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Lepton flavours: from v oscillations... @

INIDDA
[ ”bi L F v
s deux Infinis

Les

Neutrino oscillations: 1st laboratory evidence of NP! SM description insufficient...
Violation of lepton flavour in the neutral lepton sector opens a wide door
to flavour violation in the charged lepton sector!

+ . .r(
“ 3 W g peooWE e

How general is this once we extend the SM to accommodate v, «v» v, ?

In the most minimal extension SM [SM,, = “ad-hoc” m,, (Dirac), Uppmns]

1%

total lepton number still conserved

W ;ﬁ lepton EDMs beyond observation (2-loop contributions from cp)
0 ﬁ . cLFV possible... but not observable!! BR(ux — ey) ~ 107>*
N [GIM-like, tiny m,...]

cLFV, LNV, lepton EDMs, ...: observation of SM-forbidden leptonic modes
= Discovery of New Physics!

B
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Lepton flavours: from v oscillations... @

IN2P3
Neutrino oscillations: 1st laboratorv evidence of NP! SM descrintion insufficient... s deuinting
Muon LFV /_\
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cLFV, LNV, lepton EDMs, ...: observation of SM-forbidden leptonic modes

= Discovery of New Physics!
L ————————————— B
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Flavour'ed paths to New Physics @

IN2P3

deux infinis

Additional strong arguments in favour of New Physics!

A number of theoretical caveats... and observations unaccounted for in the SM:
baryon asymmetry of the Universe, viable dark matter candidate,

neutrino oscillations (and some “tensions"...)

(SM Seesaw e %C{?
C@?;Zio@(gﬂ#ene(gg? (/ep#@%aﬁigg?
symmetries? SUSY?

But - which NP model?
Realised at which scale Ayp? How to unveil it?

= Numerous hints from lepton physics, fantastic prospects!

Well-motivated NP models for ~ mass generation!

¥ cLFV observables - paths to New Physics

% Extending the SM: sterile fermions and » mass generation

% cLFV from Heavy Neutral Leptons: the role of CPV phases

(and new observables)

I
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Probing power of cLFV -
from experimental reach to models of NP

-

IN2P3

Les deux infinis

GOAL:

L __ante. |
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cLFV muon decays @

IN2P3
l NZT V
Les deux Infinis

2 cLFV decay: u™ — ety

% Event signature: £, = E, = m,/2 (~ 52.8 MeV)

Back-to-back et — y (6 ~ 180°); Time coincidence

% Status: BRu™ — e¥y) <4.2x 10713 (90% CL) mec col., 1605.05081)
MEG Il (@ PSI): BRu™ = e™y) <6 x 107 e col, 2201.008200)

very hard to go beyond 10> without conceptually different approach

2 cLFV decay: u* — etee™ ¢

— — L
* Event signature: XE, =m,; 2P, = 0

common vertex; Time coincidence M- e

* Status: BR([l+ — e+e_e+) <1.0x 1012 (90% CL) [SINDRUM Coll., '88]

Mu3e (@ PSl): expected sensitivity O(107'°) for Phase |  muse col., 2009.11690) o
with HIMB @(10_16) for Phase Il  [aibaetal, 2111.05788]
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cLFV in muonic atoms: 4 — e conversion

IN2ES,
2 Muonic atoms: 1s bound state formed when g~ stopped in target o e

SM allowed processes: decay in orbit (DIO) u~ — e v,

nuclear capture u= + (A,Z2) — v, + (A, Z-1)

2 In the presence of New Physics - cLFV neutrinoless y~ — ¢~ conversion
e u- + A,Z)—e + A,Z)

X % Event signature: single mono-energetic electron

E,=m, — Ey(A,Z) — Ex(A,Z) ~ E,, ~ O(100 MeV) [Aluminium]

My % Status: CR(u~ —e",Au) <7.1x1071% (90% CL)  snoruMIICol., ‘o8]
CME, e Mu2e (@ FNAL) - 6(10~'7); COMET (@ JPARC) - 6(10~ > — 10~17), ...

1 [Bartoszek et al, 1501.05241] [Abramishvili et al, '20]
OMET
e

2 cLFV & LNV New Physics: neutrinoless y~ — e™ conversion
u-+ A, Z)y—> et + (A, Z - 2)*

% Event signature: single positron - but complex energy spectrum

E}je = m, — EjA,Z) — Eg(A,Z) — Ay
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cLFV tau decays: leptonic and more @

IN2P3
Tau leptons - heaviest of all charged leptons! Cannot have "intense tau beams” o e
Copious production at B-factories (BaBar, Belle, LHCb, Belle II, ...)
‘/\‘
Production and decay: e" e~ — 777~ signal "hemisphere”

[ 3
\_/v tagging "hemisphere” (e.g. 77 - D_v,e™)
B Radiative decay: 7+ — £*y

* Event signature: Efinq — \/3/2 = AE ~ 0 ; Mfingl = My, ~m

T

: L + F pt
> 3-body leptonic decay: 7& — f}’“ C;

* Event signature: E;, — \/3/2 ~0; My, ~m,

P> Semi-leptonic cLFV tau decays
2-body final state: 7 — Zh" & 3-body final state: 7 — Chih (h < s, K=, KS)

2 cLFV exotic modes (also lepton & baryon number violating)
7 - f”Lhiihji (h «» 75,KF); 77 = Ah™  (h «» 7°,K%); © = pt¥,
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cLFV tau decays: experimental status @

IN2P3

Les deux infinis

Tau cLFV - extensive array of modes!

