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Charged Lepton Flavour Violation (cLFV)

cLFV = contact interaction among the charged leptons that violates flavour

Neutrino masses and oscillations imply lepton flavour violation

Accidental symmetries of the SM can be easily violated (cLFV is expected in many
models)

Unambiguous signals of New Physics

Can probe New Physics scale well above the reach of colliders



Experimental searches
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Process Current bound on BR Future Sensitivity

u — ey < 4.2 x 1073 mec 10~ ** wmeall

u — eee < 1.0 x 10~1? sinprum 1010 s

UA — eA < 7 x 10~ 13 sinorumil 1071 — 10718 comeT, Muze

e 4 — e transitions
Best current sensitivities (and expect a significant improvement)
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 Heavy particles decaying into LFV final states
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* Due to the possibility of having very intense muon beams the it — e experimental sensitivities are the frontier in LFV
searches

e Taus are heavy and short-lived: LFV 7 decays or LFV decays of heavier particles into 7-s are searched for at colliders

* The difference in sensitivities can be such that future (and sometime current) experimental sensitivities satisfy:

Br(u — e) < Br(t = u)Br(t — e)

Can we learn something about 7 — (e, i) with y — e?



U—>e=U—>T"XT* > ¢

When we introduce 7 <> e and 7 < u flavour change, there is no symmetry that forbids 4 — e

T

N

H < > @




U—>e=Uu—>1t"X18t —>e

When we introduce 7 <> e and 7 < u flavour change, there is no symmetry that forbids 4 — e

T

N

H < > @

Consider for instance a Z’ with tau flavour changing couplings

~ BTu ~ Ber ﬁ

Z/

Z/




Outline

e i — T X 1% > einaZ model

e i — T X 1% — einthe EFT

® Phenomenology

® Conclusion
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An example: L€ — L,l/t + doublet wa:xik eruc 23

Extend the Standard Model with an extra U(I)Le—L,,, (with a gauge coupling g’) and an additional scalar doublet ¢ (with charge
_1 under U(I)Le_L,u)

lef, KZNKIM_I_HZ:S T f:;NfT—Hz?,fe

€

Lvuk D Y318 3e; + yptagpes +h.c

ep~e,+0pe, e, ~e

ﬂa%N%—ﬁﬂe



An example: L€ — L,l/t + doublet wa:xik eruc 23

Extend the Standard Model with an extra U(I)Le—L,,, (with a gauge coupling g’) and an additional scalar doublet ¢ (with charge
_1 under U(I)Le_L,u)

€

lef, KZNKIM_I_HZ:S T f:;NfT—Hz?,fe
Lyuk D Y318 3¢e; + ya3lopes +h.c

ep~e,+0pe, e, ~e

w €37~ € 91366

The Z’ (and the scalars) acquire LFV couplings 7 <> €  y3;, T <> i & Y3 at the leading order
Z' 7/

~ 8'0,; x g'yy3 ~ g'015 x g'ys

While y < e is always proportional to y,; X y;,!



U — e vs T — linthe model wrnerc=

« Several T <> [ processes could potentially constrain the size of the LFV Yukawa couplings V13, Y31
T 14 [ 4
Z/ \/

» |4 <> e processes are sensitive to the product y,; X y3,. For instance:




//t — € VS T — l|n the mOdel MA+F.Kirk, EPJC ‘23

There are regions of the parameter space where 7 <> [ does not constrain the model while 1 <> e does (g’ = 1074, M, = 10 GeV and
M mass scale extra doublet)
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There are regions of the parameter space where 7 <> [ does not constrain the model while 1 <> e does (g’ = 1074, M, = 10 GeV and
M mass scale extra doublet)
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There are regions of the parameter space where 7 <> [ does not constrain the model while 1 <> e does (g’ = 1074, M, = 10 GeV and
M mass scale extra doublet)
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Effective Field Theory for LFV

 Assuming that the New Physics responsible for LFV is heavy, we can describe it with contact interactions

