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Beyond the SM

2

?

2. Yet, many open questions: 
Hierarchy problem 
Flavour puzzle 
Strong CP problem 
Charge quantization 
 
Dark matter 
Baryon asymmetry    
Neutrino masses 
 
Inflation 
Dark energy 
Quantum gravity 
…. 

1. The SM: Experimental success!

Confusing situation?!
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Where could NP particles be?
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Mass of a particle

Coupling 
to the SM

Excluded
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Where could NP particles be?
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Mass of a particle

Coupling 
to the SM

Two BSM 
frontiers

1

Excluded

Searches for high-scale physics

Searches for light 
neutral particles

2

tiny coupling  a window to ultra-high scale  → y ∼ Λ−1
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Outline
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• Taking a step back: The EFT paradigm

• Accidental symmetries

• Example: High-multiplicity muon decays
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The EFT paradigm
“Physics is the art of approximation”



Effective theories: Electrostatics
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• Scale separation d ≪ R

R

d

V(R) = C1
d
R

+ C2
d2

R2 + C3
d3

R3 + . . .
Charge  
distribution

Multipole expansion

• Precision/Distance interplay
[Intensity/Energy frontier]

Large , R σV
Universality

Small , R σV
Reductionism

[Model discrimination] [Model independence]

Few multipolesMore multipoles,
eventually breakdown
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Accidental symmetries
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=

V(R) = C1
d
R

+ C2d
⃗d ⃗R

R3 + . . .

SO(3) ⊃ SO(2) ⊃ …
Emergent (accidental) symmetries 
when truncating the series

+ +
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Wilsonian approach:  
Succession of Effective Field Theories

Quantum field theory

E ∼ p ∼ λ−1 High Energy = Short distance
Relativity

Quantum Mechanics
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• Degrees of freedom 
Drop heavy fields and keep only the light ones. 
Heavy and light are defined by the cutoff.

• Symmetries 
Space-time, gauge symmetries. They shape the 
infinite series of local operators of the EFT.

• Power-counting 
The expansion parameter gives meaning to the 
EFT series.

12

EFT pillars
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EFT cutoff
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Ultraviolet, 
Short-distance,  
Hard

Infrared,  
Long-distance,  
Soft

10 Chapter 1. Introduction to E↵ective Field Theories

At high energies, this expansion is no longer valid and the e↵ective description breaks
down. This breakdown is particularly obvious when computing matrix elements at
loop-order, where the EFT will produce matrix elements that are more divergent
in the UV than their corresponding counterparts from the UV theory. This can be
seen at the example in eq. (1.6). In the e↵ective theory, this graph becomes:

'' =
� C6
⇤2

Z
ddl

(2⇡)d

✓
1

l2 �m2

◆2

=
i� C6
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, (1.18)

where we worked in dimensional regularization with d = 4 � 2✏. The quantity C6
is the Wilson coe�cient of the e↵ective �6 interaction. The ultraviolet divergence
present in this graph was absent in eq. (1.6). It originates from regions in the
integration over l where the virtual modes becomes hard enough to probe the non-
locality in the e↵ective vertex. In this region, the EFT breaks down and produces
UV divergences. We can actually make use of that fact later to solve the problems
of the aforementioned large logarithms.

We have yet to determine the Wilson coe�cients of the EFT. To this end, let us
return to the statement from which we started and focus on the part of it we have
not discussed: The UV theory and the EFT must agree in the IR.

At the cuto↵ scale ⇤ at which we integrated out the hard modes, LUV and Le↵ must
produce consistent matrix elements. Given that the full theory LUV is known, this
fixed the couplings of Le↵ order by order in power-counting and in perturbation
theory. This producedure is called matching and the cuto↵ scale, ⇤ is often also
called matching scale.

Matching can be done through several methods. By far the most common one is
diagrammatic. One computes matrix elements in both the e↵ective and UV theories
and equates them to detmermine the coupling constants of the e↵ective Lagrangian.
Note that this does not only apply to the Wilson coe�cients of the “new” e↵ective
operators but also to the coupling constants of operators that both Le↵ and LUV

share. For example, the coupling � in our Lagrangian (1.4) will not be the same as
the � in the UV Lagrangian (1.2). Instead, it will receive corrections from virtual
hard modes.