Wish =
>
a2 T —>¢MP,S,V) ndiid —

T —> MM Belle IT
2 - 0 0 0 -]
S - Iy IP 1S IV I lhh BNV 7 o CLEO
S 100 .o e . | & ATLAS
E E ® : ’ ® ® : e @ ° . E ¥ CMS
= 6 : o ow B - > LHCb
S~ B . = v BaBar
£ - . . iy B ow « 7 3 A Belle
= ATl g ¥ em v ¥ v . v MR N | 4 Bellell (5ab™)
S =[5 T e vt x S T = m Bellell (50 ab )
j E 4 . x i v A A; x ) G )4 : v . e = A A . o A A . e E
. A 2 e A A 7
i\g 10_85_-"’ e 0’ e T e 00”””” ”0000 E
o — ¢ ¢ Y 4 . ¢ o ¢ ¢ * ]
@ B £y . * |
10—92_ - = _ 1| - - B = - S = n . - - oy = = = = = --—E
10—10_ I I I | I || 163 | I O O O I I I i 2 FCC-ee
ST RRIRES ST Eem 2 8 L LA S S o323 kvl kRO R X /SN0 30 3o 5
o053 ?2XI?IPIPIOIgy oy ? Qmmqwq?&qwqumk&kbé:? f:a%k }W}‘oaf‘,; 6§*§ gcf{ " Q/Q‘Z)/é)/Q IQQQQ,QQ
Decay  Present bound FCC-ee sensitivity
= Tau cLFV: increasingly good prospects! Z—ue 0.75x107° 10719-107%
. —6 -9
At B-factories (LHCb, Belle II) Zoop 12107 o
o Z— e 9.8 x10™ 10~
and also at FCC-ee o 44x 10 s
(FE)) \/ T3y 21x1078 10710
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cLFV collider searches @

2 SM "heavy" states - Higgs, Z-bosons, top quarks ... and (semi)leptonic meson decays!

Top-quark decays @ LHC: BR(t —» ueu) < 1077; BR(t —» cep) S 107°

7" decays = searched for at LEP & LHC; excellent prospects for FCC-ee (@Z-pole)!

Decay  Present bound FCC-ee sensitivity

Z—ue 0.75x107° 10~19-107%
Z— TU 12x107° 10~°
Z— Te 9.8 x10°° 107

Higgs decays = profit from a Higgs factory (LHC)!
BR(H — ) <2.8x 1073, BR(H — 7e) $4.7%x107° (ATLAS)
BR(H —» 1) <1.5%x1073, BRH — 7e) $2.2%x107° (CMS)

Q( RoE D In the future, e*e™ colliders (circular or linear) offer striking advances (even eu):
, BR(H - eu) <1.2%x 107> @ FCC-ee/CEPC, BR(H — ey) $2.1x 1072 @ ILC

BR(H — ) < 1.5% 1074 @ FCC-ee/CEPC, BR(H — ) <2.4x 1074 @ ILC

‘\,‘ : g ) ’,,
International

UON Collider
Collaboration

Z Further future colliders: Muon collider, ..., asymmetric muon collider (eu) - £ TRISTAN!
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The EFT approach to flavour @

SM interpreted as a low-energy limit of a (complete, yet unknown) NP model
= Model-independent, effective approach (EFT)

UV complete

NP model
z°" 33M+Z ~ €"(.Y...)0"(¢.q.H.y....)

ANp

n>5 \
/ \ effective operators SMEFT

(unknown) NP scale  effective coefficients 55 o Wes
~ Weinberg operator (m1,)

O% ~ flavoured contributions Aew
(among many others!) L-EFT
For lepton flavours, many potential contributions: e
eff _ oM €50 €0° ©,0’
25 = 270 + ——(my) Cuo P+ ... + Ov2p) + ...
ALNV AcLry Ay

= Experimental data to constrain %l-j and/or infer sensitivity of process to Ayp

: 6 2 NP A NP NP NP
Cast current cLFV data in terms of ‘6> and A{p (ANp = Apys Aglrys Acpys Ay

minimal assumptions: “reachable” Ayp — constrain %1.6].

"natural” %2 ~ | — hint on Anp
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Muon cLFV: EFT approach to New Physics

-

Results of a recent EFT approach to muon transitions:

eff
gNP, cLFV A

1
=— [CD(éO'”pPR/,t)pr + Ci(ePru)(ePre) + Cypley” P u)(ey, Pre) + Cy (ey”Pru)(ey, Pre)+

+CN-lightON-light + CN-heavy ON-heavy.]

