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— OPEN PROBLEMS IN THE SM —
Neutrino masses

Dark Matter

Baryon Asymmetry of the Universe
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Denton et al [2212.00809]

NEUTRINO OSC. EXPERIMENTS

https://arxiv.org/pdf/2212.00809
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SM EFFECTIVE THEORIES
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Motivation I: lack of new light physics ⟹ Λ ≫ mW

Motivation II: model-independent analysis
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SM EFFECTIVE FIELD THEORY
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a + 𝒪 ( 1
Λ3 )

Add higher dimensional operators
— warning! Wilson coefficients are scale dependent  —C ≡ C(μ)
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ℒSMEFT = ℒSM +
1
Λ ∑

a

C(5)
a Q(5)

a +
1

Λ2 ∑
a

C(6)
a Q(6)

a + 𝒪 ( 1
Λ3 )

Add higher dimensional operators
— warning! Wilson coefficients are scale dependent  —C ≡ C(μ)

 only 1: Weinberg operator

 59 operators — 2499 parameters

 just a lot

Q(5)
a

Q(6)
a

Q(n≥7)
a

— most relevant phenomenologically —

— we neglect them—

[Buchmuller&Wyler’86, Grzadkowski et al’ 10]

— neutrino masses—
 only 1: Weinberg operatorQ(5)

a
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SMEFT DIM-6
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59 non-redundant operators (  flavor structure)× Warsaw basis [1008.4884]
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https://arxiv.org/abs/1008.4884
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SMEFT DIM-6
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Warsaw basis [1008.4884]
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59 non-redundant operators (  flavor structure)×

https://arxiv.org/abs/1008.4884
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PROBING DIM-6 OPERATORS
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— Bartocci, Biekötter, Hurth [2311.04963] —

Rich and complementary phenomenology

https://arxiv.org/abs/2311.04963
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— Fernández-Martínez, XM, Naredo-Tuero [2403.09772] —

https://arxiv.org/abs/2403.09772
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One-at-a-time analysis

EXAMPLE: LEPTON FLAVOR VIOLATIONS (LFV)

https://arxiv.org/abs/2403.09772
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— WE NEED TO GO GLOBAL —
— Challenging due to the many new operators —
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BEFORE GOING TO THE ANALYSES

!
 We will follow the model-independent assumption closely,

considering all (flavor) operators to be independent
and without wondering which UV model could be behind
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Global SMEFT analyses for LHC input 

Brivio et al [2208.08454v3]

many works Biekötter’18, da Silva Almeida’18, Kraml’19, van Beek’19, Dawson’20,  
da Silva Almeida’21, Hartland’19, Brivio’19, Ellis’20, Ethier’21, Iranipour’22, Bartocci’23, Kassabov’23….

EXAMPLE: LHC DATA
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EXAMPLE: LOW ENERGY PRECISION DATA

— Bresó-Pla, Falkowski, González-Alonso, 
Monsálvez-Pozo [2301.07036]  —

* Normalized to v
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Linearized global analyses 

One-at-a-time analyses

— Broadly speaking, we found two main strategies —

Keep only leading terms: interference w/ SM

Linear  ➠ Gaussean likelihood  ➠ Analytically treatable

Easy to identify flat/poorly constrained directions

When there is no interference w/ SM (e.g. LFV)

No fully global analyses available
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STATUS OF SMEFT ANALYSES
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Linearized global analyses 

One-at-a-time analyses

— Broadly speaking, we found two main strategies —

Keep only leading terms: interference w/ SM

Linear  ➠ Gaussean likelihood  ➠ Analytically treatable

Easy to identify flat/poorly constrained directions

When there is no interference w/ SM (e.g. LFV)

No fully global analyses available

CAN WE IMPROVE IT?