Another way of performing the matching is the background field method. In
this method, fields are separated into the classical fields and quantum fluctuations.
One can then integrate out the hard modes by solving the path integral for them
explicitely. See section 1.6 for an introduction.

1.4.1 Matching at tree-level: Muon decay

A classic example of an e↵ective theory is the Fermi theory of muon decay. The
decay of the muon µ ! e⌫̄e⌫µ proceeds through a virtual W boson in the SM.
The momentum transfer is however much lower than the mass of the W boson,

cutoff

E
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Toy example

Degrees of freedom (in/out states): only ψ
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EFT

ℒeft ⊃ ψ̄ (iD − m) ψ
−C ψ̄ ψ ψ̄ ψ + …

Φψ

ψ̄

ψ

ψ̄y y

4 Chapter 1. Introduction to E↵ective Field Theories

theory of gravity (which in turn, can be thought of as an e↵ective theory for General
Relativity).

E↵ective Field Theories (EFTs) are quantum field theories (QFTs) that are less
general by construction. They focus on an isolated region compared to a more
complete QFT (for example the SM), for which they are designed and treat e↵ects
from other regions as perturbations in a well-defined and systematic way. As an
example, consider a theory of two real scalars, � and ' with the Lagrangian:

L =
1

2
(@µ�)(@

µ�)� 1

2
M2�2 +

1

2
(@µ')(@

µ')� 1

2
m2'2 +

�

4!
'4 +

g

3!
'3� . (1.2)

Let � be much heavier than ', meaning M � m and let us consider a process
at very low energy E ⌧ M . Processes with intermediate � particles will then be
suppressed by the propagator

h0|T{�(0)�(x)}|0i =
Z

d4k

(2⇡)4
e�ikx

i

k2 �M2
, (1.3)

where k2 ⇠ O(E2) ⌧ M2. We can see immediately, that neglecting k2 makes
the expressions we are dealing with structurally simpler while still being a good
approximation up to corrections of order O(k2/M2).

The next important point is that at low energies the heavy scalar � cannot be
produced as a real particle. We should therefore be able to describe physics with a
Lagrangian that contains only ':

Le↵ =
1

2
(@µ')(@

µ')� 1

2
m2'2 +

�

4!
'4 +�L . (1.4)

Here �L is a new ingredient with interactions of ' that were previously not part of
the Lagrangian (1.2). While in the full theory we had processes of the form '3 ! '3

through virtual � particles, the interaction terms generating these amplitudes are
missing from the e↵ective Lagrangian since it does not contain �. Therefore, we
must include an interaction of the form

�L � C6
M2

'6 , (1.5)

to describe this process. Note how this operator needs to have a prefactor with two
inverse powers of mass. We have chosen the heavy mass as a prefactor 1/M2 with
no further explanation other than the propagator of � being of this form in the
low-energy limit, but we will justify this later on in more detail.

You might now ask, why we need an e↵ective Lagrangian when we can simply
compute amplitudes in the full theory and expand them in the relevant limits we
are interested in. And in fact, most of the times we need to do just that anyway to
determine the coupling coe�cients in what we called �L above. The answer seems
technical at first, but it is an important one. The issue hides at the loop-level, when
we are computing radiative corrections. As an example, take the Lagrangian (1.2)
again. At one loop, the interactions in this theory generate a contribution to the

− i
M2 δ(4)(x) + …

ψ

ψ̄

ψ

ψ̄
+…
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You might now ask, why we need an e↵ective Lagrangian when we can simply
compute amplitudes in the full theory and expand them in the relevant limits we
are interested in. And in fact, most of the times we need to do just that anyway to
determine the coupling coe�cients in what we called �L above. The answer seems
technical at first, but it is an important one. The issue hides at the loop-level, when
we are computing radiative corrections. As an example, take the Lagrangian (1.2)
again. At one loop, the interactions in this theory generate a contribution to the

Local interaction: 
The Compton wavelength  is very small.M−1

ℒUV ⊃ ψ̄ (iD − m) ψ
+∂μΦ ∂μΦ − M2Φ†Φ
−y ψ̄ψ Φ

EFT matching

 needed to probe the inner structure.E ∼ M

Consider  where  is the collider’s energyM ≫ E ≳ m E

Admir Greljo | BSM Physics Across Frontiers



EFT: Running 
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• Large logarithms: The breakdown of the perturbative calculation.

• Renormalisation group equation is the way out of this disaster.