_— r
> eA—uA u—eee u—ey| naidson & Echenard, 2204.00564]
2 10°F
f -
Q u AMF / PRISM [1e-18] (Au)
— - pemmemmTTIIIIIIIIIIIIIIIIIIII e
4] | JPPTEFEE b AMF / PRISM [1e-18] (Al) ™ 7====lllz-.__
U oo '~._::_
) n
(a Mu2e / COMET-I [1e-16] (Al)
Z 10 e
. - COMET-I [1e-15] (Al)
< TALTPP A Mu3e-Il [1e-16] ......... --h-
[~ Tl ___.-—"_'_'___.----“-*::-";1";'
[ Mugerl [1e-15] "7 el T D MEG-Il [de-14] 1+ % 3.
e N N MEG [4.2e-13] '
10°F 1
= SINDRUM:-II [7e-13] (Au) a
= 3
\
SINDRUM- [1e-12] !
I cos@, |
Cp x e
L1 1 1 I L1 1 1 I 1 1 1 I 1 1 I L1 1 1 I 1 1 1 I 1
0 0.5 1 1.5 2 2.5 3
D

dipole vs. 4-fermion
dominance

C = {CD, Cs, Cygr» Cyr, Cyrs ON-1s CN-hJ_}
4

BR(u — ey) =~ 384%2% | C. éprl’

Sensitivity to NP scales (current & future):

nature of NP «» dipole vs. 4-fermion

MEG (u — ey) «» Ac py ~ O(10° TeV) [dipole]
steadily improved by Mu3e ~ O(5 x 10° TeV)

SINDRUM Il (12 — e, Au) «» A py ~ O(10° TeV) [4f]

Mu2e/COMET Il (u — e, Al) «v» A py = O(10% TeV)
[either dipole or 4f]
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Tau cLFV: (semi-) leptonic modes @

Flavour violating tau decays: leptonic & semi-leptonic (light mesons, 2- and 3-body)

IN2P3

Les deux Iinfinis

= EFT approach theoretically much more involved (scales, hadronisation, ...)

= larger set of contributing operators (e.g. numerous gq£¢, gluon, ...)

More challenging to disentangle operator dominance - even at tree level!

— " 5 5 B Majginalized
Ceu 222 m
€ g Z

Ind

vidual

For C ~ 1,
ANP ~ 300 TeV

I 1 IIIIIIIi 1 IIIIIIIi

For C~ 1,
ANP ~ 3 TeV

|C1/(Gp A?)

107° 1074 1073 1072

[Banerjee et al, 2203.14919]

Overview of Belle Il limits on relevant coefficients (and NP scales) for cLFV tau decays

= Anp ~ 30— 300 TeV (for C= 1)

A.M. Teixeira, LPCA Clermont
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The probing power of flavour & CPV @

IN2P3
SM interpreted as a low-energy limit of a (complete, yet unknown) NP model Les deux infinis

= Model-independent, effective approach (EFT)

peff 33M+Z

n>5

Y,...)0"(¢,q,H,y,...)

Cast current "flavoured” data in terms of %g and Anp : ‘Zg?j ~ | = bounds on App

a [f \
Lgr=Lsm+ & ﬁ(s) + Z % ﬁz§6) +--- European Strategy,
-M a ‘

[EPPSU, 1910.11775]
i 107

| =

Flavour & CPV observables:
-5 1108 o .
e probes sensitive to very high
I 105
NP scales

g Anp ~ O(10° TeV)
0
12 Well beyond collider’s reach!

= < N
< Observable
charged lepton flavour violating observables!

A.M. Teixeira, LPCA Clermont 11
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After EFT - New Physics models of cLFV @

IN2P3

Les deux Iinfinis

2 Effective approach: first characterisation (mostly constraints & hints) on
scale of NP and nature of new interactions (couplings and currents)

= Ultimately we do need to unveil the model of NP at work!

2 Although oscillation data (massive neutrinos) does imply cLFV (not necessarily observable),
(observable) cLFV can be independent of mechanism of neutrino mass generation

Supersymmetry, Leptoquark models, Extra-dimensions, extended Higgs sectors, ...

1071 @ Bpe & Ry ; ! Curren e D I D e B
—~ B ® Rpe &Ryge &LFV ounas — C-bulk, T =8TeV
H 0 : d :
e r 5
Q i i
T 1010 — E
o Srvent : !
~ \ ;
M 10716 Hviable parameter Space, : F \
10722 4 _ L o3 g‘“"““““““““‘f““'
Future sensitivity: 1 r :
1072;)725 10L22 10I—19 .10L16 10L1I3 10110 . 10I77 1[)'—4 10I71 1 ||1|||J 1 lllllll] El |||||J 1 ||1||||J 1 lllllll] 1 lIIIlIJ
WE ¥ 1 Wl R et
[Hati, Kriewald, Orloff, AMT, 1907.05511] CR(” —e, N) BR(ﬂ N 67) [Beneke et al, 1508.01705]

2 Here: focus on SM extensions aiming at addressing neutrino mass generation via HNLs!
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IN2P3

Les deux infinis

Heavy neutral leptons -
appealing (minimal) extensions of the SM
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New physics in the lepton sector @

IN2P3

Les deux infinis

Strong arguments in favour of New Physics involving (neutral) leptons!

