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Flavour and CP violation: SM @

Flavour in the Standard Model: interactions between fermion families (and the Higgs)

Yl;‘, Yd and Yf ~r encode flavour dynamics (masses, mixings & CP violation)
flavour-universal gauge interactions

SM quark sector: 6 massive states

flavour violated in charged current interactions VgKM W=g, q;

conservation of total baryon number in SM interactions
CP violation sources: dcy and fqcp -

(strongly constrained by tiny neutron EDM)
not enough to explain observed BAU from baryogenesis

Extensive probes of the “CKM paradigm”: meson oscillation and decays, CP violation...

... and a roller-coaster ride for hints of New Physics in recent years!

SM lepton sector: (strictly) massless neutrinos

conservation of total lepton number and lepton flavours
tiny leptonic EDMs (4-loop... d*fM < 10738¢ cm)

Neutrino oscillations: SM description insufficient! First laboratory discovery of New Physics!
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Lepton flavours: from v oscillations... @

IN2P3
Neutrino oscillations: SM description insufficient! Added complexity to the flavour probtém:..
Violation of lepton flavour in neutral lepton sector opens a wide door

to flavour violation in the charged lepton sector!
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How general is this once we extend the SM to accommodate v, < v, ?

In the most minimal extension SM,, [SM,,, = “ad-hoc” m, (Dirac), Uppns]
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Lepton flavours: from v oscillations... @

Neutrino oscillations: SM description insufficient! Added complexity to the flavour probtém:.."
Violation of lepton flavour in neutral lepton sector opens a wide door
to flavour violation in the charged lepton sector!
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How general is this once we extend the SM to accommodate v, < v, ?

In the most minimal extension SM,
total lepton number still conserved (LNC)

[SM,,, = “ad-hoc” m,, (Dirac), Upps]

W J}f lepton EDMs still beyond observation (2-loop contributions from o¢p)
. ﬁ . cLFV possible... but not observable!! BR(uz — ey) ~ 107>

— L —

cLFV, LNV, lepton EDMs, ...: observation of SM-forbidden leptonic modes
= Discovery of New Physics! (possibly before direct signal @ LHC)

————
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Lepton flavours: from v oscillations... @

IN2P3
Neutrino oscillations: SM description insufficient! Added comblexitv to the flavour probtém.."”
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Amazing prospects for NP searches - cLFV!

IN2P3
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Amazing prospects for NP searches - cLFV!
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Flavour'ed paths: SM and beyond...

Strong arguments in favour of New Physics!

2 Neutrino oscillations: 1st laboratory (“flavoured”) evidence of NP

= massive neutrinos and leptonic mixings Ug;\ANS

= New (Majorana) fields? New sources of CP violation?
AL # 0 and leptogenesis... (?)

= Open door for cLFV transitions and decays!

Observations unaccounted for in the SM:

baryon asymmetry of the Universe, viable dark matter candidate,
neutrino oscillations (and some “tensions”...)

And a number of theoretical caveats...

-

IN2P3
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(SM? (geegaw? Lﬂ?
C@hg]gegi‘zfene&g? gep#@%m’](&g?
smetries? SUSY?

Many hints and a clear necessity of New Physics...
Which NP model? Realised at which scale Ayp?

= Unique opportunities to search for NP in the lepton sector via cLFV

first characterisation of New Physics (scale, interactions) - EFT approach;
exploring connections to v mass generation! (among many other possible BSM!)
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New Physics EFT quests with (muon) cLFV
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EFT approach to New Physics

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

UV complete
NP model

gt = M Z @Y. IO By ) e
n>5 }
/ / effective operators ST
(unknown) NP scale  effective coefficients ~ ©° ~ Weinberg operator (m,) Aew
O® ~ flavoured contributions

¢ $ (among many others!) L-EFT
= Mt<+:* g
t f
Derive the new “effective” interactions (vertices, ...), and compute contributions to observables

Agnostic approach, allowing to generlcally parametrise NP effects
on observables forbidden in SM and/or observables suggesting deviations from SM

%6
A ~dl — ) +... &0
Ap d~ﬂ5M+ﬂ<—>+...
A2

= master SM prediction!
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EFT approach to New Physics

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

UV complete
NP model

gt = M Z @Y. IO By ) e
n>5 }
/ / effective operators ST
(unknown) NP scale  effective coefficients ~ ©° ~ Weinberg operator (m,) Aew
O® ~ flavoured contributions

¢ $ (among many others!) L-EFT
v
= «M<.E“ <t .
t f : y
Cast current data (limits, ...) in terms of %2. and AI2\IP
and attempt at inferring info on the dominant operator, and scale of NP

= Beyond (V — A) structure? New vector/axial, (pseudo)scalar or tensor currents?
Flavour violation beyond SM flavour paradigm?

= But many unknowns: minimal assumptions must be made, e.g.

"natural” Ayp — constrain %1.6].
"natural” %g. ~ | — hint on Anp

A.M. Teixeira, LPC Clermont



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)
eff SM 1 n n
gt = @ +ZAn_4‘€(g,Y,...)@(f,q,H,y,...)
n>5
. 6 . 26 o
Cast current data in terms of ¢ and Anp : 6 = 1 = bounds on App
,%effzgsM—i-/f—sﬁ(s)—FZ[C\—%ﬁé@—l-“- Europeanérategb)
Co~ 0(1) ) EPPSU [1910.11775]
w0y i |’ Flavour observables:
e AN probes sensitive to very
el I e high NP scales
A - g 50 Anp ~ O(10° Tev)
2 103” N § ® 4103 ) ,
: < 4 R well beyond collider's
107 - NN S S R 110
S I s1 Y i reach!
100 N - I - 110
= NN
S Mr—
N L AINEN

Observable
L_' charged lepton flavour violating observables!
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EFT approach to New Physics: lepton flavours @

2 Generic New Physics observables in the lepton sector:
- Lepton number violation (e.g. neutrino masses, Ov2f decays, ...)
- Electric and (anomalous) magnetic moments - d,, (g —2),
- charged lepton flavour violation

Cast observables in terms of %ij and Anp; Apply current data (limits, ...)

@50° G 0° ©,0
P = My =) + 22—, o) + ... + ——(0w2p) + ...
LNV CLFV Ay

Majorana v masses Lepton number violation,
. : cLFV & LNV,
Kinetic corrections, ...

EW precision, top physics, ...
Electric dipole & anomalous magnetic moments, ...
cLFV (dipole, 3 body, matter assisted, ...)

= cLFV data to constrain ngj and/or infer sensitivity of process to large sets of ‘gij

= Hints on App (and on properties of new states & nature of couplings)

Deceptively simple task... different new physics scales, numerous operators!
Technically very involved, even if no "SM background”...

A.M. Teixeira, LPC Clermont



Muon cLFV: EFT approach to New Physics @

IN2P3
Cast current data (limits, ...) in terms of ‘[gij and Ayp: cLFV operators (0°) e dewcnis

€0 €. (0° -
peff — ooSM S—(m,,) + 26 (Lo Cp + ... /.éz
ALNV AZLry 4 “ ¢

Simple “one-at-a-time” limits: %

| e———— -

Br(ut — ety) Br(ut — etee™) Brﬁi/eAl
42-10713  40-107* | 1.0-10712 50.107%® | 7.0-107* 1.0-1071¢ = BR(u — ey) depends on dipole Cp

# BUENE $ 3.1-107° | 20-1007  1.4-10% | 20-1077 v 2.9-107°
Co Ul 48.107° 15-107% | [SS10TY |585107% | 1.4.10-°° " 21-107°

(but mixing effects from RGE running
5399057, [72910° | 46-10°  33.10~171.10°°  10-10-7 and loop contributions render it

= '--.--.._7 ........ . LY ) -6 ) -5 .10=7 g o
1.2-10 3.7-10 2.4-10 1.7-10 2.4-10 3.5-10 also Sens'lt'lve

20810°% 90-10710 | 57.10°8 4.1-107° 59-10"8 8.5-10"10

257106 86-107 | 54-107°  38-10° | 901077 ~[12-10°8 to scalar/tensor/vector contributions,
B 210102 64-1071° | 41-10%  29.107° | .4.2:107% 60510710 —
CVRR |l 30.10°  9.4-10°¢ | [21°107%..-#5790°8 | 21106  3.5-10°8 even for gg operators)
CY R | 8:6.10....94-1076 " 16.10-°  1.1.10° | 21106 [355-10°8 ST
Ci‘L/:LRR 1.0-107¢ 32-107° | 53-107° 3.8-107° | EEEENEE U UnexpeCt ed f indi ngs!

CYLRE | 35-.107% 1.1-107% | 6.7-10° 4.8-107° | USHORS USRS
CEA | NN 13-10* | 65-100% 46-107* | 1.3.-1073 22:107"
CRV 21-103 6.4-10"4 6.7-10-3 4.7-10-6 6.0-10-6 1.0-10~7 [Crivellin et al, 2017 (courtesy of M. Pruna)]

2 Include as many observables & operators as possible!
(e.g. ueyy contact interactions, angular observables in polarised u — 3e decays, ...)

[Davidson et al, 2007.09612] [Bolton, Petcov, 2204.03468]
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Muon cLFV: EFT approach to New Physics

Recent (novel) EFT approach to muon transitions:

1
Feft = = [CD(éo’“pPR,u)pr + Ci(ePru)(ePgre) + Cyp(ey” Py p)(ey, Pre) + Cy (ey” Py u)(ey, Pre)+

+CN-light ON-light T CN-heavy. ON-heavy.|

~~
> eA—uA p—eee u— ey Og=n/2 6,=n/4 ¢=n/4
()] 105_—
S—r B AMF / PRISM [1e-18] (Au)
< B gz AWF / PRISM [1e-18] (Al) """ "11iitsa..
Mu2e / COMET-I [1e-16] (Al)
104 T
10°E
= SINDRUM-II [7e-13] (Au)
: SINDRUM-I [1e-12]
10°F
L1 1 1 I L1 1 1 I L1 1 1 I

0 0.5 1 15_7 2 2.5 3
dipole vs. 4-fermion Op

dominance p
cosOp
24/2 Cp e

[Davidson & Echenard, 2204.00564]

4
= BR(u — ey) =~ 384%2%| C .epp|* ~ < BREXP (future)

and likewise for other observables
BR(u — 3e), CR(u — e, N), Muonium oscillations...