Easy to identify flat/poorly constrained directions

No fully global analyses available
𝜈



Xabier Marcano (UniBo & INFN) 25

 OUTLINE 

SM Effective Field Theories

Neutrino Non Standard Interactions

Global analysis of LFC fermionic operators

Global analysis of LFV fermionic operators

— popular neutrino-EFT interactions —
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— Focus on leptonic operators —
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New EFT interactions modifying neutrino production, propagation and 
scattering

 
 
 
 

Deeply studied and searched for in neutrino oscillations 

NON STANDARD INTERACTIONS (NSI)

26

 — Wolfenstein’78, Mikheyev and Smirnov’85, Roulet’91, Guzzo et al’91, Grossman’95, Gonzalez-García et al.’99, …  —

 — e.g. review Farzan and Tortola, Front. in Phys. 6 (2018) 10, [arXiv:1710.09360]  —
 — although caution is needed with normalization Coloma et al [arXiv:2411.00090]  —

ε ν
ν

f
f
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NSI  
ARE NOT GAUGE INVARIANT! 

!

NON STANDARD INTERACTIONS (NSI)
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 — well studied matching —  
— Gavela et al.’08, Falkowski et al.’17, Jenkins et al.’18, Bischer et al.’19, Cherchiglia et al’23,…  —

28

 — Gavela et al [arXiv:0809.3451], Antusch et al [arXiv:0807.1003] —

ε ν
ν

f
f

NON STANDARD INTERACTIONS (NSI)

ε ℓ
ℓ

f
f

SU(2)L

NSI  ⊃ SMEFT

Charged lepton processes give much stronger bounds than neutrinos

https://arxiv.org/abs/0809.3451
https://arxiv.org/abs/0807.1003
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CAN NEUTRINOS HELP PROBING THE SM EFFECTIVE THEORY?

29

NEUTRINO DATA 
IRRELEVANT

— one-at-a-time —

???

— Global Picture —

— compared to charged leptons —
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GLOBAL ANALYSIS OF  
LFC OPERATORS

— PART III —

arXiv: 2411.00090
Improving the global SMEFT picture with bounds on neutrino NSI

Pilar Coloma, Enrique Fernández-Martínez, Jacobo López-Pavón, XM,  
Daniel Naredo-Tuero and Salvador Urrea

https://arxiv.org/abs/2411.00090
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Falkowski, González-Alonso et al explored it in great detail
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GLOBAL ANALYSES TO PRECISION DATA

31

Collected an extensive list of precision observables

— M. Gonzalez-Alonso et al.’15, Falkowski et al.’17,  Bresó-Pla et al.’23…  —

Falkowski, González-Alonso et al explored it in great detail
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3]

+ Pole observables 
(see Efrati et al. [1503.07872])
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Constraint 65 combinations of WCs

Built 65x65 correlation matrices
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— Bresó-Pla, Falkowski, González-Alonso, 
Monsálvez-Pozo [2301.07036]  —

* Normalized to v

GLOBAL ANALYSES TO PRECISION DATA
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Global Analysis to NC-NSI in oscillation + CEvNS

NON STANDARD INTERACTIONS
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LET’S COMBINE BOTH ANALYSES

34

SMEFT 
INFO

NEUTRINO 
 INFO
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SMEFT INPUT FOR NSI
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https://arxiv.org/abs/2411.00090
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[ĉld]ee11

°1.0

°0.5

0.0

0.5

1.0

°0.1 0.0 0.1

[c(1)
`q ]µµ11

°1.0

°0.5

0.0

0.5

1.0

°0.1 0.0 0.1 0.2

[c`u]µµ11

°1.0

°0.5

0.0

0.5

1.0

°0.5 0.0 0.5

[c`d]µµ11

°1.0

°0.5

0.0

0.5

1.0

0.0 0.5
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Non-Osc.
Non-Osc. + Osc. + CEnNS

*see also Bresó-Pla et al  
[2301.07036]

*

*

*

https://arxiv.org/abs/2411.00090
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Previous SMEFT bounds help constraining NSI

Neutrino oscillations + CEvNS improve SMEFT global picture

SUMMARY — PART III

37

Doesn’t close flat directions, but improve some bounds

New bounds in the  sector

Induce strong(er) correlations

τℓ

Mainly from  + strong correlationsεμμ
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GLOBAL ANALYSIS OF  
LFV OPERATORS

