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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
Unambiguous signals of New Physics

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

Can probe Beyond SM scenarios above the reach of colliders
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 Heavy particles decaying into LFV final states

e 7 — [ decays


https://arxiv.org/abs/2203.14919

7 — [ transitions

» The sensitivities of T — [ processes are Br(z — [) < 107° = 107!V (LHC(b), BaBar, Belle, Belle-II)

 If we see 7 — [, it should be relatively large

* The big phase available means there is a plethora of different channels (possible to overconstrain models = distinguish

them)

* High energy probes (like the decay of heavy particles into final
states with 7-s) are sometimes competitive with the decays
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Effective Field Theories

« If LFV New Physics is heavy (A 2 few TeV), it can be parametrised in terms of non-renormalizable operators

t [



Effective Field Theories

« If LFV New Physics is heavy (A 2 few TeV), it can be parametrised in terms of non-renormalizable operators

t [

/i J2

* Add to the Lagrangian the relevant contact interactions (non-renormalizable operators) compatible with the symmetries

C.0.
gEFT—3d<4+Z A4
n>4

and calculate observables...



EFT for 7 — [ decays: general features
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» The sensitivities Br(z — [) < 107 — 107" translates into an interesting New Physics scale reach A > few X (1 — 10) TeV
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e Sensitive only to some one-loop RGE effects and dimension six operators MA.Davidson?21



https://link.springer.com/article/10.1007/JHEP08(2021)002

EFT for 7 — [ decays: general features

» The sensitivities Br(z — [) < 107 — 107" translates into an interesting New Physics scale reach A > few X (1 — 10) TeV
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EFT for 7 — [ decays: general features

The sensitivities Br(t — [) < 107 — 107!V translates into an interesting New Physics scale reach A > few X (1 — 10) TeV

Sensitive only to some one-loop RGE effects and dimension six operators MA.Davidson21

Many channels = many operators can be probed (few flat directions in the EFT)

Decays and high-energy probes sensitive to the same operators at a competitive level


https://link.springer.com/article/10.1007/JHEP08(2021)002

Outline

e Leptonic decays (t — Ly, © — LI, © — L)

e Semi-leptonic decays (ex: 7 — /)

e Other processes

® Conclusion
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LFV Radiative decay: branching ratio
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LFV Radiative decay: branching ratio
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Kitano, Okada hep-ph/0012040

LFV Radiative decay: distinguishing chiralities
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LFV three body decays (AF = 2)

 All decays with two flavour changing currents: 7 — f[iee, T — eupu,
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Can include four-lepton vectors, scalars and tensors*
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Three body decay: lepton angular asymmmetries

, Kitano, Okada hep-ph/0012040
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Three body decay: Dalitz plots

Celis, Passemar, Cirigliano 1403.5781

Dalitz plots could also assist in distinguishing operators
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Leptonic three body decay: one-loop RGEs

e QED penguin can mix any 7 — [ vector with the AF = 1 four-lepton vector involved in the tree-level process, leading to a
sensitivity to all vectors for NP scales A ~ few TeV and O(1) coefficients

A
Cl-Tl [ leﬁ
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Outline

e Semi-leptonic decays (ex: 7 — /)



Semi-leptonic 7 LFV decays

e Various decay channels probing LFV interactions between 7 flavoured currents and quarks
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Semi-leptonic 7 LFV decays

e Various decay channels probing LFV interactions between 7 flavoured currents and quarks

e 7 — IP where P = 7°, n,n, K

o T — lVWhere V= ,0, a)aK*9¢
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Semi-leptonic 7 LFV decays

Various decay channels probing LFV interactions between 7 flavoured currents and quarks

7 — [P where P = 7°, n,n, K
T — [V where V = p, w, K*, ¢

vt — lnr, IKK, K. ..
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Semi-leptonic 7 LFV decays

e Various decay channels probing LFV interactions between 7 flavoured currents and quarks

o T — lPWherePZﬂ'O,ﬂ,ﬂ,aK
o T — lVWhere V=,09 a)aK*9¢

e 7> Ilnm, IKK, [Krx...

