (mW ) =

1

24m2
�⇡

2

3X

w=1

(�rw�
⇤
pw). (A3)

Once the matching is performed, the evolution of the Wilson coe�cients at the lower energies of the physical
processes is mainly described by the leading order contribution of the two non-vanishing operators to the anomalous
dimensions of the whole set of operators. In the following, the convention

Ċ ⌘ (4⇡) µ
@

@µ
C (A4)

is adopted, where µ is the evolution scale, and Ql = �1 and Qq = 2/3,�1/3 are the charges associated to leptons,
u-type and d-type quarks, respectively. The coe�cient of the dipole operator runs according to @ADRIAN: PLEASE

• Diagrams in Fig. (b) match into the diagram in Fig. (a)
• Diagram in Fig. (d) matches into the diagram in Fig. (c)
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Low-energy effective Lagrangian and the matching

Dipole

Qeγ emr(l̄pσµνPLlr)Fµν + H.c.

Scalar/Tensorial Vectorial

QS (l̄pPLlr)(l̄sPLlt) + H.c. QV LL (l̄pγµPLlr)(l̄sγµPLlt)

QV LR (l̄pγµPLlr)(l̄sγµPRlt)

QV RR (l̄pγµPRlr)(l̄sγµPRlt)

QSlq(1) (l̄pPLlr)(q̄sPLqt) + H.c. QV lqLL (l̄pγµPLlr)(q̄sγµPLqt)

QSlq(2) (l̄pPLlr)(q̄sPRqt) + H.c. QV lqLR (l̄pγµPLlr)(q̄sγµPRqt)

QTlq (l̄pσµνPLlr)(q̄sσµνPLqt) + H.c. QV lqRL (l̄pγµPRlr)(q̄sγµPLqt)

QV lqRR (l̄pγµPRlr)(q̄sγµPRqt)

CprstV RR(mW ) =
λrtλ

∗
ps

2
Cpreγ (mW ) =

1

24π2

3∑

w=1

(
λrwλ

∗
pw

)

A. Crivellin, M. Ghezzi, L. Panizzi, GMP and A. Signer, arXiv:1807.10224
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Low-energy effective Lagrangian and the matching

Branching ratios at the physical scale:

BR(l±p → l±r γ) '
αm5

p

(24π2)2m4
SΓp

∣∣∣∣∣
3∑

w=1

λpwλ
∗
rw

∣∣∣∣∣

2

BR[l±p → l±r l
∓
s l
±
t ] ='

m5
p|λps|2|λrt|2

srt6(4π)3m4
SΓp

ΓNµ→e =
m5
µα

2

(12π)2m4
S

(
DN
e

+ 32V
(p)
N log

(
mτ

mW

))2
∣∣∣∣∣

3∑

w=1

λ2wλ
∗
1w

∣∣∣∣∣

2

+
m5
µα

2

(12π)2m4
S

(
32V

(p)
N log

(
mµ

mτ

))2
∣∣∣∣∣

2∑

w=1

λ2wλ
∗
1w

∣∣∣∣∣

2
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Signatures at CLIC
Stage I Stage II Stage III

√
s 380 GeV 350 GeV 1.5 TeV 3 TeV
L 0.9/ab 0.1/ab 2.5/ab 5/ab

• Pair production limited by phase space to probe MS < 1500 GeV
• Single production can probe twice as much (in principle)
• The t-channel probes the dependence of mass-Yukawa up to any mass, but

requires S++ to interact with electrons
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t-channel
• Simulation with CALCHEP

including ISR and beamstrahlung
• Standard acceptance cuts: E(l) ≥

10 GeV and | cos(θ)| ≤ 0.95 for µ
and τ or 0.5 for e

• For τh final states, assuming a
reconstruction efficiency of 70%

• Significance without systematic
errors: S/

√
S +B 2000 4000 6000 8000 100000.01

0.1

1
Electron pair production with R-pol beams

CLIC 380 GeV
CLIC 3000 GeV

= 5
= 2

mS [GeV]

11

LH
C

LH
C-

HL

2000 4000 6000 8000 100000.01

0.1

1
Muon pair production with R-pol beams

CLIC 380 GeV
CLIC 3000 GeV

= 5
= 2

mS [GeV]

12

LH
C

LH
C-

HL

2000 4000 6000 8000 100000.01

0.1

1
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CLIC 3000 GeV

= 5
= 2

mS [GeV]
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C
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HL



Intro EFT UV SMEFT 2L Conclusion

Complementarity with low energy
Yukawa couplings with electrons and muons

10 5 10 4 10 3 10 2 10 1

10 5

10 4

10 3

10 2

10 1

Low- and high-energy combined at CLIC

CLIC 380 GeV
CLIC 3000 GeV
mS = 1 TeV
mS = 2 TeV

SINDRUMMu3e

11

12

• At CLIC the two Yukawas are mostly explored independently

• Through µ→ 3e the product of the Yukawa is constrained: BR(lp → lrlslt) '
m5
p|λps|

2|λrt|2

srt6(4π)3m4
SΓp

BR(µ→ 3e)SINDRUM < 10
−12 and BR(µ→ 3e)Mu3e < 5× 10

−15
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An exercise in SMEFT: lepton EDMs