Extended lepton sectors Neutrino oscillations,
and/or B f the Uni
New states coupling to leptons - aryon asymmetry of t € LnIverse,

) : Viable dark matter candidate (?)
(exotic fermions, scalars, vectors...)

2 Majorana sterile fermions - a very appealing hypothesis, motivated by extensive
theoretical and observational arguments

Cosmology
J BAU, DM,. SM-singlets, present in appealing NP constructions

(seesaws, Left-Right models, GUTs)

neutrino mass
~ generation

i,,\ "V -5

Potentially very "visible NP portal”: extensive imprints
from colliders to low-energy experiments, .

= Focus on HNL's impact regarding
charged lepton flavour violation and CP violation

RN
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Starting point: fermion singlet seesaws and cLFV@

2 Mechanisms for neutrino mass generation: delicate "balance” between LS
sources of flavour violation and masses of new propagators , CLFV
= account for oscillation data (observation!) Pt ete \
2 Type | Seesaw: extend the SM via (Majorana) sterile fermions YA arereeee my -------- > Mx
.n ~ an enlarged spectrum

vy

VR

~ extended mixings

Mg
VR

vy

m ~ (Y”v)TML ') leptonic mixing ~ Up\s (non-unitary)
| R

active-sterile mixings (6 o mMz")
UT%SX6U — d]ag(my) U = Uvn W™ 4
’ Unv UnNN

~ 1 ——
Upmns = (1 = mUpwns 5 71 = =00

W 2 z ‘ 2
z\./\/vx< "-’V‘"< y L& 11, [(Zay”Lﬁ)((/ﬁT(Bﬂcb)
; - . <.
< (1 =mUpMNS x o« (1 =2mUpMNS J - Source of — (Ly"t'Ly) (¢ Dl )]
cLFV!
[see also Blennow et al, 2306.01040]
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Ad-hoc models of massive Majorana neutrinos @

: IN2PJ3
Simplified approach for phenomenological analyses: SM + v, (& non-unitary PMNS)dewx s

? Ad-hoc (low-energy) constructions: SM extended via ng Majorana massive states

No assumption on mechanism of mass generation
Well-defined interactions in physical basis

Phenomenological low-energy limit of complete constructions (type | seesaw, ISS, ...)

N ° ° ° _ C C T
Hypotheses: 3 active neutrinos + 2 sterile states Ny = Wpes Vpyo Vi Vs Vg)

interaction basis «v» physical basis |, > = Usys|v;>
e n, =2
Left-handed lepton mixing Upps Ui Ue Ua) Uea Ues |\ g
3 X 3 sub-block, non-unitary! U Ui Uss| Ui U
Usxs = kgﬁrl Ur2 Urs) Ura Uss

Acti rile mixin
Ct;/e Sste le l g U \ / U Us2 Us3 Us4 Us5
X 5 rectangular matrlx
g Us’l Us'2 Us’3 Us’4 Us’5 }

U = Rus Rss5 Ros Ri5 R3a Roa Ria Ros Ris Rio X diag(1,e'#2,e'¥3 e'¥4 '¥5)

2 Physical parameters: 5 masses [3 light (mostly active) & 2 heavier (mostly sterile) states]

10 mixing angles, 10 CPV phases (6 Dirac 9,, 4 Majorana ¢,)

A.M. Teixeira, LPCA Clermont 15
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IN2P3

Les deux infinis

cLFV prospects of HNL extensions:
CPV phases do matter!
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Dominant topologies & NP cLFV patterns @

IN2P3

Les deux Iinfinis

2 Nature of new propagators and interactions = contributions to cLFV observables

cLFV patterns reflect the topology of contributions associated with the new mediators
(dipole or Z-dominated, tree vs. loop, ...)

A.M. Teixeira, LPCA Clermont
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Dominant topologies & NP cLFV patterns @

IN2P3

Les deux Iinfinis

2 Nature of new propagators and interactions = contributions to cLFV observables

X0 (xF) v (Z,H) 0; (0)
Supersymmetry (SUSY): )
fermions + scalar fermions [(Z,v) «» (£,7)] 0 (6)
gauge/Higgs + fermionic "inos" [(Z, W, H) «» (7*, 75)] —

"Dipole domination” in 3-body decays & y — e conversion

VL ’/’ H Wi-
-~ Q& Q’X
Z . )
w_
MR Zo
" G e
VL \\~\ H

Type | seesaw & variants

"Z-penguin domination” in 3-body decays & y — e conversion

A.M. Teixeira, LPCA Clermont



Dominant topologies & NP cLFV patterns

-

2 Nature of new propagators and interactions = contributions to cLFV observables

cLFV patterns reflect the topology of contributions associated with the new mediators
(dipole or Z-dominated, tree vs. loop, ...)