1308.2627, 
1310.4838, 
1312.2014, 
1709.04486, 
1711.05270, 
1711.10391, 
1710.06445, 
1804.05033, 
1908.05295, 
2010.16341,
2012.08506, 
2012.07851, 
…

EFT-workflow

E

Matching

Matching

NP

SMEFT

LEFT

R
G

R
G

R
G

Jenkins, Manohar, Trott [1308.2627]

Jenkins, Manohar, Trott [1310.4838]

Alonso et al. [1312.2014]

Jenkins, Manohar, Sto↵er [1709.04486]

Dekens, Sto↵er [1908.05295]

Jenkins, Manohar, Sto↵er [1711.05270]

Obs
erva

bles

New
mode

l

Anders Eller Thomsen (U. Bern) Functional Matching HEFT 2022 2

WET

Anomalous dimension 
matrix

• Operator mixing important in flavor physics
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infinite seriesℒ =
Theory construction: 
1. Space-time & gauge invariance + field content 
2. Local Lagrangian = infinite series

ℒ(x) =
∞

∑
𝒪

C𝒪 𝒪(x)

Local operator 
- a monomial in fields and derivatives

Theory 
parameter 
(WC)

∼ ( E
Λ𝒪 )

[𝒪]−4

Physical effects

• IR relevance: dim[𝒪] ≤ 4
• Irrelevant couplings suppressed by Λ4−dim 𝒪

𝒪

C𝒪 = c𝒪 Λ4−[𝒪]
𝒪

Dimensionless  
parameter

Cutoff scale

Expansion parameter = 
E

Λ𝒪
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Basic notions: 
 
1. “A” quantum field theory 
 
2. Symmetries

The Standard Model

17

     +ϕ qi, ℓi, ui, di, ei

Poincaré + SU(3)C × SU(2)L × U(1)Y

3. Field Content

Flavour i = 1,2,3 Complexity!
4. Renormalisability

*The IR relevant terms in an EFT expansiondim 𝒪 ≤ 4

Gauge

Spacetime

Admir Greljo | BSM Physics Across Frontiers



SMEFT
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• SM fields & symmetries
• Scale separation 
• Higher-dimensional operators encode short-distance physics:

ΛQ ≫ vEW

ℒ = ℒSM +
∞

∑
𝒪>4

c𝒪
Λ[𝒪]−4

𝒪
𝒪

BSM1
BSM2

BSM3

……
UV

IRSM EFT

Renormalisation 
flow

[ultraviolet]

[infrared]
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Feeble Interacting Particle EFTs
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• Another direction 
Add light, electrically neutral particle interacting weakly with the SM

• Add a degree of freedom and construct an EFT

ALP Dark higgs

Dark photon HNL

• Motivation for the light Universe: Dark sector, pNGBs, etc…

Common choices 
pseudoscalar, scalar, vector, fermion

Admir Greljo | BSM Physics Across Frontiers



Accidental symmetries



Symmetries
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Spurion: a parameter can always be 
assigned a symmetry representation

Observable’s dependence on such 
params dictated by symmetry covariance

• Exact or approximate symmetries  Selection rules⟹

• Global symmetries play a crucial role to learn about the UV

Accidental =   
(quantum gravity breaks  
global symmetries)

As a result of truncating the series at low energies

• Spacetime and gauge symmetries are due to redundancies  
(physics is independent of parameterizations)

Admir Greljo | BSM Physics Across Frontiers
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No proton decay nor cLFV

 :ℒSM
4

 sans Yukawa:ℒSM
4 U(3)q × U(3)U × U(3)D × U(3)l × U(3)E

U(1)B × U(1)e × U(1)μ × U(1)τ

 Accidental symmetriesℒSM
4 :

•  truncation at the   Exact accidental symmetries

• Peculiar observed values of   Approximate accidental symmetries  
      

Λ−1
NP [ℒSMEFT] ≤ 4 ⟹

Yu,d,e ⟹

Experiment: τp ≳ 1034 years, BR(μ → eγ) ≲ 10−13, . . .
Prediction:

−ℒYuk = q̄V† ̂YuH̃U + q̄ ̂YdHD + l̄ ̂YeHE
[  transformation and a singular value decomposition theorem]U(3)5

[Mass hierarchy & CKM alignment] [Quark flavour, CP, LFU, etc]

Admir Greljo | BSM Physics Across Frontiers



Empirical

where ⌦c.m. is the solid angle of particle 1 and Ec.m. = EA +EB in this frame. Since the
cross section does not depend on the azimuthal angle, we can write d⌦c.m. = 2⇡ sin ✓c.m. d✓c.m. ,
where ✓c.m. is the scattering angle in the center of mass frame.