Sensitivity to NP scales (current & future):

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

SINDRUM Il (41 — e, Au) «» A py ~ O(10° TeV) [4f]

Mu2e/COMET Il (u — e, Al) «v A py S O(10% TeV)
[either dipole or 4f]
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Muon cLFV: EFT approach & conversion in nuclei @

IN2P3
= cLFV data to constrain ©° (and infer sensitivity of a process to operator (0°) e

2 Fully exploring the potential of atomic (elastic) muon-electron conversion, CR(u — ¢,N):
Comparatively more involved theoretical approach!

Explore target-nucleus dependence to distinguish dominant operator (hint on NP model!)

[extensive contributions since Kitano et al, 0203110! see Davidson et al, 1810.01884; Heeck et al, 2203.00702, ...; Haxton et al, 2406.12818]

0.207i T T T
Gt
I te’ iy 0§ oet''els,
& 045 ’ ’
% ..l_“-n.
S) 0.10 wﬁk‘ "
2G? / - o'y guateteoten
BRsi(1A — ed) = o F[|cpr, v 4 o, 5 5 Wl
capture ; % 0.05 i ... vy ¥ Prrrermey, . i
, D L .. v 4
+op v 4 g s +Cpr| +{L R}|. "
0.007 !
80
. Z
Overlap integrals:

[Heeck et al, 2203.00702]
more distinguishable at large Z !

Better disentangle dominant NP contributions... but not "experimentally” feasible...
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Muon cLFV: EFT approach & conversion in nuclei @

= cLFV data to constrain &° (and infer sensitivity of a process to operator (0°)

2 Fully exploring the potential of atomic (elastic) muon-electron conversion, CR(u — ¢,N):
Comparatively more involved theoretical approach!

Explore target-nucleus dependence to distinguish dominant operator (hint on NP model!)

[extensive contributions since Kitano et al, 0203110! see Davidson et al, 1810.01884; Heeck et al, 2203.00702, ...; Haxton et al, 2406.12818]

In the advent of an observation (@ Mu2e, COMET ~ using Aluminium targets)
prepare choice of future targets! Largest complementarity with respect to Al? 0y

< 0.12)

2 010 ' - Heavier nuclei (Au, Pb)! ... not feasible...
S (pulsed beams)

© 0.08" . .

= 0.06 - Among experimental-friendly Z < 25 targets
% 0.04 several (theoretically good) candidates

'c—}) 0.02 Li-7, Ti-50, Ti-49, Cr-54, .., V-51

g

0.00
= Li-7 and/or V-51 : preferable "second" targets

[Hoock et al, 2203.00702] Z post CR(u — e,Al) observation
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Muon cLFV: EFT approach & conversion in nuclei @

= cLFV data to constrain &° (and infer sensitivity of a process to operator (0°) |
2 Fully exploring the potential of atomic (elastic) muon-electron conversion, CR(u — ¢,N):
And of its lepton number violating counterpart, p= + (A,Z) —» e* + (A, Z — 2)%

A unique connection between LNV (in association with Majorana nature and possibly,
neutrino mass generation) and cLFV

Na e"
Ce U~ — e~ conversion: coherent process,
single nucleon, nuclear ground states
(2-2//\) u~ — et conversion: 2 nucleons (AQ = 2),
(*) possibly excited final state

(2,A)

From a theoretical point of view, not straightforward!

- Higher-dimension operators in peft (dim 6, 10, 14...)

- Nuclear matrix elements extremely hard to compute!

4 4 2,2
Gr g4 mem

LNV 2 ¢ K _ 2 |\ e )2
e’ ~ 722 ¢ | 22 |F(Z-2E)| <¢,> | M |

(only two % ") known, for Ti-48...)

[Domin et al, 0409033; Simkovic et al, 0103029]

= Very hard to draw implications... Must tackle NME!

A.M. Teixeira, LPC Clermont 11



Tau cLFV: (semi-) leptonic modes @

Flavour violating tau decays: comparatively large number of modes

IN2P3

Les deux Iinfinis

Leptonic (radiative, three-body) as well as semi-leptonic (light mesons, 2- and 3-body)

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

= larger set of (tree-level) contributing operators (e.g. humerous gq?¢, gluon, ...)!

= more challenging to disentangle operator dominance... (even @ tree level!)

— " g g B Majginalized
eu = U m ‘
ea r 2

Z

Indjvidual

For C ~ 1,
Anp ~ 300 TeV

For C ~ 1,
IA‘PJF’ ~ 3 TeV

[Banerjee et al, 2203.14919]

107° 10~4 1073
|C|/(GrA?)

1111
102

111l
107!

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

A.M. Teixeira, LPC Clermont
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cLFV at higher-energies: spinning operators @

IN2P3
2 Albeit leading to formally different transitions, the same leptonic and semi-leptonic = “""""

operators can be at the origin of flavour violating transitions in very distinct contexts

Consider a 4-fermion quark-lepton operator (¢, q; 2, ¢), wWithi =j,a # f U O
One operator can source rare LHC cLFV decays (rich "flavour” content!), q.><
¢

ﬁg,,a/[;
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cLFV at higher-energies: spinning operators @
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ux infinis

2 Albeit leading to formally different transitions, the same leptonic and semi-leptonic™*
operators can be at the origin of flavour violating transitions in very distinct contexts

One operator can source rare LHC cLFV decays (rich "flavour” content!),
qn

Consider a 4-fermion quark-lepton operator (¢, q; 2, ¢), wWithi =j,a # f U O
cLFV semileptonic decays, muon-electron conversion, ... <*><

ﬁg,,a/[;

[recent review, see Fernandez-Martinez et al, 2403.09772 ]

3l

IA.
b
X = b — sf¢ atapup~ collider

S "
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Meson decays: cLFV and more @

IN2P3

Les deux infinis

2 Meson decays: excellent hunting grounds for "leptophilic” New Physics
= deviations from SM (lepton flavour universality violation, angular distributions, ...)
= new phenomena (cLFV, LNV, ...)

|||18_2| ||||1|3_1| |||||||? T ||||||1|‘0 T |||||1|ﬁ)ol ||||1|?3| |||||1||04
. . &b = J/yoey mm > ece mm >e) mpu—e
2 cLFV semileptonic meson decays! M YT CR(u @) m oy
T
. !
'c,l: G P C%),yezz
2q2¢ operators
Oé;,)prst (EPVNLT) (QS’YMQt) Oég,)prst (EP'YMTILT) (QS'VNTIQt) ng),#e%
Oéu,prst (I’p’Y/vLLT) (asvﬂut) O(Zd,p'rst (I_-/p”)/qu) (Czs’)/udt)
Oeu,prst (‘?p')’ueT) (ﬂs’)’put) Oed,prst (ép’z/uer) (‘?S'Vudt)
Oqe,prst (Qp’YMQT) (és’Yuet) OEedq,stt (Lper) (ds Qt) Cfu, ue22
Oéiﬂ)luapﬁ?t (Eger)eab(qut) Oézzu,prst (I_-/ga-,w/er)eab(@ls)a'uuut)
40 operators Dipole operators
Ot prst (f/p’Yqu) (I_JSWMLt) Oew,pr (f*palw er)TI‘PW;{u Cro. pez2
Oee,prst (épf)/,uer) (és’)/ﬂet) OeB,pr (I_/pCTW@r)SOBW
Ofe,prst (EPVMLT)(éS"Yuet)
Lepton-Higgs operators Cae,22pee
O @Dy l)  OF,  (eliDLe)LyrILy)
Oge.pr (@Ti D ) (epyter) Oep3 pr (Lperp) (‘PTSO)
Ceu,ue22
Comparative study of the probing power of quarkonium Cot oo
(charmonium) u — e cLFV decays for relevant €, = 1 |

LIl Lol
103 104

[recent study - Calibbi et al, 2207.10913]
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Lepton flavours @ high Tera-Z @

IN2P3

High-energy colliders: also high-intensity frontier (amazing luminosities!) e dewining
LHC ~ abundant sources of flavour in pp collisions f,\,\<2“
(and also a Higgs-factory...) Qp

TeraZ factory (FCC-ee, CEPC) ~ EW precision & flavour violation

TeraZ factory ~ cLFV Z decays

T — ———

[Calibbi et al, 2107.10273]

(1) ep
of

Qpe

For Z — ue better sensitivity of
dedicated (low-energy) cLFV searches

u — eee, |1 — e conversion

A.M. Teixeira, LPC Clermont
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Lepton flavours @ high Tera-Z @

IN2P3

High-energy colliders: also high-intensity frontier (amazing luminosities!) o8 deu s
LHC ~ abundant sources of flavour in pp collisions EM<“~<
(and also a Higgs-factory...) Qp

TeraZ factory (FCC-ee, CEPC) ~ EW precision & flavour violation

> f
7 E QO( 'r éa
i Bl 7> pe Wl pu—eee muCR(u—e) mmu—ey ] QP

TeraZ factory ~ cLFV Z decays

S — T

[Calibbi et al, 2107.10273]

Me 3)e
of : Qtpf .