T [ # €




Effective Field Theory for LFV

 Assuming that the New Physics responsible for LFV is heavy, we can describe it with contact interactions

T [ H €
1 1
A%Hl A%(—)g

f f / /

* The current (and future) experimental reach in terms of scales is approximately

A, 210 TeVE™S few x 10 TeV A, 2 few x 10° TeV 25 10# TeV

pee ~

(smaller in some cases) (smaller in some cases)



U—e=u—17°X7* > einthe EFT

« We want to calculate the contribution to 4 — e arising from 7 < [ operators pairs in the EFT

T e //t>< T f?,: : : : :fl

/i L5 f3 H T €
1 1 1

ny/

A2 ~ O A4
A’L'(—)l 167 AT<—>Z

A2

T



U—e=u—17°X7* > einthe EFT

« We want to calculate the contribution to 4 — e arising from 7 < [ operators pairs in the EFT

T e //t><7 f?,: : : : :fl
i Lo h Vg # T €

1 1 1
A%<—>l A%<—>l 167 2Ai—>l

« Resulting amplitude at dimension eight, but 4 — e is (will be) sensitive to some dimension eight operators
MA+S.Davidson, JHEP ‘21

 In some cases is possible to probe AT<—>Z beyond the reach of 7 <> [ (Remember that sometimes Br(u — ¢) < Br(t — u)Br(z — ¢))



U — 7 X t* — e EFT calculation

MA+S.Davidson+M.Gorbahn, PRD ‘22

Divergent diagrams with insertions of 4 — 7 X 7 — e dimension six operators renormalize 4 — e dimension eight operators

b
3 N
C[6] C[6] A

exp) ™~ 16722 log > Eexp = exp.scale

exp

C[8](

* We calculate only the contributions that are (estimated) to be within future experimental sensitivities

 These are included in a subset of dim6xdim6—dim8 one-loop mixing in the Standard Model EFT

* The renormalization group equations for dimension eight are largely unknown and present some technical challenges
(Equation of Motion at higher orders, large number of operators/diagrams...)

10



Th e E FT Cal C u I at i 0 n MA+S.Davidson+M.Gorbahn, PRD ‘22

The dimension eight operators that are generated in running are matched onto the low-energy contact interactions when
the electroweak symmetry is broken (and the heavy SM particles are integrated out)

11



Th e E FT Cal C u I at i 0 n MA+S.Davidson+M.Gorbahn, PRD ‘22

The dimension eight operators that are generated in running are matched onto the low-energy contact interactions when
the electroweak symmetry is broken (and the heavy SM particles are integrated out)

Two dimension six operator can also give additional tree-level matching contribution. For instance, when the Higgs gets a
vev < H>=v

H H H 4
\ | / .o | 2
h * ’ _ C‘élI{ D7) -}‘ | ]l 1%
o A =G CH)HH)  —y L, «Ch

11



Th e E FT Cal C u I at i 0 n MA+S.Davidson+M.Gorbahn, PRD ‘22

The dimension eight operators that are generated in running are matched onto the low-energy contact interactions when
the electroweak symmetry is broken (and the heavy SM particles are integrated out)

Two dimension six operator can also give additional tree-level matching contribution. For instance, when the Higgs gets a
vev < H>=v

H H H 4
\ | / .o | 2
h * ’ _ C‘élI{ D7) -}‘ | ]l 1%
ej :\V{ 6 A2 (¢;He)(H'H) . e —p—L—p— {; < Cp A2

Low energy operators run from the electroweak scale to the scale of the experiment EeXp —> experiments probe Cf[g] Ce[g]

11



Outline

® Phenomenology



Hyperbole (1 — e) vs Ellipses (7 — [)