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-six operators

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)

Qll = (l̄pγµlr)(l̄sγ
µlt)

Qee = (ēpγµer)(ēsγ
µet)

Qle = (l̄pγµlr)(ēsγ
µet)

Q
ϕB̃

= (ϕ†ϕ)(BµνB̃
µν)

Q
ϕW̃

= (ϕ†ϕ)(W I
µνB̃

µν
I )

Q
ϕW̃B

= (ϕ†τIϕ)(BµνW̃
µν
I )

Q
(1)
lq = (l̄pγµlr)(q̄sγ

µqt)

Q
(3)
lq = (l̄pγµτ

I lr)(q̄sγ
µτIqt)

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)



Intro EFT UV SMEFT 2L Conclusion

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.

Writing on the back of an envelope. . .
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Matching LEFT and SMEFT
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“Hard” Matching into dipoles

R. Alonso, E. E. Jenkins, A. V. Manohar and M. Trott, JHEP 1404 (2014) 159
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“Hard” Matching into dipoles at one loop
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RG flow below the EWSB scale
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RG flow above the EWSB scale
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Results

See also A. Crivellin et al., Phys. Rev. D 98 (2018) no.11, 113002
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Experimental limits “reinterpreted” at the EW scale
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The two-loop frontier
We have to set the stage: computation of two-loop anomalous
dimensions for lepton dipole moments in QED.

We are working in a chiral theory, therefore we will have issues with
anti-symmetric tensors: for illustrative purposes we adopt

• conventional dimensional regularisation and

• assume that we can anti-commute γ5 all over the place.
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Feynman diagrams
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Defining suitable projectors
Off-shell external momenta will allow us to get rid of spurious
infra-red divergences and potential subdivergencies arising
from manipulations.

But we end up with 24 possible structures for the lepton current:

∆Ceγ ' Tr
[ (
/pl − /pγ +ml

)
Γρ
(
/pl +ml

)

(mlPLγ
σ +mlPRγ

σ

+ml/p
2
γPR/pγγ

σ
/pl

− (m2
l − 2p2

l )/p
2
γPLγ

σ
/pγ

+ml/p
2
γPL/pγγ

σ
/pl +m2

l /p
2
γPRγ

σ
/pγ

+ [. . . ]σ)(−gρσ + (pγ)ρ(pγ)σ/p
2
γ)
]
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Feynman rules for four-fermion operators
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Suitable projectors for four-fermion operators
We need to define projectors for the four-fermion structures.

This will automatically identify both the one-loop counter-terms
and the structures that are “invisible” to these projectors.

We give a name to these structures: “evanescent operators”

For example:

EijjiV LR ∝
(
l̄iPLγ

µγνγρlj
) (
l̄jPRγ

µγνγρli
)

− (−4− (−6 +D)D)
(
l̄iPLγ

µlj
) (
l̄jPRγ

µli
)

E ijjiV LR =
−e2Q2

lQ
ijji
V LR

16(−4 +D)Λ2π2
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At the one-loop level

By calculating the one-loop insertions, including counter-terms
and evanescent operators one ends up with:

Ceγ =e3Λ2 (QED× 1LCTEFT) +
∑

n

emXC
(n) × (1LQED + MIXING) +

∑

n

e3mXε
(n)

In general, these objects are regularisation- and
renormalisation-scheme dependent.

Is there a sort of “convenient/best” systematic choice?
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Calculating the bare two-loop diagrams

Many methods in literature, mostly based on a rearrangement
of the propagators:

1

(r − p)2 −m2
=

1

r2 −m2
+

1

(r2 −m2)

[
−p2∆−2 + 2 (r · p) ∆−1

]
[
(r − p)2 −m2

]

where ∆ = 1 is a flag to count the overall degree of divergence.

After these rearrangement, we are left with tadpoles two-loop
integrals only: they are all very well known and under control.

If we are dealing with massless propagators we can adopt an
infrared regularisator (to deal with great care).
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Result
Bare diagrams Counterterms Evanescent
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What did we learn?

A four-dimensional Lagrangian implementation was not
enough: we had to understand the D-dimensional evanescent
structure and to implement a new set of operators accordingly.

The chain FeynRules+FeynArts+FormCalc was adopted, a
form file was produced and then heavily manipulated.

Not very efficient at the status of the art.

Two-loop example in LEFT (QED+EFT) was delivered by
assuming CDR and naive anticommuting γ5, everything works
but nothing guarantees that this approach is stable in SMEFT.

What are the “convenient/best” choices? Let’s discuss. . .
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Conclusion

√
Standard Model is an effective field theory

√
Accidental symmetries are broken by the EFT expansion

√
Lepton dipole moments (and low energy observables) are
perfect places to look for departures from the SM

√
If NP lives at very high energy, then consistent EFT techniques
can be adopted to extract information on NP at high scales

√
It is possible to gain information on the parameter space of
possible UV-complete BSM theories from LFV and EDMs

√
Precise limits on low-energy observables can have a stronger
impact than direct tests at high energies. . .

√
. . . And, in general, they provide important complementary
information on realistic NP parameter space
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