Q;

Bl /- Te BT eee ENTocuu B TH>pe B THoe BTy

For Z — pe better sensitivity of E
dedicated (low-energy) cLFV searches <

Q(J/’ et Qg}) et QZ@
Promising potential of TeraZ factory oL T T T e T g T Ty
to probe NP at the origin of :

Z — 7t decays
(competitive with low-energy cLFV)
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And at electron-ion colliders (EIC) @
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2 Electron-lon colliders also offer opportunities to study cLFV!

In general, less ambitious probing power (compared to LHC, and especially to
dedicated low-energy experiments)

For C =~ 1, Ayp ~ O(few TeV)

Upper limit on LFV coupling and lower limit on new physics scale \/5 AN P

10 = EIC (left: 7 - uv,vy) m EIC (left: 7 - Xy, v7)
m LHC (middle)
1 Low energy (right)

107!
1072 €
1073
10 19 X
1074
1073
100
1076

Toey T-ey T->ey Tenn T—enn TOCNMT — e _I_ p —> T —I— X

re), rez Y' CL‘p(l) CL¢(3) Cep

0.1

T
v
N

[ASL]V

C(p=1TeV)

[Cirigliano et al, 2102.106176]

A.M. Teixeira, LPC Clermont
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After EFT - New Physics models of cLFV!

2 Effective approach: first characterisation (mostly constraints & hints) on

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

-

IN2P3

Les deux Iinfinis

scale of NP and nature of new interactions (couplings and currents)

2 Although oscillation data (massive neutrinos) do imply cLFV (direct consequence),
cLFV can be independent of mechanism of neutrino mass generation

Supersymmetry: unconstrained models (beyond cMSSM, pMSSM), new sources of LFV
Rp-violating SUSY
Leptoquark models (extended field content); Extra-dimensions; extended Higgs sectors, ...

10711 ¢ Rpe &Ry

\ Rpe & Ry & LFV
1074 1 :

—~ =74
n 10
=

1S 10—10 -

+ ""'_""_"'E"ff-._. e

-13 |
- 10

o~ 10710 qviable Parameter Space R L

10719 -

Future sensitivity 1

107% L

— Hati, Kriewald, !o‘

iy e e

, AMT[1 907.05511]

10725 1072 107 1071 10713

cLFV : powerful means to test/falsify models of NP

10719 1077 10—4 1071

Au)

R —

1075y

C-bulk, T =8Tey |

Beneke et al, 1508.01705] &

J 1 J il IJ 1 J IIIIIJ IIIIIJ

“10-16  10-1% 1012 10-10
Br(u—ey)

e ———

I'(h->71u)/T'(h->771)

[Falkowski et al, '14]

1010 1077

BR(t->puy)

A.M. Teixeira, LPC Clermont
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After EFT - New Physics models of cLFV! @

INQPS

deux Infinis

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) do imply cLFV (direct consequence),
cLFV contributions fully independent of mechanism of neutrino mass generation

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

€50’ G 60" L &0
M= My = (m) + (£, Cp) + .. T (0v2p) + ...

3
ANy AtLrv " Ny
Majorana v mai?/ > \J LNV (& cLFV), ...

cLFV and many others

Not always trivial to establish connection between €5, € (and €-)

cLFV : powerful means to test/falsify models of NP (m,) (examples ahead!)

A.M. Teixeira, LPC Clermont 17
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New Physics paths to cLFV:
seesaw models of neutrino mass generation

A.M. Teixeira, LPC Clermont



New Physics and m : cLFV @

IN2P3

Les deux Iinfinis

Neutrino masses (brief "how to"...)
Most minimal possibility: SM extended by Dirac RH neutrinos (impose L conservation)
= Z,, ~—Y'LHuyy, but tiny Yukawa couplings, ©(10~"%)

. ij Successfully accounting for oscillation data...

- gﬁmj} —~ No impact for cLFV; GIM-like suppression due to smallness of m,

Ui

BR(u — ey) ~ 107>* and similarly for other observables...

A.M. Teixeira, LPC Clermont



New Physics and (Majorana) m,: cLFV @

NOP?
AN W/
¢ | [

Neutrino masses (brief "how to"...)
Most minimal possibility: SM extended by Dirac RH neutrinos (impose L conservation)
= Z,, ~—Y'LHuyy, but tiny Yukawa couplings, ©(10~"%)

W ij No impact for cLFV; GIM-like suppression due to smallness of m,,

U U
5
Allow for L violation: realisations of Weinberg operator! &2 ~ e (L°HHL)
’ NP
Tree-level seesaw realisations
vy, e H y , H VL, e H
” - L /// - -
Mg __4___<: M . Ms;
vy, BRI o v \‘\ " VL AR o
Type | (fermion singlet) Type |l (scalar triplet) Type lll (fermion triplet)

1 | Y\u v? 1
mUN(Y”v)T—(Y”v) m o~ B 1~ (Y ——(Y.
7 My vT T2 M3 ) g o ()

All successfully accounting for oscillation data... so far, no hint from experimental searches!

A.M. Teixeira, LPC Clermont



Type | seesaw 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, \‘\\
H

1
m, ~ (Y'V)I —(Y*)
| Mp

U U = diag(m,) U =

/—\ leptonic mixing ~ Upns
( | UI/N )

Unv, UnN . . .. _
active-sterile mixings (0 o« mMz")

A.M. Teixeira, LPC Clermont 19



Type | seesaw and cLFV @

lN2P3
2 Mechanisms for neutrino mass generation: delicate "balance” between e
sources of flavour violation and masses of new propagators _cLFV
= account for oscillation data (observation!) BRs, etc
2 Type | Seesaw: extend the SM via (Majorana) sterile fermions YX --emeee- my ---=---- » My
v, ~ B 1
e LType| D VY, U g + ZMRI/RVR
active-sterile mixings: v; — vp
—1
1 = 0~ O(m Mg")
m, ~ (Y'v)! —(¥*v) D
| My
V\/ "V‘: z f'/.: 3+n;
3+nsU /\OCZ Z ip p]
. Z a ) i,j=1
j=1 /Nl J
x (I =2n)Uppmns

. 1
Upmns = (1 = mUpmns ; 1 = 500"

A.M. Teixeira, LPC Clermont 19



Type | seesaw and cLFV @

INéPQ
2 Mechanisms for neutrino mass generation: delicate "balance" between »dewcins
sources of flavour violation and masses of new propagators _cLFV
. . . " BRs, etc
= account for oscillation data (observation!) oo
YX <«-------- my -------- » My

2 Type | Seesaw: extend the SM via (Majorana) sterile fermions

vy, Phe H

- 1
1 <z D vY Dy vp + =Myt v
o Type | LYR > RVR VR

vy

active-sterile mixings: v; — vp
~ —1
= 0~ O(m, Mg")

1
m, ~ (Y'V)I —(Y*)
| M

) R
e s wt Co
=
A
z | 2 n
]
O |
2
All @ loop-level... p P

A.M. Teixeira, LPC Clermont 19



Type | seesaw and cLFV @

3
2 Mechanisms for neutrino mass generation: delicate "balance" between 'Nﬁfm
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 ==--eeee > My
.n ~ an enlarged spectrum

vy

VR

~ extended mixings

Mg
VR

vy

Ty If light neutrino masses generated by

“natural” new physics = very high energy NP scale

m, ~ (YVv)TML(Y”v) | Y ~ 0(1) Mp ~ 1014716 Gev

/—\ leptonic mixing ~ Upns

R

UT/%SX6U _ diag(my_) U — (unitary to very good approximation)
’ Unv, UnnN . - : .. S
negligible active-sterile mixings (6 o« m My")

= Decoupled new physics! No contributions for cLFV observables,
no resonance within collider reach...

A.M. Teixeira, LPC Clermont 20



Type lll seesaw and cLFV @

IN2P3
2 Mechanisms for neutrino mass generation: delicate "balance” between o dewinine
sources of flavour violation and masses of new propagators _cLFV
. . . " BRs, etc
= account for oscillation data (observation!) oo
YX <«-------- my -------- » My

2 Type lll Seesaw: extend the SM via SU(2) triplet fermions
~ an enlarged spectrum

. H

my ~1 extended mixings
Yr

VL

VL RN
H

> =3t 30 >3-

1 Lrypelll D VYT +vYE00 + M EX
m, ~ (Ysv)! —(Ysv)
1% 2 2 . . . . o 0 +C —
| My Fermion-triplet mixings: X" —vand 27 — ¢

= 0~ O(vYs M5

A.M. Teixeira, LPC Clermont 21



Type lll seesaw and cLFV @

IN2P3
2 Mechanisms for neutrino mass generation: delicate "balance” between o dewinine
sources of flavour violation and masses of new propagators _cLFV
= account for oscillation data (observation!) BRs, etc
2 Type lll Seesaw: extend the SM via SU(2) triplet fermions YX 4--eoee- My =eennee- > Mx
" .n ~ an enlarged spectrum
1 ~ extended mixings
YR
- S = 3,30, 5
1 Lrypelll D VYT +vYE00 + M EX
my, ~ (YZV)T_(YZV) . . .. 0 P _
| My Fermion-triplet mixings: X" —vand 27 — ¢
- - = 0~ O(vYy M5")
L M 3
}L
u -
e
e
M~ - 4" -

2 z
cLFV neutral currents @ tree! \/

A.M. Teixeira, LPC Clermont 21




Type lll seesaw and cLFV @

IN2P3

Les deux Iinfinis

2 Mechanisms for neutrino mass generation: delicate "balance"” between
sources of flavour violation and masses of new propagators cLFV

= account for oscillation data (observation!)