In the plane of the 7 <> ¢, 7 <> u coefficients Ce[?],C[ﬂ direct

searches can probe the region outside an ellipse

‘ C[6] ‘ ‘ C[6] ‘
| =1
Bioe Bz,

while 4 <> e is sensitive to region above an hyperbola

6] (6
\C[ ]C[]‘N /,¢<—>e

12



Hyperbole (1 — e) vs Ellipses (7 — [)

In the plane of the 7 < ¢, T <> u coefficients
searches can probe the region outside an ellipse
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while 4 <> e is sensitive to region above an hyperbola

Jralls
‘ Ce[f]cz[lu] ‘ 5 B,u<—>e

Thick Hyperbola
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An example

Consider the operators @%13 = ZﬁGF(fyﬂ)(qu%) (vector) and @;125231 = 2\/§GF(? Pr7)(q;Pput) (scalar)

The diagram generates the scalar operator (€ Ppu)(itPpu), contributing
to 4 — e conversion in nuclei

Br(uA — eA) <7x 1071 - CHP x CVP < B, =1.5%x107"

Cequ "~ ~THOE

B LFV decays are sensitive to the operator pair

Br(B; — pt) < 14x 107 > C#® < B, = 1.5x 107

Br(Bt = 7v) = (1.09 £ 0.24) X 107* — C;ij“ <B._, =18x1073

13



An example

Consider the operators @T”B 2\/_ 2G(Tyn)(q,7q5) (vector) and @(fle);fl 2\/§GF(? Pr7)(q;Pput) (scalar)

The diagram generates the scalar operator (€ Ppu)(itPpu), contributing
to 4 — e conversion in nuclei

Br(uA — eA) <7x 107" - CPx C)P S B, = 1.5x 107°

B LFV decays are sensitive to the operator pair

Br(B; — put) < 1.4x 107 - C#*P < B, = 1.5x 107

Br(BY - ) = (1.09 £ 0.24) X 107 - C,,E?;fl <B._.,=18x107

pee

B...B

7€ T(—)Il/t

~ 5 X 10_3 —) ~ 5 X 10_4 (with future sensitivities)

13



Example: coefficients space

e Current uA — €A

e Future uA — eA

B decays

10—6 ERETIT BN RETTT BN SRR RTIT ARttt |||||||55?55'1555'155i55|5i5iii555555i555i5?['5|'5|5i5|?|5E5?5555|5555|-.'Niﬁhki\\t1 Sauth” A AA U
10° 10* 10° 102 10" 1 10 10° 10° _ 10*. 10°
T u =T->u

14



Relatingu < e, t e, 7 < U

Suppose that we observe a 7 < e transitions, but i1 <> e is not seen

6] (6
|Ce'| = B..., | Ce2'CL' | S B

pee

The results suggest values for \C,ES]\ that are “unlikely”

pee

B

7€

[C| <

15



Conclusion

* An impressive experimental improvement for 4 — e is expected in the near future

« The sensitivity of 4 — eto u — ™ X ™ — e contributions can compete with the direct

T — [ searches and probe out-of-reach regions in the 7 flavour changing parameter
space

« We explored this in an Z' model and in the Standard Model EFT (which required
calculating a subset of RGEs mixing pairs of T < e, T <> i dimension six operators into
u — e dimension eight contact interactions )

 The EFT results can be used to relate the different flavour changing transitions: a
detection of 7 < e (7t < u) and a null result from 4 — e can suggest the size of some
T < U (t < e) couplings



Back-up



U — e conversion in nuclel :

Standard calculation in Kuno+Okada hep-ph/9909265

 The muon gets captured by the (Z,A) nucleus and tumbles down to the 1s state

« The SM processes that can happen are:

AL u+p— v, tn (capture)

B. u — v, te+vr, (Decay-In-Orbit)

* |f there are LFV interactions with nucleons, an electron can be emitted without a neutrino (conversion)
u+(Z,A) — e+ (£ A)

e Spin-Independent rate is enhanced by A? because the process is coherent (similar to WIMP scattering)