Model uw—eee uN — eN %Ilg(& —:i:;)) Cgl({zlf__)’;l;r)
MSSM Loop Loop ~6x 1073 1073 — 1072
Type-Il seesaw Loop™ Loop™ 3x 1073 -0.3 0.1-10
Type-ll seesaw Tree Loop (0.1 —3) x 10° O(1072)
Type-lll seesaw Tree Tree ~ 103 O(10%)
LFV Higgs Loop" Loop™ ~ 1072 O(0.1)
Composite Higgs Loop™ Loop™ 0.05 — 0.5 2 — 20

Upon experimental determination of rates for cLFV transitions:

BR(u — 3e)

comparison of
BR(p — e7)

CR(ﬂ — e, N)
BR(u — ey)

and of

exp

exp

wit

with BR(u — 3e)
BR(u — ey)
CR(” — e, N)

BR(u — ey)

NP-th

[adapted from Calibbi et al, 1709.00294]

NP-th Probe NP model
, at the source

of cLFV

A.M. Teixeira, LPCA Clermont
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cLFV contributions from HNL: ad-hoc model @

IN2P3
Les deux Iinfinis

? Consider "3+2 v," ad-hoc model (addition of 2 heavy sterile states)

cLFV observables dominated by common topology
[ — e conversion in nuclei

Z-penguin dominance
3-body muon decays (4 — 3e¢)

Strong correlation

................ SINDRUM IT. AW, b i, (CP conserving)
107" 9 [Abada, Kriewald, AMT, 2107.06313]
10—15_
— o ——__COMET, Mu2e _ _ _ _ _ _ _ _ _ o _ T N e .
= 107171 ")
O .*u
10—19_ . -|..'
1 . . - 3 .'.‘“_‘.“.'w .:f’ . : .
) = 102 ’ T :f . : SINDRUM :
2p P & Lk i :
10—23 - 3 ‘ Mu3e :
° |
|
o5 I .
0 my =ms = 1TeV ! Observation of u — 3e
® CP conserving l

T o e o o e s = observation of
BR(p™ —e"eter) J — e conversion

R —

A.M. Teixeira, LPCA Clermont
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cLFV observables & HNLs: the role of CPV phases@

IN2P3
2 Consider "3+2 v," ad-hoc model (addition of 2 heavy sterile states) e
Phases do matter in cLFV transitions...
A very simple study: focus on g — e conversion in nuclei
fix all parameters (masses & mixings) and vary only CPV phases
[Abada, Kriewald, AMT, 2107.06313]
1071
0 2 Interference effects
i 1014 Both destructive AND constructive!
. 1071 Joint effect of Dirac (0,4) and
S Majorana (@,) CPV phases
S 10-16 T
=
2] 10717 = From within near future reach
to beyond experimental
1 1018

sensitivity...
or even already excluded!

T ] 10_19
3 4 5 6
034 L
CPV (max destructive interference, beyond!)

CPV (max constructive interference, excluded!)

CP conserving
(within future reach)

A.M. Teixeira, LPCA Clermont 18



cLFV observables & HNLs: the role of CPV phases@

IN2P3

Les deux Iinfinis

? Consider "3+2 v," ad-hoc model (addition of 2 heavy sterile states)

cLFV observables dominated by common topology

i — e conversion in nuclei , ,
Z-penguin dominance

3-body muon decays (4 — 3e¢)

Strong correlation
(CP conserving)

off - =
[ ] o r -
0 3 -
oo Tk .
°
XY § \ .
.o & S} W g
3 ) .
- .
10—16 | s - o8
¥ B O
/~ - f oo g be ) -
_______________________ . L —Jp——
— 2,900 1 . .
< y ok
° ' o , e T . -
b o P 23 . =
) ' .
=1 L0 = g8 e -
3 .' ".' 2 ‘- :...In [ :
T % )

J -.\‘ -: ks » &t '-. o .

Pl - .

. s o4 .
o oo : * s {7 ’. ek
¢ o o ¥ RS ° oo *
d Sé o © L

® CP conserving 2 ) ; Loss of correlation!
© CPV (random 50:4’ §04) E—? A T i SINDRUM (CP ViOlating)
® CPV (grid nz/4) © 107224 S 7 i
1072 - . | Observation of u — 3e
ol Mg =ms=1Tev |- | : # observation of
10727 10°% 102 102 1079 1077 | 10715 10713 . H—é€ conversion
BR(pu~ — e efe) —

CP violating phases do matter for cLFV!
Impacting naive expectations (also for experimental searches)
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Enlarging the set of cLFV observables @

2 cLFV patterns: extensively used to falsify/discriminate potential NP constructions

2 In most NP models, CPV phases are naturally present - and essential to address the BAU!
In HNL extensions of the SM, CPV phases strongly disrupt cLFV patterns...

2 cLFV experiments - including Mu3e, Belle Il and SCTF - aim at producing polarised pandt

= Can we explore a new class of cLFV (& CPV) observables?

[Kuno and Okada, 9909265; Kitano and Okada,
0012040; ... ; Bolton and Petcov, 2204.03468;
Redigolo, Tammaro, Tesi, 2408.00847]

Asymmetries in 3-body cLFV decays !