2 Type Ill Seesaw: extend the SM via SU(2) triplet fermions YX <
n ~ an enlarged spectrum

VL

S ~1 extended mixings

Ms,
YR

VL

> =3t 30 >3-

1 Lrypelll D VYT +vYE00 + M EX
m, ~ (Ysv)! —(Ysv)
1% 2 2 . . . . o 0 +C —
| My Fermion-triplet mixings: X" —vand 27 — ¢

= 0~ O(vYs M5
42 - < E D

L o |
Deviations from unitarity: ¢ = —m "Mz 2ms o (1 +4e)Upmns

« (1 +&)Uppmns

A.M. Teixeira, LPC Clermont 21



Type lll seesaw and cLFV @

INéPQ
2 Mechanisms for neutrino mass generation: delicate "balance" between »dewcins
sources of flavour violation and masses of new propagators _cLFV
. . . " BRs, etc
= account for oscillation data (observation!) oo
YX <«-------- my -------- » My

2 Type lll Seesaw: extend the SM via SU(2) triplet fermions
~ an enlarged spectrum

. H

S ~1 extended mixings

Ms,
YR

VL

VL RN
H

Y =330 %"
1 Lrypelll D VYT +vYE00 + M EX
my, ~ (YZV)T_(YZV) . . . . 0 _
| M Fermion-triplet mixings: X — v and X% — 7
= 0~ O(vYs M5
1
e
o »’a
[d E! M z _e
= 28° € e

Tree-body decays and conversion in nuclei @ tree-level..
due to the modified Z¢ ¢ ; vertex!

cLFV

A.M. Teixeira, LPC Clermont 21



Type lll seesaw and cLFV @

IN2P3
2 Mechanisms for neutrino mass generation: delicate "balance” between o dewinine
sources of flavour violation and masses of new propagators _cLFV
. . . " BRs, etc
= account for oscillation data (observation!) oo
YX <«-------- my -------- » My

2 Type lll Seesaw: extend the SM via SU(2) triplet fermions
~ an enlarged spectrum

. H

my ~1 extended mixings
Yr

VL

VL

If light neutrino masses generated by

o 1 ' "natural” new physics = very high energy NP scale
m, ~ (Ygv) E(YZV) | Yy ~ 6(1) My ~ 104716 GeV

negligible mixings between active neutrinos
and NP states (0 o m/My")

= Decoupled new physics! Little contributions for cLFV observables
no resonance within collider reach...

A.M. Teixeira, LPC Clermont 22



Fermionic seesaws and cLFV @

INQPS
2 Mechanisms for neutrino mass generation: delicate "balance” between e inins
sources of flavour violation and masses of new propagators _cLFV
= account for oscillation data (observation!) Plts, ete
YX <«-------- my, -=-==--- » My
2 Type | & lll Seesaw: a quick EFT detour - integrate out the heavy mediators (Ng, X)
v, e H v .- H
VR ) b a
Mg Ms,
VR N Sr \
v, e gy v, RN I
Dimension 5 @L&b*) (¢TLL) YT M Yz L£¢*) (¢TLL)
(Weinberg operator) v

m, ~ (Y”v)T (Y”v) m, ~ (YZV)TML(YZV)

2

[see Broncano et al, 0210271] [see Abada et al, 0707.4058]

Dimension 6 @L d*) a)(ngL ) Y’L M‘2 Yz LLTqb)D(qb 7L;)

= suppression of "light neutrino masses" entails strong suppression of NP effects!

A.M. Teixeira, LPC Clermont 23



Type Il seesaw and cLFV @

IN2P3
2 Mechanisms for neutrino mass generation: delicate "balance” between o dewinine
sources of flavour violation and masses of new propagators _cLFV
. . . " BRs, etc
= account for oscillation data (observation!) oo
YX <«-------- my -------- » My

2 Type Il Seesaw: extend the SM via SU(2) triplet scalars
~ an enlarged spectrum

~ extended mixings

A = AO, A+, ATt

gTypeII D) YAZL?LEA + ,MA¢T’_L')¢ZA

Interactions with gauge bosons; direct cLFV couplings

A-—

caen 7
§ e <Q°’ P rd
(i / Lp - vV =
X
z.;"‘<

€9

cLFV

Tree-body decays @ tree-level...

A.M. Teixeira, LPC Clermont 24



Scalar seesaw and cLFV @

IN2P3
2 Mechanisms for neutrino mass generation: delicate "balance” between Ehoae
sources of flavour violation and masses of new propagators , CLFV
= account for oscillation data (observation!) BRs, etc
2 Type Il Seesaw: extend the SM via SU(2) triplet scalars YX mronees My -==----- » Mx
" , H ~ an enlarged spectrum
>__é__<",; ~r extended mixings

A different scenario: additional ingredient!
' "natural” new physics # very high energy NP scale

Smallness of m,, also from (tiny) x coupling

for "natural” Y, and not "too heavy" M,

[see Abada et al, 0707.4058]

Dimension 5 4 Y, u M2 (LEd*) (§TL
A My~ ™) (97Ly) = suppression of "light neutrino masses”

decorrelated from contribution to NP effects!

Dimension 6 Y, YI My*>(Lyy, L) (Lpy"Ly)

A.M. Teixeira, LPC Clermont 24



cLFV and the seesaw: peculiar patterns

2 Seesaw realisations: distinctive expectations for numerous cLFV observables
If observable/measurable cLFV - what can we learn?

-

IN2P3

Les deux Iinfinis

A.M. Teixeira, LPC Clermont

25



cLFV and the seesaw: peculiar patterns

2 Seesaw realisations: distinctive expectations for numerous cLFV observables o dewiniine
If observable/measurable cLFV - what can we learn?

vy, ”,’ H L , H vy, ",’ H
VR /’/ Xr
. Mg --é--{\u - Ms,
123 Tl I 143 > 1% VL IR H
Type | (fermion singlet) Type |l (scalar triplet) Type lll (fermion triplet)
40 pr—— T T T T T T T T T T T T T T T T T T T T T
I 10.00
5.00+

30? Br (t - wy)/Br (t = pup) BR(N_)e’Y) = 1.3 X 10—3

BR(p—3e) ~—
Br (u - ey)/Br (u — eee) ] 1.00} (1 )
| Br (t - ey)/Br(r — eee) | < 050
20+ IS
, 11 BR(T—py) __ -3
7 0.10}
101 0.05/,
ﬁ BR(p—rey) __ —4
O’H | Lol 1 Lol LIl 1 Lol LIl 1 Lol LIl 1 1 HW’W’ 0;01 : ! : : :
10 10° 10* 10° 10 107 1 10 100 1000 10* 10° 10
my (GeV) Hambye, 2013 my [GeV] [adapted from Calibbi et al, 1709.00294]

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

A.M. Teixeira, LPC Clermont 25



cLFV and the seesaw: peculiar patterns

2 Seesaw realisations: distinctive expectations for numerous cLFV observables
If observable/measurable cLFV - what can we learn?

vy, - H H VL

VR - " ,’// g -~
Mg __4___<: L . Ms,
v Tl I VL \\\ I VL IR H
Type | (fermion singlet) Type |l (scalar triplet) Type lll (fermion triplet)
4 o )); ]
7{ I" ..s\ j W V\l
\

o ! [‘_r""‘\‘_"
o e ove [ >

>
2,8° e

wi €,4
Fj’;"‘\ e a.;q"< e
+ R €, CI

1p

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

A.M. Teixeira, LPC Clermont

N q q
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]
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cLFV and the seesaw: peculiar patterns @

2 Seesaw realisations: distinctive expectations for numerous cLFV observables
= ratios of observables to identify seesaw mediators & constrain masses...

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

Model uw—eee uN — eN %II{{((’L __’)‘:‘fs) ngzg:;:;r)
MSSM Loop Loop ~6x 1073 1073 — 1072
Type-l seesaw Loop™ Loop™ 3x107° —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™ T ~ 102 O(0.1)
Composite Higgs Loop™ Loop™ 0.05 — 0.5 2 — 20

[adapted from Calibbi et al, 1709.00294]

Upon experimental determination of rates for cLFV transitions:

. BR(u — 3e) : BR(p — 3e)
comparison of with
BR(u — ey) BR(u — ey) Probe NP model
exp NP-th
:> at the source
of cLFV
CR(u — e, N ... CR(u—e,N
and of R(” &N with BR(” &N
BR(u — e7) exp (=€) | \pin

A.M. Teixeira, LPC Clermont 25
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New Physics paths to cLFV:
low-scale seesaws

A.M. Teixeira, LPC Clermont



Low-scale models of m, generation: type | seesaw @

IN2P3
Les deux Infinis

? Addition of 3 "heavy" Majorana right-handed neutrinos v to the SM
but explore considerably lighter range for M,  MeV < M, < 10/€V TeV

After EW symmetry breaking, 6 states in the neutral lepton spectrum

vy

VR

. 0 oy, ) 3 light neutrinos m, ~ —Vv?Y! M;'Y,

. M6><6 _
VL R v ( (YV)T’U MR

T H

3 heavy states  my ~ M,

Type | (fermion singlet) Enlarged 6 X 6 mixing matrix U./0°U = diag(m,))

1
m, ~ (Y'v) —(r*v
o~ (T )| g [ e b
] Nv

Non-negligible active-sterile mixings! (0 « mngg hy

Non-unitary leptonic mixing ﬁpMNg

Low-scale realisations of the Type | seesaw open door to a very rich phenomenology
from cLFV signals, to collider searches

Similar implications for low-scale Type Il
(but important direct/indirect constraints due to the non-singlet nature of new states...)