• Compute the total cross section for 2 ! 2 scattering in �
4 theory in the center-of-mass

frame at a given center-of-mass energy.

As a final exercise, evaluate the cross section for e+e� ! µ
+
µ
� following from

1

4

X

sA,sB ,r1,r2

|M |2 = 2e4
t
2 + u

2

s2
, (11)

derived last time. Work in the center-of-mass frame in the high-energy limit, where one can
neglect the electron and muon masses. We choose to parameterize the momenta as

qA = E(1, 0, 0, 1), qB = E(1, 0, 0,�1)
p1 = E(1, sin ✓, 0, cos ✓), p2 = E(1,� sin ✓, 0,� cos ✓)

. (12)

• Show that the di↵erential muon production cross section is

d�

d⌦
=

↵
2
em

4s

�
1 + cos2 ✓

�
, ↵em ⌘ e

2

4⇡
, (13)

and sketch the physical meaning of this result.

• Show that the total cross section reads

� =
4⇡↵2

em

3s
. (14)

�LSM � q̄iY
ij
u ujH̃ + q̄iY

ij
d djH + ¯̀

iY
ij
e ejH (15)

�LSMEFT � 1

⇤⌫
`iY

ij
⌫ `jHH (16)

3
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• Enter the theory in the same way. Why hierarchies???

The flavor puzzle

Quark sector:

yu,d ⇠

� �
VCKM ⇠

� �

Lepton sector:

ye ⇠

� �
VPMNS ⇠

� �Not visible in colliders

Is the structure in the flavor sector

meaningful?

How does potential new physics

couple to flavor?

What is (if any) the flavor symmetry

of the SM?

yt is the leading (only non-perturbative) breaking of GF in the SM:

yu ⇠

� �
: GF ! U(2)q ⇥ U(2)u ⇥ U(3)d ⇥ U(3)` ⇥ U(3)e ⇥ U(1)B

Anders Eller Thomsen (U. Bern) EFT Flavor WG1-GLOB 3
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0.230.21
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0.2
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d
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t

b

e

μ
τ
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1

?
SVD:

The Flavour Puzzle
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• Important to understand the SM 
phenomenology:  
 
- isospin, SU(3), heavy-quark symmetries, GIM, … 

Alhambra of Granada

• Flavour patterns observed in the Yukawa sector 
 Approximate flavour symmetries in the SM⟹

Bottom-up:  
The largest spurion  breaks 

, etc…
yt = Yu

33 ∼ 1
U(3)q × U(3)u → U(2)2 × U(1)

• Stringent tests of the SM  
— a window to new physics.

1

2

Patterns <> Symmetries
Selection rules

Admir Greljo | BSM Physics Across Frontiers
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SMEFT dim-6 violation

• SMEFT as a proxy for short-distance physics: 
 Violation of accidental symmetries sets stringent limits on NP!

• The new physics flavor puzzle!
⟹

Admir Greljo | BSM Physics Across Frontiers

Antusch, AG, Stefanek, Thomsen; 2311.09288

μ → eγ, EDMs

https://arxiv.org/abs/2311.09288
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AG, Smolkovic, Valenti; 2407.02998

Froggatt-Nielsen ALP

Admir Greljo | BSM Physics Across Frontiers

• FN model to explain the SM flavor puzzle

• Flavor dependent charges

• Small parameter vΦ/M

• There is a light pNGB

ALP

https://arxiv.org/abs/2407.02998


High-multiplicity muon decays



High-Multiplicity Muon Decays
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• MEG II and Mu3e

• What can we learn from this?