Several cLFV decays to explore:
a) ¢, —> 3¢;; b)fgqf;f;f;;c)f;ef;f;fg

—
‘ New observables sensitive to CPV phases (9, @)
dﬂ3e=F(/,t—>3e;s¢>0)—r(,u—>3€;S¢<O) {‘Q{P;'-Q{P”'Q{T}
T ['(u — 3e)

&{ ", &2753 : ﬂ,@? : &271;3} (for case "b")

[Darricau, Kriewald, AMT, 2512.05032]

A.M. Teixeira, LPCA Clermont 20



Asymmetries in cLFV u 3-body decays @

? Consider "3+2 v," ad-hoc model (addition of 2 heavy sterile states)
Carry out a comprehensive survey of prospects for the distinct asymmetries

1 .
10— 2 Asymmetries in g — 3 e decays (at Mu3e)
T 10-2 |
o ; Excellent prospects for the relevant observables
O 1073 | c L _
H Ap | within clear reach of Mu3e (even @ 107")
0 01 Ap |
+ Ar |
3 —107° l e e .
T o i _ Strong case for exploitation of asymmetries
3 o % (and angular observables) from the onset of
P - - cLFV measurements !
10—18 10—17 10—16 10—15 10—14 10—13 10—12 10—11
BR(pu™ — etete™)
0.5
) . ® Within Mu3e future reach
[Darricau, Kriewald, AMT, 2512.05032] 0.3751 e Beyond experimental reach
0.25 1
L: 0.1251
T-asymmetries in 4 — 3 e decays: i 01
B —0.125
Possible first discovery of leptonic CPV! -
D . '
(other than 675 in Uppns) —0.375
A — ——— —0.5 - - - - . . .
-1 —-0.75 —0.5 —0.25 O 0.25 0.5 0.75 1
[see also Redigolo, Tammaro, Tesi, 2408.00847] Au+—>e+e+e—
P
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Asymmetries in cLFV u 3-body decays @

IN2P3
? Consider "3+2 v," ad-hoc model (addition of 2 heavy sterile states) o dewine

Can asymmetries complement (lost) synergies in cLFV observables due to CPV phases?

b IS R ICAE TR
T 10-13 f:b‘:“:*.‘ \'%5, . ~-excluded by current.expeerental tqnstramts
BpwE 3 '

({\ ,"‘ N ®e - w "'oo': s 2 ‘.EPW%W

K o
_ﬂ...‘;‘... '.:_’- -

ot

3
-
w

ﬁ&\ﬂ excluded by current experimental constramts

L& .’»

. M ‘;,\JP“W
G J-l? "

[t

3
-
~

10—14_:

BR(pu™ — etete™)
2

10—16

BR(u™ — etete™)
2

16 | x
10716 p=-=

10— 17 — R E— i 10—17 S S —_—
10-17 10-16 1015 10~ 1013 10-'% 107" 107 107 107 107"

BR(ut — et) CR(u — e, Al)
[Darricau, Kriewald, AMT, 2512.05032]

2 Asymmetries in 4 — 3 e decays & interplay with cLFV muon observables:
measurement of BR(z — 3 ¢) @ Mu3e together with &, > O(10%)

= observation of u — e conversion by COMET and Mu2e!

2 Potential “falsifiability” recovered for large asymmetries

A.M. Teixeira, LPCA Clermont 22



Asymmetries in cLFV 7 3-body decays @

2 Consider "3+2 v," ad-hoc model (addition of 2 heavy sterile states)
Carry out a comprehensive survey of prospects for the distinct asymmetries

1 . 1 i
101 i 101 :
—:_Q.) 10—2 E _:_QJ 10—2 E
+Q) 103 i _|_® 103 i
o~ : Ap X : AEB
T 0 ﬁf +T 01 ALP
T —1073 i Lt -107? | A%E
~ | | A
:E —10-2 ! S _10-2 !
= < <
_10-1 d e —10~1 d Q
10-12 107t 10710 10~° 10-8 10~ 7 10712 107t 10710 10~° 10-8 107
BR(7" — p'e'e™)  |panicau, Kriewald, AMT, 2512.05032] BR(r" — pFete”)
]_ 1 1
Ap | |
o Ar i i 2 Asymmetries in tau cLFV decays
L 102 v : : : : :
2 i i Potentially very large - but associated with
2 103 | | . cpe N
1 i i cLFV rates beyond experimental sensitivity
t O S '
t —10-3 i 7l T " "
G 5 2 Best" prospects for &/'”, oft%, and o p p.
N —102 : ol 3 ’ ’
< " of >
—10~! i o P
st cf S Narrow bands of allowed values
YT 00 100 100 100 10

BR(T" = pTptp™)

A.M. Teixeira, LPCA Clermont

Leading to (almost) predictive scenarios...
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Asymmetries in cLFV 7 3-body decays

? Consider "3+2 v," ad-hoc model (addition of 2 heavy sterile states)
Carry out a comprehensive survey of prospects for the distinct asymmetries