A.M. Teixeira, LPC Clermont 26



Low-scale models of m, generation: type | seesaw @

IN2P3

Les deux Iinfinis

? Addition of 3 "heavy" Majorana right-handed neutrinos v to the SM
but explore considerably lighter range for M, @ MeV < M, < 10fe% Tev

vy, _ H
z Low-scale realisations of the Type | seesaw: very rich phenomenology
Mg
N = cLFV signals (more promising than collider searches)
T H
I T TTTTT I I T TTTTT I T TTTTI 1 - -
0™ v 1015 A
1071 ¥ &y ” Ly DXy i =
m - (] : X _
® 10ME SINDRUMI £ . 107 B -jeedaznned -
T 12 MEC " 1077 & =
2 10 SRorRUM 1 ;',-': = _ : ;
M0 P sl 2 2p Ls < 107%E -
— = ‘¢::" :: . *b " ]
107 e e P e Z 105¢
g_ 10—15; . "::" ’/’ :' ; bN ;
N - T 1T P P I R P I i 01 3 3 0 ] | L1 ] | ~ n
1 0 gMu2e/COMET ‘::?‘ ’ -" - eee E % m Lp 10_7; . : o ~o e
Q:i 10—17 B T e(Alzl ',o H _ R = TS e E NuTeV ~~g
= ,' R 3 8l \‘ ' u — e(T1) +
10—185__}EIEM ______ |----,-l-,.-’ __________ - 10 » : CHARM
E ‘N‘ A ; C heS- E
10719L {-\\'/’ ; 1079 PSI91
- bt s T BBN -
10—20 N I I TR I I T T 10—10 L R N EEET L [ R
107! 1 10 10 1072 107! 1 10 102
mN[GeV] mN(GeV)

Alonso, Dehn, Gavela, Hambye [1209.2679]

A.M. Teixeira, LPC Clermont 26



Low-scale models for m : Inverse Seesaw @

IN2P3
2 Variants of type | seesaw aiming at a natural realisation of a low-scale m, mechanism™* s

2 Addition of two new species of fermionic gauge singlets

ng right-handed neutrinos v (L, = 1) and ny extra sterile states X (Ly = — 1)
L = _Y'LH M, 5 X : XX
1SS — Vp —VMiplp _EﬂX
[Mohapatra and Valle, '86] . .
\/ lepton number violating!
=L A ISS(3,3)
N X X v 0 0 Y v 0 . . ~ (YVU)2
— L R, ./\/l?ség = Yf'v 0 Mg = 3 light v 2m, ~ (Yuv)2+M12z”X
Mp #x Mg 0 Mg px 3 pseudo-Dirac pairs : my+ ~ Mg + px
VI, VL
oY Ty Vo Interplay of two scales driving smallness of m : M, and
m ~ (Y*v) — (Y*v
g M3 For natural values of Y* ~ O (1)

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, LPC Clermont 27



Low-scale models for m : Inverse Seesaw @

M P 3
2 Variants of type | seesaw aiming at a natural realisation of a low-scale m, mechanism™“* """
2 Addition of two new species of fermionic gauge singlets
ng right-handed neutrinos v (L, = 1) and ny extra sterile states X (Ly = — 1)
_ - 1
3,3 _
L =-YLHug —My 73 X ,uXXCX
[Mohapatra and Valle, '86]
\/ lepton number violating!
=L A ISS(3,3)
\\\ v X X vp /// 0 Y, v 0 . . (Yyv)?
Mp Bx M - M?Ség = Vv 0 Mg = 3 light v 2y ()2 rarg HX
& s 0 Mg px 3 pseudo-Dirac pairs : my+ ~ Mg + px
. (vi)Tﬂ_X ) Interplay of two scales driving smallness of m,: M} and
Y M3 For natural values of Y* ~ @(1)
comparatively “light" heavy spectrum (Agy <> TeV) for
small values of y, (around eV - keV)
2
= Despite small m, ~ uy——, a “low" NP scale ~ My, and sizeable mixings (6 « m M7

| f

A.M. Teixeira, LPC Clermont 27
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cLFV and EW precision in the ISS
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Low-scale models for m, : Inverse Seesaw @
IN2P3

Les deux Iinfinis

Inverse seesaw: well-motivated low-scale mechanism of neutrino mass generation

ISS(3,3) > SM+3rvp,+3 X (rich phenomenology = testability!)
Curren t exp 90% CL s . 107° o Curren t exp 90% CL <
1075 | Future exp 90% CL & Future exp 90% CL a3
1077
10-7 4
"1 comeT o
Lz 10701 Mu2e =
' 11 ‘i 10~
107 1
|/]\ T
= 10-13 4 Ll: 10-13
2 5
1015 4 107!
10717 4 10-17
10719 T T T T T T T 10719 4 T T T T T T T
10719 1077 107 107 101 1070 107 107 1070 1019 1007 10-% 1018 1001 100 10-7 105
CR(/L — €, Au) BR(Z N ,LLiT:F>

[Abada, Kriewald, Pinsard,
Rosauro, AMT, '23]

= Abundant "flavour"” signals: cLFV transitions (at low and high energies)
Regimes already disfavoured from current bounds!

cLFV actively constrains parameter space of ISS

= Opportunities to observe cLFV in (near-)future facilities:
u — e sector @ Mu3de, COMET & Mu2e
t — u sector @ Belle Il, FCC-ee, ...

A.M. Teixeira, LPC Clermont 28



Low-scale models for m,

Inverse seesaw: well-motivated low-scale mechanism of neutrino mass generation
ISS(3,3) > SM+3rvp,+3 X

Curren t exp 90% CL yo
1075 Future exp 90% CL i
10—7 -
R
R Mu2e
lco
? 10711 1
|
5 1013 4
~
aa)
10—15 |
10—17 4
10—19 T T T T T T T
1071 1077 101 10-18 10~1 107° 1077 107° 1073

CR(u — e, Au)

Inverse Seesaw

-

IN2P3

Les deux infinis

(rich phenomenology = testability!)

FCC-ee

.
.
Y
.
W
-

ada Kriewald, Pinsard,
gsauro, AMT, '23]

107° Curren t exp 90% CL
Future exp 90% CL

1077 1

1079 -

10-11 4

FCC-ee

10-13 4

1015 4

10-17 4

10_19 L T T

10~ 10717 10°

= Correlated observables! y — 3e vs. u — e conversion

13

BRZ—),LL TF)

and Z — put vs.

4\
A

A.M. Teixeira, LPC Clermont
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Low-scale models for m, : Inverse Seesaw @

IN2P3
Inverse seesaw: well-motivated low-scale mechanism of neutrino mass generation = “*""
ISS(3,3) > SM+3rvp,+3 X (rich phenomenology = testability!)
wit

0, Ly "
Curren t exp 90% CL Pty A 1077 + Curren t exp 90% CL o3
2
2
. 1

10-5 4 Future exp 90% CL M Future exp 90% CL

COMET
1071 MuZ2e

BR(u~™ — e eten)

[Abada, Kriewald, Pinsard,
Ragsauro, AMT, '23]

T T T T T T T
10719 10717 10715 10713 1071 107° 1077 107° 1073
CR(p — e, Au)

= Correlated observables! y — 3e vs. u — e conversion
and Z — put vs. 7 — 3u

A consequence of the dominant contribution of Z-penguins in the 3-body decays and
in neutrinoless conversion in nuclei (for the most "observable” regimes...)

&
Observation of y — 3e = observation of y — e conversion ’\\&‘5\"
. &gb\
T — 3u = observation of Z — ut e
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Low-scale models for m, : Inverse Seesaw @

IN2P3
Inverse seesaw: well-motivated low-scale mechanism of neutrino mass generation = “*""
ISS(3,3) > SM+3rvp,+3 X (rich phenomenology = testability!)
= Abundant "flavour” signals: cLFV transitions (at low and high energies)
= Precision tests: electroweak observables and lepton flavour universality
. I'(Z—- ¢ '(W-7?
LFUV-sensitive: R% = — £~ ‘a “), R¥| ~1 & R = L7 “y), R¥| =~1
2 T@Z-tftp) 2 Ism W TW= )’ Wilsm
EWPO: I'(Z — inv.), oblique parameters, ...
New parametrisation (beyond Casas-lbarra) to access key-regimes of
(escaping constraints!)

[Abada, Kriewald, Pinsard, Rosauro, AMT, 2307.02558]

2 Non-negligible NLO corrections to ISS vertices! Z €, Zvv and W £v
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Low-scale models for m : Inverse Seesaw @

Inverse seesaw: well-motivated low-scale mechanism of neutrino mass generation
ISS(3,3) > SM+3rvp,+3 X (rich phenomenology = testability!)

= Abundant "flavour” signals: cLFV transitions (at low and high energies)

= Precision tests: LFUV in Z decays
large deviations from SM possible (sizeable NLO corrections)

7 T(Z -t

[Abada, Kriewald, Pinsard, Rosauro, AMT, 2307.02558] (1% = F(Z N //t+ﬂ_)
1.0075 - Z _ I'z - T+T_) -—- BE“é%leeQ ’3?;0><4
| T TZ = ptuo) — sM Contributions around SM prediction
10050 1 FCC-ce (already in tension with measurement)
roo2s{ T .. .
| Large deviations for sizeable Yukawas
g 1000 N (corresponding to masses ~ 5 TeV)

0.9975

Significant NLO corrections to LFU in Z decays!

0.9950 -~

0.9925

= FCC-ee expected to probe these regimes
0.9900 1 | | | | | | (increase in experimental precision)

0.5 1.0 15 2.0 2.5 3.0 3.5
Ymax
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Low-scale models for m, : Inverse Seesaw @

IN2P3
Inverse seesaw: well-motivated low-scale mechanism of neutrino mass generation = “*""

ISS(3,3) > SM+3rvp,+3 X (rich phenomenology = testability!)