— PART IV —

arXiv: 2403.09772
Global Lepton Flavour Violating Constraints on New Physics

Enrique Fernández-Martínez, XM and Daniel Naredo-Tuero

https://arxiv.org/abs/2403.09772
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CLFV IN SMEFT (DIM 6)

39

Raidal&Santamaria(96), Kuno&Okada(99), Brignole&Rossi(04), Ibarra et al (04), 
Carpentier&Davidson(10), Crivellin et al(13), Celis et al(14), Pruna&Signer(14), Efrati et al(15), 
Feruglio et al(15), Davidson(16), Crivellin et al(17), Aebischer et al(18), González et al(21), 
Ardu&Davidson(21), Calibbi et al (21), Calibbi et al (22), and many others

ℓ
ℓ′￼

γ
ℓ

ℓ′￼

f
f̄

Dipole Dipole and 4f

Plenty of work in this direction
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FIRST LOOK AT THE EFT STATUS
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New Physics scale (c~1)
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— CHALLENGING GOAL —

— See also previous partial analyses: Husek ’20, Davidson’22, Banerjee ’22, Hoferichter’23 —

LOOKING FOR A GLOBAL PICTURE

Many operators and observables

We cannot linearize the EFT dependence
 — No interference with SM —
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— CHALLENGING GOAL —

— See also previous partial analyses: Husek ’20, Davidson’22, Banerjee ’22, Hoferichter’23 —

LOOKING FOR A GLOBAL PICTURE

Many operators and observables

We cannot linearize the EFT dependence
 — No interference with SM —

Everything is possible  
when you have the proper tools
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— CHALLENGING GOAL —

— See also previous partial analyses: Husek ’20, Davidson’22, Banerjee ’22, Hoferichter’23 —

LOOKING FOR A GLOBAL PICTURE

Many operators and observables

We cannot linearize the EFT dependence
 — No interference with SM —

Daniel Naredo

Everything is possible  
when you have the proper tools
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SCENARIOS/FRAMEWORKS
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— warning! Wilson coefficients are scale dependent 

— LEFT —
All operators are independent
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SCENARIOS/FRAMEWORKS

42

— warning! Wilson coefficients are scale dependent 

— LEFT —
All operators are independentBack Up



Xabier Marcano (UniBo & INFN)

SCENARIOS/FRAMEWORKS

42

— warning! Wilson coefficients are scale dependent 

— LEFT —
All operators are independent

— SMEFT (3flavor) —
SMEFT induced relations. Only light quarks u,d,s 

le
ss

 fr
ee

do
m Back Up
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SCENARIOS/FRAMEWORKS

42

— warning! Wilson coefficients are scale dependent 

— LEFT —
All operators are independent

— SMEFT (3flavor) —
SMEFT induced relations. Only light quarks u,d,s 

— SMEFT (2flavor) —
SMEFT induced relations. Only light quarks u,d 

le
ss

 fr
ee

do
m Back Up
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— GLOBAL RESULTS —

Fully Leptonic

eμ

Semileptonic

τℓ

3 2

1 1
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FULLY LEPTONIC OPERATORS

44

Incoherent contributions

— no new inside from a global analysis  —
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Everything well constrained

Few exceptions

Λ ≳ 5 − 50000 TeV
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— GLOBAL RESULTS —

Fully Leptonic

eμ

Semileptonic

τℓ

one-at-a-time bounds = global bounds

3 2
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SEMILEPTONIC OPERATORS

46

Many mesons w/ different structures — great complementarity —

τ → ℓπ , τ → ℓη , τ → ℓη′￼, τ → ℓω , τ → ℓπ+π− , τ → ℓϕ

Some coherent/incoherent contributions, e.g.:

BR (τ → ℓπ0) ∝ ∑
X=L,R

cuA
τℓX − cdA

τℓX +
m2

π

mτ (mu + md) (cuP
τℓX − cdP

τℓX)
2

BR (τ → ℓϕ) ∝ ∑
X=L,R {( m2

τ

m2
ϕ

+ 1 − 2
m2

ϕ

m2
τ ) csV

τℓX

2
+ 4 (

fT,ϕ

fϕ )
2

(2
m2

τ

m2
ϕ

− 1 −
m2

ϕ

m2
τ ) csT

τℓX

2}
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SEMILEPTONIC OPERATORS

46

Many mesons w/ different structures — great complementarity —

τ → ℓπ , τ → ℓη , τ → ℓη′￼, τ → ℓω , τ → ℓπ+π− , τ → ℓϕ

Some coherent/incoherent contributions, e.g.:

10 WCs - 9 indep. constraints = 1 flat direction
— involving A and S WCs —
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SEMILEPTONIC OPERATORS WITH TAUS
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Global  
SMEFT (u,d,s)
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SEMILEPTONIC OPERATORS WITH TAUS
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Global  
SMEFT (u,d)
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— GLOBAL RESULTS —

Fully Leptonic

eμ

Semileptonic

τℓ

3

one-at-a-time bounds = global bounds

V and T slightly weaker

Flat directions in SMEFT(u,d,s)

Only SMEFT(u,d) fully and 
globally constrained

! Strong Correlations!!!
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SEMILEPTONIC OPERATORS MU-E
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Very strong constraints

Refs in arXiv: 2403.09772

https://arxiv.org/abs/2403.09772
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SEMILEPTONIC OPERATORS MU-E

50

Very strong constraints

Mainly from  conversion in nucleiμ → e

— e.g. Raidal’97,Cirigliano’09,Crivellin’17,Davidson’22,Plakias’23… —

Spin-Independent for V, S, T operators

Spin-Dependent for A, P, T operators

Weaker but complementary from  for A and PM → eμ

— Cirigliano’17, Davidson ’17, Hoferichter ’22 —

— Also needed in a global picture! —



Xabier Marcano (UniBo & INFN)

100 101 102 103 104

L (TeV)

cuV
abL

cdV
abL

csV
abL

cuA
abL

cdA
abL

csA
abL

cuS
abL

cdS
abL

csS
abL

cuT
abL 95% CL

SMEFT global bounds with u, d, s quarks

µe (w/o nuclear uncertainties)
µe (w/ nuclear uncertainties)
te
tµ
one-at-a-time

10°810°610°410°2100
|C| v2

L2

51

SEMILEPTONIC OPERATORS MU-E

Global  
SMEFT (u,d,s)

! Strong Correlations!!!
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SEMILEPTONIC OPERATORS MU-E

Global  
SMEFT (u,d)

! Strong Correlations!!!
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SEMILEPTONIC OPERATORS MU-E

Global  
SMEFT (u,d)👀

! Strong Correlations!!!
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— CAN WE IMPROVE IT WITH NEUTRINOS? —

arXiv: 2411.00090
Improving the global SMEFT picture with bounds on neutrino NSI

Pilar Coloma, Enrique Fernández-Martínez, Jacobo López-Pavón, XM,  
Daniel Naredo-Tuero and Salvador Urrea

Neutrino oscillations — zero distance effects 
[Biggio et al’09]

https://arxiv.org/abs/2411.00090
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NEUTRINO INPUT FOR CLFV
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Coloma, Fernández-Martínez, López-Pavón, XM, Naredo-Tuero, Urrea  [2411.00090]
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! Strong Correlations!!!

https://arxiv.org/abs/2411.00090
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CAN NEUTRINOS HELP PROBING THE SM EFFECTIVE THEORY?

55

NEUTRINO DATA 
IRRELEVANT

— one-at-a-time —

— Global Picture —

YES!

— compared to charged leptons —
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CONCLUSIONS

56

SM EFTs are well motivated and powerful tools for model-independent analyses

Potential flat/poorly constrained directions make it harder

NSI formalism provides new data  
 
 
 
 
 

— many new parameters, challenging to constrain them all —

— zero distance effects for —μe

— improve bounds, new bounds for , stronger correlations —τ
Improves global picture for LFC operators

Closed flat directions for LFV operators

— we need more independent observables—

Neutrino oscillations and CEvNS  
need to be included in future SMEFT global analyses



Thank you!



