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● LEP and SLC measured the Z 
couplings to charged leptons to 
per-mille precision.

● Mixing with heavy VL leptons 
modify these couplings (very 
stringent limits on mixing).
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● LEP and SLC measured the Z 
couplings to charged leptons to 
per-mille precision.

● Mixing with heavy VL leptons 
modify these couplings (very 
stringent limits on mixing).

● Only true if VLL contribute to the 
EFT at tree-level, dimension 6.

● But mixing with several new VLL 
can induce cancellations 
(protected by symmetries)

How well do we know the electron?
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● Two new degenerate VLL with identical coupling to the SM 
leptons 

The model: degenerate bi-doublet
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● Two new degenerate VLL with identical coupling to the SM 
leptons

● Tree-level, dimension 6 effects only in Yukawa couplings.

● What are the current (and future) constraints?
– Direct searches: single and pair production.
– Tree level, dimension 6 (precise measurement of lepton Yukawas).
– Tree level, dimension 8.
– One-loop dimension 6.
– Theoretical constraints.
– Future prospects.

The model: degenerate bi-doublet
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● Single production only considered for HNLs (large mixing).

Direct searches: single production
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● Single production only considered for HNLs (large mixing).
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HNLs
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● Single production only considered for HNLs (large mixing).

Direct searches: single production

Our model

1

1



How large is lepton mixing? J. Santiago (UGR) 15

● Single production only considered for HNLs (large mixing).

● We expect a factor of 4 (2 channels twice BR) except for the Z 
contribution.

Direct searches: single production

We use these factors to rescale the 
current reach from single 
production in our model.
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● Pair production is independent of the mixing.

● We can recast VLL doublet searches in pair production (we have 
more states with different couplings and BRs)

Direct searches: pair production
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How well do you know the electron?
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● At tree level dimension 6 we only modify Yukawa couplings

● Higgs mediates flavour violating processes (suppressed by light 
Yukawa couplings). Only mu-e conversion place a constraint.

Tree level dimension 6

[ATLAS 2207.00092]

No relevant bounds for electron or muon
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● At tree level dimension 8 we generate many operators but no 
contributions to 3-point vertices.

● Custodial protection partially survives at dimension 8.

● Leading constraints from e+e-  W+ W- (still not competitive).→

Tree level dimension 8
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● At one loop, mass dimension 6 order many contributions are 
generated.

● Lepton flavour is violated when mixing with more than one 
generation (only                )

One-loop dimension 6: flavour violation
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● At one loop, mass dimension 6 order many contributions are 
generated.

● EWPD and Higgs physics are the most constraining (in general).

One-loop dimension 6: flavour preserving

Higgs

EWPD

Dipoles (g-2)
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● At one loop, mass dimension 6 order many contributions are 
generated.

● EWPD and Higgs physics are the most constraining (in general).

● Double Higgs production starting to become relevant.

One-loop dimension 6: flavour preserving

[ATLAS 2406.09971]
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One-loop dimension 6: flavour preserving
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● Mild constraints on the mixing imply large values of couplings being 
probed (strong coupling?).

● Perturbative unitarity:
● Stability of the potential:               

Theoretical constraints

[Allwicher, Arnan, Barducci, Nardecchia 2108.00013]
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● Mild constraints on the mixing imply large values of couplings being 
probed (strong coupling?).

● Perturbative unitarity:
● Stability of the potential:                  (can be lifted with scalar quadruplet)
● Landau Pole:

Theoretical constraints

[Allwicher, Arnan, Barducci, Nardecchia 2108.00013]

[Durieux, McCullough, Salvioni, 2209.00666]
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Current constraints
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Current constraints

Interplay of tree-level and one-loop 
contribution to tau Yukawa
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● Future experiments will further constrain lepton mixing:

● HL-LHC: increased reach in direct searches and more precise Higgs 
measurements

● FCC-ee: increased precision on EWPD
● FCC-hh: increased reach in direct searches and high precision Higgs 

physics.

Future constraints
PreliminaryPreliminary
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[Salam, Weiler]
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How well do we know the electron?
● Fairly well
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● Not as well as we thought!

● Tailored searches might carve 
out part of parameter space.

● Future colliders will shrink the 
window significantly.

How well do we know the electron?
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