= Abundant "flavour” signals: cLFV transitions (at low and high energies)

= Precision tests: LFUV in Z decays
large deviations from SM possible (sizeable NLO corrections)

= (EW) precision tests: Invisible Z decays

[Abada, Kriewald, Pinsard, Rosauro, AMT, EPJC 84 (2024) 2] . . . .
0504 ; Large deviations from SM prediction

0.502

Significant NLO corrections to invisible Z decays!
I'tree(Z — inv.) - I'iggp(Z — inv.) up to 5 MeV!

(current exp. uncertainty 1.5 MeV...)

NLO corrections: master theory uncertainties,

(=== FCC-ee 30 x4 = ’..I.' e

bios ) — s S e on par with experiment!
—— SINDRUM II o . ’ T
..... COMET . COMET - :

I 7 Muze

e — — — 4 = FCC-ee expected to probe important regimes
CR(p — e, Al) (increase in experimental precision)
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Low-scale models for m, : Inverse Seesaw @

IN2P3
Inverse seesaw: well-motivated low-scale mechanism of neutrino mass generation ~ ““""""

ISS(3,3) > SM+3rvp,+3 X (rich phenomenology = testability!)

= Abundant "flavour” signals: cLFV transitions (at low and high energies)

= Precision tests: LFUV in Z decays
large deviations from SM possible (sizeable NLO corrections)

= (EW) precision tests: Invisible Z decays - large deviations from SM!

[Abada, Kriewald, Pinsard, Rosauro, AMT, EPJC 84 (2024) 2]

0.504

P — EWPO vs. cLFV - complementary probes

cLFV in u — e: usually most stringent constraints
(e.g. 4 — ey, 4 — e conversion...)

Invisible Z decays @ FCC-ee

1 === FCC-ee 30 x4 - ’...'.' ’ . , E : : ':' . .'.. 4
a0 | — s e T = explore regimes beyond cLFV future reach

—— SINDRUM II . .o L B . . .

T covEr "~ COMET SR = probe 1SS(3,3) regimes with sizeable
04921 oo Mu?2 . o« o

o . uee . or negligible cLFV!
10-20 10718 10716 10~ 10712
CR(p — e, Al)
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New Physics paths to cLFV:
neutrino masses beyond "standard seesaw”

A.M. Teixeira, LPC Clermont



Beyond "standard” seesaw realisations @

Seesaw (and its variants) - one of the most appealing mechanisms for m, generation
Further ways to account for tiny neutrino masses: higher order, higher dimension!

Tree — n loops

1
Leg = Lsu + A_ 5gd(i)5+5$d(i)5_|_
NE

Higher order contributions:
loop-suppressed (1/16x?)

i
Type I-ll-lll — %g(m 4 5.0 +5$(2) 4. =
seesaw A3, L77a=T =T =T =
(dimh @tree level) 1 g
+ = | L+ 0L+ 6L+ - S

Al L :

1 E

[ (0 1 2 B

+ AT gd(:)n + 5"%1(:)11 + 505%(:)11 + - ] v

NP - U1

Higher order operators:
dim=7, 9, 11...

Several other interesting and theoretically well-motivated possibilities exist:
Tree-level realisations via higher-dimension operators, dynamical "seesaws", ...
Higher order realisations (Dirac/Majorana): from first Zee model, to RpyV SUSY, ...
scotogenic models, to 3-loops and more!

A.M. Teixeira, LPC Clermont 31



Beyond "standard” seesaw realisations

. . . . o  es Ty ‘u M:\
Seesaw (and its variants) - one of the most appealing mechanisms for m, generation

Several other interesting and theoretically well-motivated possibilities exist:
often aiming at addressing m, and other SM observational issues...

%
lfI H H
v 4
i | p <.
< \2\> 90 ¢R ¢L |<¢0>
\‘\ /’l 71
A I s o A e VR [ ——3 T Y, P
S
. 1 % 02
L YL | N¢ = I.{ 2 I.{ SZ \(”0)
i ] 1 \ ViR / gjl? Var N vr
[ Y Y \ VA <
<£I[ > L e é ¢ d X o < L “ (K)( (YQW/,, (Y )/
' L ——s ‘ . —— L
Enomoto et al [1904.07039]
A T v
4 oS
/,(‘ VY
~ H ] ],q_
L > 4. d 3 < L L > o < L 1 'ﬂ
'
. e ==
[Cai et al, 1706.08524] e 8%

[Arbelaez et al, 2007.11007] —

= m,, from large NP scale, small couplings, approximate symmetries, loop suppression
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cLFV and EW precision in scotogenic models

A.M. Teixeira, LPC Clermont



Low-scale models for m,: DM connection (?) @

Scotogenic models: a link between neutrino mass generation and dark matter!
Ma, 2006] Additional Z, symmetry: stabilises dark matter candidate ... but

= neutrino masses @ 1-loop

[Review on phenomenology of generalised scotogenic models: Hagedorn et al, 1804.04117]

A minimal realisation: extend SM by inert scalar doublet 77 and RH neutrinos N,

Suppression of neutrino masses:
smallness of A5 and loop factors!

cLFV observables: numerous contributions from 7 and/or N,

[Toma and Vicente, 1312.2840]

A.M. Teixeira, LPC Clermont
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Low-scale models for m,: DM connection (?) @

Scotogenic models: a link between neutrino mass generation and dark matter!
Ma, 2006] Additional Z, symmetry: stabilises dark matter candidate ... but

= neutrino masses @ 1-loop

A minimal realisation: extend SM by inert scalar doublet 7 and RH neutrinos N A

Vq Vg

cLFV observables: hints on the nature of the DM candidate (1 or Ng) and v mass scale

10741~ = 102?
N ’ o 0
(D) T 1*
T 3 10 -
3 = i
o ) |
i'i © 100§
(D] on [
(o8}
0
0 .
= = 10
= D .
%3. ) ) ‘ 2t -
0 1077 1072 107!
E=(my/my)’
[Toma and Vicente, 1312.2840] my [eV] ‘\
Determination of Rﬂe = /BR(1 — ey) = hints on lightest neutrino mass m,
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Scotogenic models: a link between neutrino mass generation and dark matter!
Ma, 2006] Additional Z, symmetry: stabilises dark matter candidate ... but

= neutrino masses @ 1-loop

"T1-2-A" variant: SM extended by SU(2), Weyl fermions, Majorana singlets & extra scalars
= v mass generation, DM candidates, (g — Z)ﬂ and BAU via leptogenesis

[Alvarez et al, 2301.08485]

¢O
V; —H/—O\\b«— Vi
Xk cLFV observables - strict correlation between
. BR( — ¢7), BR(1 — 3e)
10744 . .
: [dipole dominated]
1077
T 10-16 i
- muon cLFV decays
T i
H' 31077 = falsify model
A.O.t e ]
NG = 10718, @ MEG Il and Mu3e!
>4 < My > “.( 10_19‘
L gy Uy Uy gr € _
10-°0}+ %
10—18 10—17 10—16 10—15 10—14 10—13 10—12

[Alvarez et al, 2301.08485] BR(u — ey)
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Low-scale models for m,: DM connection (?) @

Scotogenic models: a link between neutrino mass generation and dark matter!
Ma, 2006] Additional Z, symmetry: stabilises dark matter candidate ... but

= neutrino masses @ 1-loop

"T1-2-A" variant: SM extended by SU(2), Weyl fermions, Majorana singlets & extra scalars

[Alvarez et al, 2301.08485]

Relax certain (driving) assumptions = v masses, DM candidates (scalar and fermionic)
= generic Aaﬂ - from SM-like to NP (at ~5¢) ; no BAU

Avoid theoretically disfavoured regimes (large hierarchical "Yukawas" & scalar couplings)?

Thorough exploration of flavoured and electroweak precision observables!
= cLFV decays: leptonic, Z — €,¢6;, H — €t}
= EW observables: sensitive probes of new interactions (scalar, vector, fermion...)
Z — inv, LFUVin Z — £,€, (in progress)
New Contributions to H N fafa [Darricau, Lee, Orloff, AMT to appear soon]

Full computation of NLO contributions to Z and Higgs interactions!

[see e.g. Grimus et al, 0802.4353]
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Scotogenic models: a link between nen*~ s generation and dark matter!

. . — B v o o .
Additin ! 2 A bilises dark matter candidate ... but
[Ma, 2006] o ar
2 A v P SR . -
u o -lor /
m_ W Z @ yeutrino masses @ 1-lo arrica
W oA R P o5 N15
/W Z W mu © W o
Z 2 v qeet? " ™ e
T1-2-A" variant TP o 4\ N S T4z~ calars
o Vi o P . R p\\'\z o L WI - L“
W Zwe T R e e
vi o i 18 . mu Z 1 2301.08485]
/W AR S ":\\; ‘ ee ol v e (2PN )
DAl Aavs ~AavtkAatin (Alviyin. - > ‘Pﬁﬂ“’ mu Z mul
z v3 mu ’ - P2 nzé Z Anu \V)
) w - 12 m\) .Z,_‘__ m
mu | N mu p e
Psim Psim Chit A e s\ v AN \a( “A
Phit 'AO = mu 3o - - o iy o NS
Psim Psim I ZChi2 . \(3 - - v, W z w Nz‘ﬂ\“ z -~ :“\: o “\\0 D 1P
g A rare
TIPING Tip2n TiPaNg \W Z 3 " mu ne X o “A ‘39’2'32 o "lgS)7
Damcau L. 4 N20 ) Noef L4
mu > ne S U 3P NSt yA AT ou
Psim Ph|1 g‘ o et L - """""94-.,
et . FAe v
Ph|2 Psim Psim w oA e o Z . mu c{ )
o S 3 Z A ' . o atliling W o
PS|m Ph|1 e W, 7 AU o ol ¢A 1afe
TIPTNG TIPING TiP2NG Z TR 12 nzd L . \@5
"2 W parfhA 13P5
— PQNZS Ny
Phi2 _ o AL ;\? ™
vvv- Chi1 Psim Psim ab € P’)-NZZ pO o 4 ’ ,:-_‘_':__._t““
Zphiz s = Z z
mu el e
TiPan7 TiPsNg T1P6N9 ]qU\ o / AT R
— — ' : A':-_‘_" mu Z 12¥f
New col ;" z T e
L

Full computation of partic® ributions to Z and Higgs interactions!