For a recent EFT analysis see Plakias, Sumensari 2312.14070
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Black et al. hep-ph/0206056

Semi-leptonic 7 LFV decays .......00000

* Rate predictions depend on the hadronic matrix elements
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* Rate predictions depend on the hadronic matrix elements
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* Sensitive to all vector that can mix with the axial current at one-loop, and also marginally to tensors that can mix with the
pseudoscalar current. QCD running is relevant to get numbers right!
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https://arxiv.org/abs/hep-ph/0206056
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Differential distributions to distinguish operators

* In the process T — [z can distinguish effective operator by looking at the pions invariant mass distribution
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Differential distributions to distinguish operators

* In the process T — [z can distinguish effective operator by looking at the pions invariant mass distribution

O = (iP XT)GO‘fﬁG““ﬁ * Og = (#Px7)(GPyq)
‘T'— 2 I [ ] | I | | ! | [ [ I I | ] | | | | | | | | | [ | ] | '_’_‘ 0 40
%’ B dBR(T—>ﬂ7(+7T_)/d\/§ X 1013 [Gev_1] ~ % . E L L T T T L L L L L E
S | TR T | ¢ 0.35-  dBR(r-ur'r)/dVs x 10" [GeV™] =
= | ™ E é
= | | 1 © 0'305 \ Scalar model: ]
X p " fo 7 x 0.25F Cg=1 =
I;D 1 “ — » - Ceise=0,A=1TeV -
o | 1 0.20F | E
=t b 1 B, .F | -
ll: i / | Gluonic operator:  _ ': 0.15 = p 1 ¢ =
3 7= igim | "g0.10¢ iRy =
3 /o= | Celse=0, A=1TeV 3 m /f \ -
é‘/ - | = / \ e - & 005;” / \.\ g
m 0 - l“l“*:ﬁ':ﬁr}rﬁd(jr’; Ll 1] kﬁr ;r:’jf//::iwﬁl L 71, el % 0 OO R R e ol 1\\\["“1-'—~I<_+- ST SR [ T
"= 0.4 0.6 0.8 1.0 1.2 1.4 1.6 T 04 06 0.8 1.0 1.2 1.4 1.6
Vs [GeV] Vs [GeV]

Celis, Passemar, Cirigliano 1403.5781

7 | GgﬂG““ﬁ 0 ) # 0O, can receive matching contributions from Higgs LFV interactions via heavy quark loops
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https://arxiv.org/abs/1403.5781

Outline

e Other processes



Complementarity: Z decays

. | [
I 7/ k
>“N\A< - If the 7 decays happen via Z LFV couplings, they could be probed by Z — tl. searches

T lk
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Complementarity: Z decays

. | [
I 7/ k
>W< - If the 7 decays happen via Z LFV couplings, they could be probed by Z — tl. searches

T lk
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Complementarity: Z decays
l 7 I
>M\z< » If the 7 decays happen via Z LFV couplings, they could be probed by Z — 7/ searches
T lk

BR(Z — 7¢) < 5.0 x 107°

BR(Z ) < 6.5x 10~ LHC current bounds
— TU .
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T

Complementarity: Z decays

. | [
I 7/ k
>WV\/< - If the 7 decays happen via Z LFV couplings, they could be probed by Z — tl. searches

I

BR(Z — 7¢) < 5.0 x 107°
BR(Z — 1) < 6.5 x 107°

LHC current bounds

« Expect a huge number of Z at the FCC-ee = can compete/outperform the sensitivities of Belle-Il for the LFV decays

100

A |TeV]

I IIIIIII’

| IIIIIH‘

|

Bl ZZ-otTcElToccc MlTHocu MET-Hpc MlTHc MlToCY

1 3
QU e B

18

Calibbi, N
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Similar for 7 — u


https://arxiv.org/abs/2107.10273

Y
,Y N
T —» > Y P—l
Ylﬂ' :
VS

BR(h — te) < 0.20 %
BR(h — tu) < 0.15 %

Complementarity: Higgs decays

» If the 7 decays happen via Higgs LFV couplings, they could be probed by i — 7l searches
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VS

BR(h — te) < 0.20 %
BR(h — 7u) < 0.15 %

Complementarity: Higgs decays

» If the 7 decays happen via Higgs LFV couplings, they could be probed by i — 7l searches
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https://arxiv.org/abs/2205.10576

Conclusion

LFV is New Physics that must exist because we see it in neutrino oscillations, and could be just around
the corner

T LFV is interesting because:

A. If observed, the new interactions should be relatively large
B. There are numerous processes that one can look for in T decays because of the large phase space

We can investigate 7 LFV in the EFT framework by assuming heavy new states. Generally, experiments
are sensitive to 7 — [. Wilson coefficients if the New Physics scale is around A ~ 10 TeV

The multitude of processes, together with Dalitz plots, angular and kinematical distributions, allow for a
detailed knowledge of the EFT coefficients, with a promising potential to pinpoint particular models

There is an interesting complementarity between high-energy probes that further restrict the space of
possible UV realization
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SMEFT basis dimension Ssix

L3 X 2: HS 3: H'D? 5:¢v2?H? 4 h.c.
Qs | TAPCGLGPGS"  Qu ‘ (H'H)®  Quo (HTH)J(H'H) Qerr | (HH)(IyerH)
Qs | rABCGGReGEr Qup | (H'D*H)' (HID,H) Quu | (H'H)(gyu.H)
Quw | HEW W WK Qun | (H'H)(gypd, H)
= | e EWivwlew e
4:: X332 6 : v2XH + h.c. 7 :v2H2D
Quc | HHHGLGY™  Quy | (Lo e, )T HW], v (H'i D H) (lpr*l;)

ve | HHHGAGY  Qup | (lyo"e,)HB,, ) (H'i D LH)([,71+1,)
Quw | HHHWIL W Q.o | (g™ T u,)H G, Qre (H Ti(BuH HEprHer)
Quiw | HHHWLW  Quy | (go* ur)r HW], Qi (H'i D H)(G"ar)
Qus | HHBLB™  Qup | (g™ u)H By Qi (H'i DLH)(gym v"qr)

vi | HHBLB™ Qg | (Go*Td,)HGS, Qitu (HYi' D, H) (ipr*uy)
Quwp | HT'HW,,B*  Qaw | (gpo"d,)v' HW], Qrid (H'i'D ,H)(dy"d,)
Quivp | H'T'H ﬁ';fuB’w Qap | (gpo"d,)H By, Qaua + he. | i(H D, H)(iipy"dy)

8:(LL)(LL) 8 : (RR)(RR) 8 : (LL)(RR)
Qn (Ip " lr ) (Tsyult) Qee (Ep7"er)(Esypet) Qe (Tpy¥ 1 )(Es et

a | (@7e)@we)  Que | (" ur)(Esyuu) Quu (L") (@s Y

52:;) ('QP“'”TI‘lr)(Qe’?uqut) Qaa (dpy*dy ) (dsypdt) Qa (Lo 1 ) (dsyudy)
Qo | G @ma) Qe | (Eprer)isuu) Que | (@ ar)Euer)
Q::J T m ) (@sum"qt)  Qea (Ep7*er)(dsypudt) i (Gpy*qr ) (sypute)

Qut | (@py*ur)(deyuds) QW | (@ TAgr) (@57, T ue)
Qut | (@ Thur)(deyuTAdi) QL (Gp7*gr){(dsypd)
QY | @ T2q)(draTAdr)
8 : (LR)(RL) + h.c. 8 : (LR)(LR) + h.c. 8:(B) + h.c.
Qredg | (Ber)(daqi;) Q;}Qd (@outr)ein(qhdy) Quugl €apeji(d2Cur ) (g CIF)
QS | @T u)en(@T ) Qugue | €amen(@®Cat®)wlCer)
Qo (Bher)ejilghue) Quaat | Cagyemnesn(gCal?) (g CIY)
Qions | Bower)es(@o™ ) Quuue | cam(d3Cul)(ulCer)




Should we expect large(r) T — [?

» We know that i — e is very suppressed Br(y — e) < 10719 — 1071

. If we see 7 — [, then it should be orders of magnitude bigger than u — e

» Perhaps large 7 — [ is connected to the Flavour Puzzle and residual flavour symmetries at the low energy may favor 7 LFV

1006.3524
VO T'*
(e £ Te = 4 - -
Q‘* ) ) ) j:p_ /J—>6K Ny — /fe_'e_
_I/: . 3 ‘r/‘= To = S -9 441 +1
© AT 4o OT=0 med 3

 But also new states that dominantly couple with third generation fermions may lead to larger LFV involving taus


https://arxiv.org/abs/1006.3524

Hadronic matrix elements
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