μ → (2k + 1) e + m γ
w/ or w/o INV

AG, Palavric, Tunja, Zupan; wip

k, m ∈ ℤ≥0
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+INVe

Golden m
odes (

GM)

High-multiplicity (HM)

• QED radiation from the golden modes => suppressed HM

• We are after BSM models in which  
HM branching ratios are dominant or at least comparable to GM

High-Multiplicity Muon Decays
AG, Palavric, Tunja, Zupan; wip
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BSM from GM
Golden Modes: 
- , ,  
offer excellent prospects to discover NP of both  and  scenarios

μ → eγ μ → 3e μ → e + inv
1 2

Mass of a particle

Coupling 
to the SM

Two BSM 
frontiers

1

Excluded

Searches for high-scale physics

Searches for light 
neutral particles

2

tiny coupling  a window to ultra-high scale  → y ∼ Λ−1
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BSM from GM

Scenario 1:  
SMEFT at  dim[𝒪] = 6

Λ = 1 TeV

ℒ ⊃

Λ ≳ C × 4π × 104 TeV

Calibbi, Signorelli; 1709.00294

Loop-generated: C ∼ 1/(4π)2

+ chirality suppressed: C ∼ yμye /(4π)2

Expectation

Still ≳ 100 TeV
The NP flavor puzzle!

*Similarly, bounds on 4F ops 
from  is μ → 3e ≳ 100 TeV



BSM from GM

Scenario 2:  
Axion-like particles

Great potential to probe huge scales:

μ → e + inv

CV,A
ij ∼ 𝒪(1)

Flavor anarchy  Long lived → a • The Michel decay positron energy spectrum

• Since small  values are natural, the endpoint 
of the spectrum is of special importance.

• SM precision calculation crucial!

ma

Signer et al; 2211.01040

MEG II: 
Mu3e: 

CV,A
ij ∼ 𝒪(1) fa ≳ 1010 GeV

32

ℒ ⊃
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BSM from GM

Scenario 2:  
Axion-like particles

Hill et al; 2310.00043

ℒ ⊃

Great potential to 
probe huge scales

μ → e + inv
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BSM from GM

Scenario 2:  
Axion-like particles μ → e + invμ → e + (e+e−)

Lesson: gμe ≪ gee

LFC ⟹ U(1)e × U(1)μ

gμe ∼
mμ

2fa

Previous slide
Knapen et al; 2410.13941



Towards HM decays: MEG search

The MEG collaboration; 2005.00339

Axion-like particle X decaying to diphoton

35



Towards HM decays: 5e

36

Dark photon model

Hostert et al; 2306.15631

ℒ ⊃

Cascade  decays

 probe high scales!

1 → 2
⟹
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HM decays: EFT argument
AG, Palavric, Tunja, Zupan; wip

5e

SMEFT contributes at higher EFT orders! 

C ∼ 𝒪(1), BR ∼ 10−15 ⟹

3eγ

C ∼ 𝒪(1), BR ∼ 10−15 ⟹

e3γ

 UV completions  EW scale⟹ ≲
 new light neutral particles⟹

Motivation: dark sectors!

C ∼ 𝒪(1), BR ∼ 10−15 ⟹
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HM decays: 1-particle EFT
AG, Palavric, Tunja, Zupan; wip• Systematic approach  

- Consider single field on-shell in muon decays! 
- Build a systematic EFT

μ
eEx: 7eHigh-scales!

+ ALP + dark photon
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HM decays: 1-particle EFT
AG, Palavric, Tunja, Zupan; wip• What can be the on-shell state?

ALP 
 a → ee

a → γγ

Dark higgs (scalar) 
 s → ee

s → γγ

Dark photon 
Xμ → ee

HNL 
 

 
N2 → N1ee
N → νγ
N → νXμ

Various bounds from beam dumps and colliders, 
however, still available parameter space to allow for 
prompt (or displaced) decays!

Lesson: gμe ≪ gee

Prompt decays 
LFC ⟹ U(1)e × U(1)μ
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+INVe

Golden m
odes (

GM)

High-multiplicity (HM)

Work in progress:

• Define benchmark models to populate this table

• Provide MG5 implementation for MC studies of signal efficiency

High-Multiplicity Muon Decays
AG, Palavric, Tunja, Zupan; wip
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Conclusions

• LFV High-multiplicity muon decays sensitive to new light particles

• The most interesting cases involve intermediate on-shell particles

Prompt  
decays of X ⟹ U(1)e × U(1)μ

Approximate

• Cascade  decays predict sizeable  probing indirectly high-scale NP1 → 2 BR

• Plenty of new models and topologies for exploration

• EFTs provide a platform to systematically explore BSM physics

• Testing accidental symmetries seems a good strategy
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Alhambra of Granada
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