[Darricau, Lee, Orloff, AMT to appear soon]
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2 Scotogenic models: a link between neutrino mass generation and dark matter!

B cLFV leptonic decays:
= correlated muon-electron decays (dipole dominance)

= sizeable box-contributions for 3-body tau decays

[points complying with v data

1 -14 ] . . Y
| 10 10-7. and (fermionic) Qpul
: Belle I,
1075 i ——+ =
— : 10715, ” oA )
- S 10794 SR 40 TR A
< el COMET Muze (" X1 | 3 Bellel ol
1 T 10004 ~g 3 ma-y = ==
~ FCC-ee oy 2 ¥al 3
5 ME m 10—11 - ." . ::‘. ARRY
- . oo o'.' ) . |
6 10-17 m -i-,."..ﬁ- W 1 |
10124 LI IR 1 |
.:.‘}/ I I
‘e & I I
10-13 A FCC-ee, 1Bellell |Belle
10—18 J L8 I I
“ I |
| | 10744 , I 1 1 ,
10716 10712 10712 10711 10710 107° 1078 1077

BR (T - uy)

= well within future reach!
= muon cLFV decays ~ test & falsify model @ MEG Il, Mu3e, Mu2e & COMET

[Darricau, Lee, Orloff, AMT, to appear soon]
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2 Scotogenic models: a link between neutrino mass generation and dark matter!

2 cLFV leptonic decays: well within future reach!
muon cLFV decays ~ test model @ MEG Il, Mu3e, Mu2e & COMET

P LFUV in Z decays (and Higgs)
= Typically within 2o (although certain regimes in stronger tension)

10207 = ~—— SM Prediction
600 4 1o
1.015 - -
@ 500 2
1.010 -
400
1.005 - 300 .
3
N~ Ir
m 1.000 - m 200 -
i 100 -
0.995 °
CJ 04
0.990 1 —— SM Prediction :
1o —~100 -
0.985 - 1 20
30 g —200 : . . . . . ! :
0.990 0.995 1.000 1.005 1010 0.985 0990 0.995 1.000 1005 1010 1.015 1.020
. RZ RZ
7 I(Z->aa) Te M

[Darricau, Lee, Orloff, AMT, to appear soon]

PTTE ~ prpr)
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IN2P3
2 Scotogenic models: a link between neutrino mass generation and dark matter! = “*""

2 cLFV leptonic decays: well within
muon cLFV decays ~ test model @ MEG I, Mu3e, Mu2e & COMET

P LFUV in Z decays (and Higgs)
= Typically within 2o (although certain regimes in stronger tension)

2 cLFV in Z and Higgs decays (and Higgs)
= Constraints on certain regimes!
= Potentially testable at FCC-ee (especially Z — u7)

b

Present bounds
FCC-ee sensitivity

101

10—3 4

1071 [Darricau, Lee, Orloff, AMT, to appear soon)]

A.M. Teixeira, LPC Clermont 35



-

IN2P3

Les deux infinis

cLFV beyond (minimal) neutrino masses...
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NP models of flavour: so many possibilities! @

IN2P3
Extensive contributions in recent years - driven by NP hints (m,, AMMs, B-anomalies...)" """

= exploring flavoured signatures of BSM realisations

Neutrino mass generation and the BAU
Higgs portal to flavours additional
DM flavoured portals
axion-like
<>

UV-complete models: GUTs, Supersymmetry, extra dimensions, ...

vector-like
quarks & leptons

Symmetry-enforced

Ultimately addressing all (several) SM problems, and testable (via flavours?!) ??

Can lepton flavours help us disentangle the NP model at work?
Or falsify candidates?

A.M. Teixeira, LPC Clermont 36



NP models of flavour: so many possibilities! @

Extensive contributions in recent years - driven by NP hints (m,, AMMs, B-anomalies...)

= exploring flavoured signatures of BSM realisations

AC RVV2 AKM SLL FBMSSM  LHT RS
D% - p° *hkk Kk * * * *hkk ?
€K * *hkk  hkk Kk * * % % %k
Sy¢ *kk hkk kkk Kk * *kk  hkk
SoKs *hkk  hk * *kk hkk Kk ?
Acp(B = Xsy) * * * k%  Khkk Kk ?
A78(B— K*utu™) * * *kk  hkk  kk ?
Ag(B— K*utu™) Sk * * * * * ?
B— K™vi * * * * * * *
By — ptu~ *hkk hkk hkk hkk kkk Kk *
Kt -t * * * * * *kk  hkk
Ky — 700 * * * * * *kk  hkk
Y KAk Khkk Khkk Khkk Khkk Kkk Kkk
T uy *hkk hkk Kk *kk hkk Khkk  kkk
u+N-—>e+N *hkk  kkk  kkk  kkk  hkk  hkk  hkk
dn *hkk  hkkk  kkk Kk 1. 8.0. SN ¢ 1. 8.8
de *kk  Khkk  kk * *hkk Kk %k
(8= *kk  Khkk  kk *hkhk hkk Kk ?

Densely populated sector!

[Altmannshofer et al, '10]

AC: RH currents & U(1) flavour sym
RVV2: SU(3)-flavoured MSSM

AKM: RH currents & SU(3) family sym
oLL: CKM-like currents

FBMSSM: flavour-blind MSSM

LHT: Little Higgs (T-parity)

RS: Warped extra dimensions

Expected impact for observables:

* % % large effects
* x small, but visible
* unobservable

cLFV transitions amongst the most sensitive observables to numerous NP models!

A.M. Teixeira, LPC Clermont
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Geometric flavour: RS warped extra dimensions @

? Embed 4dim space-time into 5dim AdS space (extra dim compactified on orbifold)
Two branes (UV, IR) and bulk between them

Localise fields: Higgs close to IR brane "
SM fermions & gauge bosons on bulk Warped 5D 44

uv IR
KK excitations close to IR brane
IstKK—
Interactions <« overlap of wave functions light heavy
(L)FV from couplings of light fermions to KK excitations \K J
_ .
—rkLs

Moy =~ Mpianck €

Geometrical distribution of fermions in bulk:
reproduce hierarchy in 4dim Yukawas from "anarchic” ©(1) dim5 couplings!

Non-negligible phenomenological issues:
enlarge bulk symmetry to prevent violation of custodial SU(2) symmetry
additional "rescue” strategies to avoid excessive FCNCs,
to protect EW precision observables, ..., among other issues

[Burdman, ’02; Agashe et al, ’04; Csaki et al, '08; Blanke et al & Buras et al, ’08-'09;
Bauer et at, ’10; Vempati et al, ’12; Beneke et al, ’12-’15; and many others...]
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Geometric cLFV: RS warped extra dimensions @

2 Example: custodially protected model, full inclusion of all dim-6 cLFV operators
generical anarchic Yukawa couplings

new gauge fields & KK-excitations of lepton fields = cLFV transitions

10 C-bulk, T = 8TeV 10 C-bulk, T = 8TeV

108y 108y
Ej: 10—105_ é /G:I:)\ ].O_IOE_
o ! .
21077 : = 107°F
— - 1 -
S 10—145— i 107

10—16,E.----------------—--—--:- ----------------------------------- —

1 |||u1J 1 |||_u||J EI |||||||‘ 1 |||u||J 1 ||||,u|‘ 1 ||||,||J 1 |||u1J 1 ||u_|||J EI |||||||‘ 1 |||u||J 1 ||||,u|‘ 1 ||||,||J
e gk 1042 ™ 1t 10-E W g 1w ™ 1t 10-E
Br(u—ey) Br(u—ey)

[Beneke et al, 1508.01705]
Most stringent constraints from ¢ — ey and ¢ — e conversion
7 decays comparatively less restrictive
Current 4 — e cLFV bounds constrain NP scale to be very heavy, beyond LHC reach
Tex = 4 TeV (corresponding to m ., = 10 TeV)
Future u — e sensitivities: exclude anarchic RS models (without additional symmetries)
up to 8 TeV (corresponding to KK gluon masses around 20 TeV)
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Composite Higgs and warped extra dimensions @

? Holographic composite Higgs model based on enlarged symmetry, Zsy X G,
Gy = X X Zy, with X = §,, A4, A(96,384)

(Discrete) symmetries - predict the lepton mixing pattern (masses unconstrained)
Applied to 5dim model in warped space; both cases of Dirac and Majorana neutrinos

BR(u—ey)
Majorana neutrinos BRGu >3 0 [Hagedorn and Serone, '11-'12]
-1} : : :
10 1O_loiMajorana neutrinos E E
e wtgie. o ,A‘,@@ .
10—12 L e ’.aggo.o. "“. "w%xﬂm Y 2 g; 8
i , o’?‘s ag ! ;
Sty & -12 <
, I MEG 2013 10 3 SINDRUM
10_13 E X‘&.g. ,@‘.’ o
"""""""""""""""" i » ; /
_141 oooooooooooooooooo e coo0o00o0ccocococococe : y
10 e S AR O ot
: . Mu3e phase 1
-15 10 10 e anmm e acaneneann e aaannnnas o e
107 ' ol : Mu3e phase 2
‘ - ‘ S -18 e : : : : BR(u -
~10 ~05 0.0 05 1o % 10 10-16 1014 10-12 50 BR—ew)

cLFV observables (as well as EDMs) typically below experimental bounds (m}g( ~ 3 — 4 TeV)
MEG (I & Il) bounds on g — ey ~ constrain the size of boundary kinetic terms!