0.5
® Within Belle II future reach
0.375 - ® Within FCC-ee future reach
® Beyond experimental reach
0.25 A - R—
Lo
[ .
L0125 L Tk
Q .ot
+3. oy
T 0% 5
_l’_ e
= —0.125-
—0.251
—0.375 1
—0.5 : : : . . . .
-1 —-0.75 —0.5 —0.25 0 0.25 0.5 0.75 1
T+—>p,+e+e_
Ap
0.5
® Within FCC-ee future reach
0.375 - ® Within Belle II future reach
® Beyond experimental reach : e
0.251 ST U H T S TR
| v ’, ~...‘,#.‘:.’- 't o
3 Y
+ 0.125 SLIASK
3
+1 0
T
+
&5 —0.125
—0.25
—0.375 1

-5 T T T T
-1 —-0.75 —0.5 —0.25 O

0.25 0.5 0.75 1

A7.+_> ptpt e
P

1T+—>p,+e+e_

-

IN2P3

Les deux infinis

0.5

0.375 1

0.25 1

0.125 -

0_

—0.125 1

—0.25 -

—0.375 -

Within Belle II future reach
Within FCC-ee future reach
Beyond experimental reach

—0.5
—0.25

[Darricau, Kriewald, AMT, 2512.05032]

—0.125 0
Tt—putete
App.T

0.125 0.25

B Asymmetries in tau cLFV decays
Potentially very large - but associated with
cLFV rates beyond experimental sensitivity

Narrow bands of allowed values

Leading to (almost) predictive scenarios

in view of Belle Il and FCC-ee sensitivities

A.M. Teixeira, LPCA Clermont
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From an ad-hoc model to an appealing
mechanism for m,, ...

A.M. Teixeira, LPCA Clermont



Low-scale models for m : Inverse Seesaw @

)
S
}

s

IN2P
IAFS|
el :{H;f\[‘\!\;

2 Variants of type | seesaw aiming at natural realisations of a low-scale m, mechanism "

2 Addition of two new species of fermionic gauge singlets ® c Hagedorn's talk

ng right-handed neutrinos v (L, = 1) and ny extra sterile states X (Ly = — 1)
_ - 1 _
[Mohapatra and Valle, '86] . .
lepton number violating!
h M IS5(3,3)
AR v v ,/, 0 Y v 0 : v)?
P T SSENa ME2=| vTy 0 Mr | = 3 light v:m, ~ (YV(;V2+)M%“X
]\[R 125 ]\[R 1SS v . .
0 Mgr px 3 pseudo-Dirac pairs : my+ =~ Mp &+ pux
VI, VL

T Interplay of two scales driving smallness of m : M, and
m, ~ (Y*v)T == (Y*v)
M3 For natural values of Y ~ (O(1)

accommodate comparatively "light" heavy spectrum (Agy <> TeV)
for small values of y, (around eV - keV)

Natural ('t Hooft criterium) since B-L conservation restored when uy — 0!

Symmetry protected "smallness” of m, - approximate LNC

A.M. Teixeira, LPCA Clermont 25



The Inverse Seesaw (3,3): cLFV overview

2 cLFV in the ISS(3,3) = thorough exploration of a non-trivial parameter space

-

IN2P3

Les deux infinis

(no further symmetries imposed)

10744 WS BR(p — ey)
1[Kriewald, AMT, 2412.13696] CR(p — e) 0 Y, v 0
________________________________________ BR(p — eee) 9%x9 -
__________________________________________ - low-energy universality MISS — Yu v 0 Mpr
=9 . [N U s
10 v . Pert}lr]??tlv,lty 0 Mg nLx
- _ . .
(T I e Hx M
O | futuresensitivity N R BR(r — )
\:>< | 0 BR(7 — ppp)
~} - BR(7 — eee)
] 00 BR(7 — ev)
107 3 low-energy universality
| —— Perturbativity
] current /", e
108 m __________________________________
10 103 1
M R /GeV
10_9? ,,,,,,,,,

= Sizeable cLFV contributions in the ISS!
(& constraints on ISS parameter space)

10—10

102 104

103
My 7 GeV

= Highly entangled observables (cLFV, Z-pole observables, ...)
New approaches to explore ISS - beyond “standard” Casas-lbarra parametrisation

[Kriewald, AMT, 2412.13696]
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cLFV in the Inverse Seesaw (3, 3) @

IN2P3

Les deux Iinfinis

Inverse seesaw: well-motivated mechanism of neutrino mass generation
"low" NP scale ~ My, and sizeable mixings (0 o M;") !

wi
& Ly
Curren t exp 90% CL 3 Lo 107° o Curren t exp 90% CL °3 <
105 Future exp 90% CL 5‘ ’ Future exp 90% CL > 2
e ‘ Z" ] g
10-7
COMET 3
—_—
Q 10771 J)
& Mu2e 2p pen
T 1071 4 T
3 =
A 10—13 _
cng ()
1015 - [Abada, Kriewald, Pinsard,
+ Ragsauro, AMT, '23]
W -
10—17 4
10719
10-19 10-17 1015 1013 10~ 11 109 10-7 10> 10, 10-19 10-17 10-1° 1013 101t 1079 1077 10
CRu — e, N) / BR(Z — u)

@—» = Correlated observables for both ¢4 — ¢ and 7 — u sectors,
in the absence of (CPV-driven) interferences

A consequence of the dominant contribution of Z-penguins in the 3-body decays
and in neutrinoless conversion in nuclei

Observation of y — 3e = observation of y — e conversion 6,@\3%&\5
T — 3u = observation of Z — ut -
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ISS(3,3): asymmetries in cLFV 3-body decays @

IN2P3

Les deux infinis

Inverse seesaw: well-motivated mechanism of neutrino mass generation
Abundant cLFV contributions...
and significant interference effects for generically large CPV phases!

