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•No LFV at tree-level in Standard Model.Br(µ −→ eγ) ≈ 10−54 with neutrino oscillations.
• Z and H −→ µe @ LHC has probed ΛNew Physics & 5− 10 TeV.

µ −→ eγ (MEG) µ −→ eee (Mu3e)
Current bound Br < 4.2× 10−13 Br < 2.4× 10−12
Future bound Br < 6× 10−14 Br < 10−16⇐= × 4 orders!
Current scale Λ & 800 TeV Λ & 100 TeV
Future scale Λ & 1300 TeV Λ & 1000 TeV

• Scales above are for Wilson coefficients c(6)
i ∼ 1.With 2-loop suppression ci −→ ci/(16π2)2 and Λ −→ Λ/(16π2) & 6 TeV.

Some Numbers

Renormalization relations between different groups of dimension-6 SMEFT operators:

• 〈 · 〉 and [ · ] are spinor-helicity brackets labeling helicity structure of minimal form factors.
• All arrows above are calculated in the literature, except for the highlighted mixing goingfrom current2 operators into dipole operators, which starts at 2-loop.
• An interesting case: When our 2-loop contribution becomes as important as 1-loop ones.See the Results section for more.

LFV Mixing Picture

•Pµ −→ P = Pµσµ with σµ = (1, σ i)
• Lorentz invariant: PµPµ = det(Pµσµ)
• For a massless particle det(P) = 0.

P is a rank-1 complex matrix.
Pµσµ = λα λ̃α̇ ≡ |P〉α [P|α̇

where λ, λ̃ are left- and right-handed Weyl spinors.
•Momentum preserving rotations (little group transformation)
λ −→ tλ and λ̃ −→ t−1λ̃ for a t ∈ C.

Spinor-Helicity Formalism

Some Amplitude Examples

These are all tree-level and with fixed helicities for external particles.
They are evaluated using on-shell BCFW recursion relations over smaller amplitudes.
It is useful to think these also as building blocks to contruct bigger amplitudes.
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We only use the following physical quantities to calculate anomalous dimension matrix γij .
Fi [1 2 . . . ; µ] = out〈p1, p2, . . . | Oi |0〉in form factor
A(1 2 | 3 4) = out〈p1, p2, . . . |p3, p4, . . . 〉in scattering amplitudes= 〈p1, p2, . . . |M |p3, p4, . . . 〉

µ∂µFi =
 γij

Fj
 RG equations

There is a connection between on-shell S matrix and renormalization group (RG) [2].
e−iπDF∗ = F = SF∗ with D = −µ∂µ (1)

CHW Formula 1 (exact)

Extracting the interacting part of S matrix as M and expanding in couplings:

〈~n| Oj |0〉(0)︸ ︷︷ ︸minimal FF · γ(1)
ji︸︷︷︸leading anomalous dim. = −

1
π
∑
~m

〈~n|M| ~m〉(0)︸ ︷︷ ︸tree-level amplitude · 〈 ~m| Oi |0〉(0)︸ ︷︷ ︸minimal FF (2)
CHW Formula 2 (perturbative)

A very efficient way to calculate anomalous dimensions in an EFT setting, by utilizingon-shell information of subdiagrams with smaller number of loops. See the ref.s: [1,3,4,5].

Useful Formulas to Cut & Sew

Dipoles start at 1-loop first.
γ × = −1

π

= ∫ dLIPSx,yA(2−4−| x y+) · Fi (xy+1−3) = 0
Then there are the following groups 2-loop diagrams:
• Add a top-loop in the Higgs line.

= ∫ A(2−4−| x+
n y+z+

l )FHl1 (x+
n y+z+

l 1−k 3m)
= FdipoleNColorsYµY 2

t(16π2)2 (2eH + eµR)
• Add a vertex of quartic coupling −λ(H†H)2.

Let’s Do the Action

Anomalous dimensions we have got using this method:
µ∂µ

(
FeB
FeW

) = NCY 2
t(16π2)2
[
−Yµ(eµR + 2eh) −34Yµ(eµR + 2eh) −Ye(eeR − eh)+Yµ( 2g ) −14Yµ( 2g ) +Ye(g )

]FHl1FHl3
FHe


+ λ(16π2)2

[6Yµeh 64Yµeh 6Yeeh2Yµg 64Yµg 2Yeg
]FHl1FHl3

FHe


where ei’s are hypercharges and Yi’s are Yukawa couplings.
Interestingly, it seems quite easy to come up withmodels (e.g. adding an extra heavy fermion singlet)where all 1-loop arrows in LFV Mixing Pictureare zero and these 2-loop anomalous dimensionsprovide the leading effect!

Results

with
OHl1 = (H†i←→∂µH)(ELγµML)
OHl3 = (H†i←→∂µτaH)(ELγµτaML)
OHe = (H†i←→∂µH)(eRγµµR)
OeB = (ELσµνµR)HBµν
OeW = (ELσµνµR)τaHW a

µν
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