Important role played in the future by Mu3e data

= cLFV allows to infer relevant information on fundamental parameters
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Outlook @

Confirmed observations and several "tensions" suggest the need to go beyond the SM

In the lepton sector, v-masses provided the 1st laboratory evidence of NP
Many experimental "tensions” nested in lepton-related observables

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!
(Synergy of) lepton observables can provide information on the underlying NP model

New Physics is there! Lepton physics might be a perfect portal to address SM problems
= First hints on preferred paths to NP from EFT approach

= Attempt at identifying the underlying model capable of accounting
for all SM problems (m,, DM and BAU) and further "tensions” with observation!

cLFV emerges as extremely powerful probe to test and falsify NP in the lepton sector

Explore different paths, and profit from amazing experimental prospects in the near future!

A.M. Teixeira, LPC Clermont
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Additional material
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cLFV observables
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cLFV muon channels: radiative decays @

2 cLFV decay: u* — ety

» Event signature: E, = E, = m,/2 (~ 52.8 MeV)
Back-to-back et — y (6 ~ 180°); Time coincidence

2 Backgrounds = prompt physics & accidental
Prompt: radiative y decays (4 — ev,v, 7, very low E)) [ xR)]
Accidental: coincidence of y with positron from Michel decays y — ev,y,

photon from y — ev, v,y ; vy from in-flight e*e™ annihilation

P Experimental status:
First searches (!) in 1940's
Advent of intense muon beams in 2000's MEG @ PSI

BRut = ety) <4.2x107" (90% CL)

[MEG Coll., 1605.05081]

2 Future prospects: [MEG Il Coll., 2201.008200]

MEG Il (@ PSI): BR(ut — ety) <6x 107! very hard to go beyond 10~"> without
conceptually different approach

A.M. Teixeira, LPC Clermont



cLFV muon channels: 3-body decays

¢ 2 cLFV decay: ut — eTe e™
L
/é 2 Event signature: XE, =m, ;2 P, = 0
M e [

common vertex; Time coincidence

2 Backgrounds = physics & accidental

Physics: multi-body u decays (u — eD,v, e"e™, very low E,)

Accidental: Bhabha scattering of Michel e™ from u — ev,u, decays with atomic eTe™
Michel positrons with e*e™ from y conversion

Helium atmosphere ) L~ 36 cm

P Experimental status: mag.field: B=1T
SINDRUM @ PSI [SINDRUM Coll., '88] R~8cm Outer pixel layers
BRu* = ete e™) <1.0x107'* (90% CL) | (e g

et et Inn
uT beam layers
=% <§ Target
p
Scintillating fibres \

% Futu re prospects: [Mu3e Coll., 2009.11690]

Mu3e (@ PSl): expected sensitivity ©(10~'°) for Phase |
with HIMB, ©(10~'°) for Phase Il

[Aiba et al, 2111.05788]

A.M. Teixeira, LPC Clermont



cLFV in muonic atoms: 4 — e conversion

2 Muonic atoms: 1s bound state formed when u~ stopped in target

SM allowed processes: decay in orbit (DIO) u~ — e7v 7,

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

2 In the presence of New Physics - cLFV neutrinoless ~ — e~ conversion
p~+ A,Z)—>e +(A,7)

Y e
X 2 Event signature: single mono-energetic electron

lzue — )qal - lzB(f‘,ZZ) - ZZR(fl,ZZ)

For Aluminium, Lead, Titanium ~= E,~ O(100 MeV)

Which target?** For coherent conversion, maximal rates for 30 < Z < 60

2 Backgrounds = Only physics! u decay in orbit, beam purity, cosmic rays, ...

2 Experimental status:  [SINDRUMIIColl, '06]
SINDRUM @ PSI: CR(u~™ —e~,Au) <7.1 x107"3 (90% CL)

2 Future prospects:
MuzZe (@ FNAL) - @(10_17), [Bartoszek et al, 1501.05241]

poramishvietal, 20 COMET (@ JPARC) - 6(107"° — 107"7), ...
A.M. Teixeira, LPC Clermont
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cLFV in muonic atoms: 4 — e conversion @

2 Muonic atoms: 1s bound state formed when u~ stopped in target

SM allowed processes: decay in orbit (DIO) u~ — e7v 7,

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

2 In the presence of New Physics - cLFV & LNV (AL = 2) neutrinoless g~ — e conversion
. . -+ A,Z)—> et + A, Z - 2)*

W e
Cc
J — - . .
Oxd ,, M~ —e” conversion: coherent process, single nucleon, nuclear ground states
224
(*) — . . . .
(7,4) "y~ — et conversion: 2 nucleons (AQ = 2), possibly excited final state

A unique connection between LNV (in association with Majorana nature and possibly,
neutrino mass generation) and cLFV

LNV-Alternatives: LFV-Alternatives:

W-p* conversion H—>ety [see e.g. Geib et al, 1609.09088]
K*— mtrprw H— 3e

A.M. Teixeira, LPC Clermont



cLFV in muonic atoms: 4 — e conversion @

? Muonic atoms: 1s bound state formed when u~ stopped in target

SM allowed processes: decay in orbit (DIO) u~ — e7v 7,

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

2 In the presence of New Physics - cLFV & LNV (AL = 2) neutrinoless y~ — e™ conversion
u-+ A, Z2) - et + (A, Z - 2)*

U~ — e~ conversion: coherent process, single nucleon, nuclear ground states

u~ — e’ conversion: 2 nucleons (AQ = 2), possibly excited final state

2 Event signature: single positron - but complex energy spectrum

(22,4 EN = m, — E(A,Z) — Eg(A,Z) — Ay s
(*)
(Z,4) For Aluminium (giant dipole resonance) ~= Eﬁ‘_l;fDR ~ (0(83.9 MeV)

4 EXPerimental status: Collaboration year Process Bound

PSI/SINDRUM | 1998 | pu~ +Ti— eT+Ca* | 3.6 x 107
PSI/SINDRUM | 1998 | p~ +Ti— et+Ca | 1.7 x 107 '?

2 Future prospects:
Best sensitivity expected for Ca, S and Ti targets (possibly ~ O(few x 10~19))

[Yeo et al,'17]

A.M. Teixeira, LPC Clermont



cLFV in muonic atoms: Coulomb enhanced decay @

2 Muonic atoms: 1s bound state formed when u~ stopped in target

2 In the presence of New Physics - cLFV muonic atom decay y~ e~ — e~ e~
Initial u—, e™: 1s states bound in Coulomb field of muonic atom's nucleus

Coulomb interaction increases wave function overlap
rate strongly enhanced in large Z atoms, I" > (Z — 1)’

Larger phase space (compared with y — 3e)

2 Event signature: back-to-back electrons, E,- = m,,/2

2 Backgrounds = similar to neutrinoless conversion

2 Experimental status - new observable!
possibly included in future physics runs (e.g. COMET)

A.M. Teixeira, LPC Clermont



cLFV muonium decays @

2 Muonium: ute~
Hydrogen-like Coulomb bound state, free of hadronic interactions!
Powerful laboratory for EW tests and cLFV

2 In the presence of New Physics - Muonium oscillations and Muonium decays

B> Mu-Mu oscillation

Spontaneous conversion uTe” «» u~ et

e K Reflects a double (individual) lepton number violation |AL,| = |AL,[ =2
M Rate (typically) suppressed by external magnetic fields
e o Detection: reconstruct Michel electron from i~ decays and shell positron

Experimental status: MACS - P(Mu — Mu) < 8.3 x 10711 wiimann etai, 1901
Future prospects: MACE, AMF (@FNAL)

[Bai et al, 2203.11406] _

e -
B Mu decays e
pute~ — ete”
Clear signal compared to SM-allowed muonium decay, Mu — e+e‘17ﬂ v, e e*

No available bounds, no clear roadmap...

A.M. Teixeira, LPC Clermont



cLFV tau decays: leptonic and more

Tau leptons - heaviest of all charged leptons! Cannot have “intense tau beams” &

Copious production at B-factories (BaBar, Belle, LHCb, Belle I, ...)
PR

. ‘ n o n
Production and decay: e*e™ — 777~ signal "hemisphere
[ 3
\___v tagging "hemisphere” (e.g. 7+ — 7, v, e™)

2 cLFV tau decays: abundant modes! Pure leptonic, semileptonic (2- and 3-body), ...

B> Radiative decay: t* — #¥y

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

T

2 Backgrounds = coincidence of isolated leptons with y (ISR, FSR); mistagging

B 3-body leptonic decay: =t > fl_i ff fI;_I-

2 Event signature: E;, — \/3/2 ~0; My, ~m_
2 Backgrounds = No irreducible backgrounds!
Small background from gg and Bhabha pairs, ...

-

A.M. Teixeira, LPC Clermont



cLFV tau decays: leptonic and more @

Tau leptons - heaviest of all charged leptons! Cannot have “intense tau beams” :)
Copious production at B-factories (BaBar, Belle, LHCb, Belle II, ...)

PR

Production and decay: e" e~ — 777~ sig‘nal "hemisphere”
>
\___v tagging "hemisphere” (e.g. 7+ — 7, v, e™)

2 cLFV tau decays: abundant modes! Pure leptonic, semileptonic (2- and 3-body), ...

P Semi-leptonic cLFV tau decays
2-body final state: 7 — ¢ h" (pseudoscalar, scalar or vector neutral meson)
3-body final state: = — #h;h; (h «» 7%, K*,KY)

2 cLFV exotic modes (also lepton & baryon number violating)
T - CTh? hji (h «» 75, KF) = LNV

T = Ah™  (h «» 75,KF) = LNV & BLV
T = ptt, = LNV &BLV

A.M. Teixeira, LPC Clermont