< 0.35
10713+

~
Iq_) 14 0.375 ‘
+ 10 S 0.1 BN Beyond experimental reach .-
_I_Q.) 0.25 1 B Within Mu3e uture reach '
v A
T 10~15 | A7 o 0.1257

+

©
5 < 0.01 ki 0 Jib
= LR
m 107 '{—0.125- ;

—0.25 -
-< 0.001
o 18 17 16 15 1014 1(—13 v maximal vatse
— — - — - - —0.375 +——— - - ' ' ' '
10 10 10 10 10 10 -1 —0.75 —0.5 —0.25 O 0.25 0.5 0.75 1
CR % e A.]. H+—)€+6+6_
H ) Al

2 Asymmetries in 4 — 3 e decays & cLFV observables:
measurement of BR(u — 3 e) together with &/, > O(10%)

= observation of y — e conversion by COMET and Mu2e!

New leptonic sources of CPV!
(similar conclusions as for ad-hoc model)
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Concluding remarks
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Outlook @

IN2P3
Confirmed observations and theoretical caveats suggest the need to go beyond the SM™“"""™"

In the lepton sector, v-masses provided the 1st laboratory evidence of NP

=
1 07 B 5 Europgan gtrgteg? S\ % .
L8 g [EPPSU 2026, 2511.03883] 1 . T =
q N o —
5| S >
10 ] < <E] § ¢ I o4 T 1 g
= S T = T [
ﬁ ] < T L T I . =
I 1
1000 =g L —
| -~
10

Lepton physics might offer valuable hints in constructing and probing NP models
New Physics can be manifest via cLFV, LNV, ... even before any direct discovery!

Synergies of (cLFV) lepton observables emerge as extremely powerful probes to test
and falsify NP in the lepton sector (consequence of potential operator dominance)
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Outlook @

Heavy neutral leptons feature in very appealing NP constructions (v-mass, BAU, ...) with

extensive phenomenological implications (cLFV, LNV, colliders, among others)

HNL extensions of SM: for CP conserving regimes, operator dominance for various cLFV modes;

correlations between observables can be used to probe & falsify constructions...

CPV phases are generically present (and required to address the BAU!)
in HNL constructions and impact naive expectations,

both theory predictions & experimental interpretation

A.M. Teixeira, LPCA Clermont 30



Outlook @

IN2P3
Heavy neutral leptons feature in very appealing NP constructions (v-mass, BAU, ...) with”""

extensive phenomenological implications (cLFV, LNV, colliders, among others)

HNL extensions of SM: for CP conserving regimes, operator dominance for various cLFV modes;

correlations between observables can be used to probe & falsify constructions...

CPV phases are generically present (and required to address the BAU!),
impacting naive cLFV expectations - theory predictions & experimental interpretation

Extend the set of observables, aiming at recovering cLFV discriminating power:

asymmetries in (polarised) cLFV 3-body decays

0.5
Within Mu3e and FCC-ee future reach
0.3751 . Within Mu3e and Belle II future reach
SM + HNL: large asymmetries expected in i decays 0.25] o WithinMuse future rech
|1 | o A A
Potential “falsifiability” of HNL cLFV recovered N
3 0
3
]
= Exploitation of asymmetries from the onset of < 0125
—0.25 1
cLFV measurements ! s
e [Darricau, Kriewald, AMT, 2512.05032]
And a potential discovery of new leptonic CPV sources... - '—0.5—0-'3750'-2&0-'125; jﬁ;j_% 0.25 0.375 0.5

Ar

e — e ——
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Outlook @

Heavy neutral leptons feature in very appealing NP constructions (v-mass, BAU, ...) with

extensive phenomenological implications (cLFV, LNV, colliders, among others)

HNL extensions of SM: for CP conserving regimes, operator dominance for various cLFV modes;

correlations between observables can be used to probe & falsify constructions...

CPV phases are generically present (and required to address the BAU!),
impacting naive cLFV expectations - theory predictions & experimental interpretation

Extend the set of observables, aiming at recovering cLFV discriminating power:

asymmetries in (polarised) cLFV 3-body decays

SM + HNL: large asymmetries expected in u decays

Potential “falsifiability” of HNL cLFV recovered  Thank you

‘FOF 3OUY'

= Exploitation of asymmetries from the onset of

‘i |
cLFV measurements ! attention !

And a potential discovery of new leptonic CPV sources...
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