 The upcoming experiments (COMET, MuZ2e) will deliver extremely intense muon beams allowing to probe
Br(uA — eA) ~ 107V


https://arxiv.org/abs/hep-ph/9909265

I-Relatingu < e, 1 e, 7 < U

Consider 0% = 24/2G (Typ)(@,rqs) and 0P = 24/2G (2 ,67)(g50¢)

The diagram generates a 4 — e tensor with external charms
that mixes with the dipole and contribute to 4 — ey

The charged-current anomaly in B decays

Br(B — D)D) RO _ RSM 4 3,

R ¥) — % *
P~ Br(B - DMIp) po- pT

can be fitted with a non-zero @2;;32 = 2\/§GF(1/7 ,07)(g;0c) (increase the numerator, the neutrino flavour is not identified)



lI-Relating u < e, 71 e, 7 U

10_3'5 ‘\\\\\
104 N
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=3 1075
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10_63
| BB B — D*rvand By, — 7=u7
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107 — —
107° 10~ 1073
0(3)6736

fequ




q

(d) P6 X 4f6 —> 4f8

RGEs diagrams

//4—\\
,u+<% >+T>—<§»»e
H H H

(b) Pg X Pg — Dg

H -»-_ H
\‘ / \\ 4/
e e
/4 AN
H H
T

H H |

\ t .
q | 4 q t@t
[ e

" :T e y

(e) 4f6 X 4f6 —> 4f8

H

(f) 4fs X 4fy — 4fg



Matching diagrams




Equation of motion 1

Two operators 01, O, that differ by an Equation of Motion (EOM) vanishing operator are

physically equivalent

0S
O1 — Oy = Opopy X —

0¢
because Oropm has vanishing S—matrix elements. For instance, i(£, D¢ )(HTH) and

y-(¢,,He:)(HT H) are on-shell equivalent

(7, 06: ) (HT H)—=[i(Z, B¢, ) (H! H) — yr (7, He. )(HT H)]

+yr (£uHer)(HH)
We can understand it diagrammatically:
X
yr 6 X1
e, > R—» £y
' )// \\
* R
I
I



Equation of motion 2

Suppose that the only dimension six present is Ogg;qm = (¢ ee)(dngm). The operators corrects
the EOM, such that
ledq
(BuDE)(HTH) = (17D )(HTH) = yr (B Her)(HTH) + — 2 (T,e0) (Gnqm) (T H)
NP
_ b g
+y-(£uHer )(H'H) A2 (£1.€e)(dngm)(H"H)
NP
Diagrammatically:
dm d,,
Ve
€5 > > R—> gu
Gl
H  H

If a redundant operator is generated via loops, in general:

A O8]
NP ¢ NP

where O8] is due to the dimension six correction to the EOM.




Dimension eight may be subleading

Models may generate y — ¢ = u — 7* X v — e amplitudes that match onto dimension six operators (as in a heavy Z’
model)

4 7/

~ 8tu ~ et

Z/

10




Dimension eight may be subleading

Models may generate y — ¢ = u — ™ X t* — e amplitudes that match onto dimension six operators (as in a heavy Z’
model)

4 7/

~ BTu ~ Ber ﬁ

Z/

The EFT loop reproduces the (log enhanced) dimension eight contribution of the box

€
€ e
= 8er8uy m?l m;
EFT "™ Og
1672M?2, M2, m2,
u e
T

10



Dimension eight may be subleading (but
sometimes is not)

Kaon mixing in the SM is a well known example where the dimension eight amplitude is the leading contribution (GIM)

d —» p— S d —» p— S d —» p— S

| *
uy A, o but uv A, 1 cV A- o (20,2

_ M2 _ ) GFmC
d W

0|
A
A

0|
A
A
Q
0|
A
A
Q

The EFT reproduces the log-enhanced theory result

S

2
m
~ Gim?1lo -

*The diagram with the top is effectively a dimension six contribution Gl,%mt2 , but is suppressed by the small CKM mixing (thV;‘;)2

d C S

11