Back up
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DOES A FLAT DIRECTION MEAN THERE ARE  
UNBOUNDED OPERATORS? 

!

WARNING
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STRONG CORRELATIONS
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Check  
arXiv: 2403.09772  

for 
 ‘correlation’ matrices

https://arxiv.org/abs/2403.09772
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GAUSSEAN APPROX
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PREVIOUS GLOBAL ANALYSES

62

Low-energy observables Falkowski et al. [1706.03783]
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PREVIOUS GLOBAL ANALYSES
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Efrati et al. [1503.07872]Pole observables
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TECHNICAL DETAILS — GF LFV

64

Results always for low-energy WCs

Work at tree level

WC diagonal in the quark sector and CKM = 1

Operators only to light quarks 

Identify all flat directions

— warning! Wilson coefficients are scale dependent  —C ≡ C(μ)

— either (u,d,s) or only (u,d) —

— explore the parameter space with an adjusted MCMC—

 — Going global is a difficult task, some simplifications as a first step —

Only quadratic contributions from new physics 
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NUCLEAR UNCERTAINTIES IN MU-E CONV

65

These results rely crucially on nuclear elements for  conv. μ → e

Uncertainties of the overlap integrals can make bounds redundant

 All independent bounds? 

<
<
<
<

— Davidson et al [1810.01884] — 

We include nuclear uncertainties as nuisance parameters in the GF
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LOW-ENERGY EFT

66

WHEN LOOKING AT LOW-ENERGY PROCESSES

LEFT SMEFT

*There could also be a third option: HEFT
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LOW AND HIGH ENERGY EFTS

67

EW scale

e.g. cLFV obs

en
er

g
y
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LOW AND HIGH ENERGY EFTS

new physics above the EW scale

67
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LOW AND HIGH ENERGY EFTS

67
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Warsaw basis [1008.4884]
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LOW AND HIGH ENERGY EFTS
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LOW AND HIGH ENERGY EFTS
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Adapted from Jenkins et al [1709.04486]
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LOW AND HIGH ENERGY EFTS
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SEMILEPTONIC OPERATORS

69

Many mesons w/ different structures — great complementarity —

τ → ℓπ , τ → ℓη , τ → ℓη′￼, τ → ℓω , τ → ℓπ+π− , τ → ℓϕ

Some coherent/incoherent contributions, e.g.:

15 WCs - 11 indep. constraints = 4 flat directions
— involving A, S and P WCs —
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SEMILEPTONIC OPERATORS WITH TAUS
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NUCLEAR UNCERTAINTIES

Nuclear overlap integrals for SI at 5% (10%) for light (heavy) nuclei

Nuclear corrections  and  to the axial contribution of SD

Gluonic matrix element  ~ 30%

δ′￼ δ′￼′￼

ãN

— Hoferichter et al [2204.06005]—

— Hoferichter et al [2204.06005]—

— Davidson et al [1710.06787],  
Hoferichter et al [1506.04142],  
Bartolotta et al [1710.02129]—
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NUCLEAR UNCERTAINTIES
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— Aebischer  et al [1810.07698]—

BR (τ → ℓπ0) =
G2

F f 2
π(m2

τ − m2
π)2

8πΓτmτ ∑
X=L,R

cuA
τℓX − cdA

τℓX +
m2

π

mτ (mu + md) (cuP
τℓX − cdP

τℓX)
2

BR (τ → ℓπ+π−) = ∑
X=L,R {2.0 cuV

τℓX − cdV
τℓX

2
+ 0.68 cuS

τℓX + cdS
τℓX

2
+ 0.52 csS

τℓX

2
+ 4.0 cuT

τℓX − cdT
τℓX

2

}
— Cirigliano et al [2102.06176]—

— Aebischer  et al [1810.07698]—
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— Aebischer  et al [1810.07698]—

— Celis et al [1403.5781]—
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SPS LEP LHC
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� → μ� μ → ��� �� (μ → �) μ → �γ
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— Calibbi, XM, Roy [2107.10273] —

https://arxiv.org/abs/2107.10273
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