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Flavour and CP violation: SM @

IN2P3
Flavour in the Standard Model: interactions between fermion families (and the Higgs) ‘e deuxinfinis

Yg, Yd and Y”” ~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: oy and HQCD ,

(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...
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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 lepton sector: (strictly) massless neutrinos
conservation of total lepton number and lepton flavours
lepton flavour universality preserved (only broken by Yukawas)
no intrinsic CPV sources - tiny leptonic EDMs (4-loop... d**M < 10738%¢ cm)

Extend the SM to accommodate v, <~ v : assume most minimal extension SM,,
[SM,, = “ad-hoc” m, (Dirac), Uppmnsl

In SMm,, : flavour-universal lepton couplings, total lepton number conserved (LNC)

] f”ﬁ cLFV possible... but not observable!! BR(z — ey) ~ 107>
, m . lepton EDMs still beyond observation...

2 cLFV, LNV, EDMs, ...: observation of SM-forbidden leptonic modes and/or tensions with data
= Discovery of New Physics! (Possibly before direct signal @ LHC!)

A.M. Teixeira, LPC Clermont 2



Flavour and CP violation: SM @

IN2P3
Flavour in the Standard Model: interactions between fermion families (and the Higgs) lesdeusinfinis

/\

SM le Muon LFV
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Flavour'ed paths: SM and beyond... @

IN2P3

deux infinis

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

SM? seega? LR?
c@hgp@gﬂ#enegg? ﬂep#@%m@]@?
spmetries? SUSY?

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

= massive neutrinos and leptonic mixings UPMNS

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

2 Tensions (?) between SM and observation: rooted in flavours!
(g—2),, (g —2),, anomalies in atomic decays,

= in close relation with the lepton sector
(and often involving muons!)

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
exploring connections to mechanism of v mass generation! _

Muon flavours to lead the wagl
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New Physics quests with muon cLFV
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See talk 139 P. Paradisi

A.M. Teixeira, LPC Clermont

Why muon flavours? @

IN2P3

A SM muon ID: lepton, spin 1/2, charge -1 Les deux infinis

First discovered in 1936 (cosmic radiation)
Mass m, = 105 MeV; lifetime 7, = 2.1969811 = 0.0000022 us

v @
@

Michel decay u= — e v (BR = 100%) ~ determination of G

Couplings to EW gauge bosons: g, = 8, = 8 X & (universal? or not!) ‘

Electric dipole moment (from Sckp): |d,| ~ 107 e.cm (new CPV?)

Magnetic dipole moment (g — 2)ﬂ : an exciting adventure!

4.20 tension with SM? (new physics expected to show up elsewhere? in cLFV?)
or in fair agreement with SM? (LQCD vs. data driven... impact for EW fit?)

and in comparison with (g — 2),? (LFU violating new physics?)
"Bound states": Muonium (#"e~) ~ QED (and gravity!) tests; #H ~ proton radius

Muonic atoms (1s bound state) ~ P violation, cLFV, and more!

2 Muons - ideal probe for NP: from lepton flavour universality tests,
to anomalous magnetic moments, ... to cLFV!




cLFV muon observables @

IN2P3

Les deux Iinfinis

Muons - ideal probe for NP: from lepton flavour universality tests,
to anomalous magnetic moments, ... to cLFV!

Muon cLFV - extensive opportunities, numerous observables, at low- and high-energies

B Leptonic decays: radiative u — ey and three-body u — 3e
muonic atoms u~(A,Z) - e (A, Z) & INVu~—(A,Z) - et (A, Z — 2)*
nuclear assisted Coulomb decays y ¢~ — e e~
Muonium oscillations Mu(szte™) — Mu(p~"e™) and decays Mu(ute™) — ete™
Light "invisible" searches (e.g. 4 — eg, ...)
See talk 199 S. Renner

2 Semi-leptonic decays: 7 — Mu, M — (M )u?

See talk 139 Y. l:ujii

2 At colliders: Z — ut, H — ut (e.g. FCC-ee, CEPC, ...);
high p, dilepton tails in pp — u? ...
Numerous channels at a future muon collider!
See talk 199 N. Craig

Muons: lightest "unstables” - clean objects, ideal & versatile probes for new physics searches
At the centre of a world-wide comprehensive programme - experiments and theory
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cLFV muon observables @

IN2P3
. . . . . og e ey Les deux infinis
Searching for tiny ;-cLFV effects = high-intensity sources for excellent sensitivities
100
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= Need many many (really many!) muons: excellent sensitivity with current sources,
amazing prospects with advent of high-intensity beams (PSI, FNAL, J-PARC)
and beyond?... Muon facility? Muon collider?
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cLFV muon observables @

Searching for tiny ;-cLFV effects = high-intensity sources for excellent sensitivities

109
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= Need many Emg/rnﬁons: excellent sensitivity with current sources,
e prospects with advent of high-intensity beams (PSI, FNAL, J-PARC)

and beyond?... Muon facility? Muon collider?
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Learning about New Physics from muon cLFV

apazing sources of information on the NP models we do need!
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Muon cLFV: learning about New Physics @

Auazing prospects - so many experimental avenues, so many channels to study!

Near future: first hints of New Physics from p-cLFV, or tighter constraints ... but on which NP?

In "theory"”, what are the methods to interpret the data - measurements or new bounds?
(What can we learn from all these muons?)

Towards the full UV complete NP model:

m,,, BAU, DM, flavour & CP,
gauge unification, hierarchy, ...

Minimal NP models:
simple BSM

Constraining classes of
SM extensions: EFT

(model-independent) = Two phenomenological approaches or

flavoured paths to New Physics:
Experimental data: Effective approach (model independent)
... muon cLFV ... Model-specific (implications for a given BSM)

A.M. Teixeira, LPC Clermont
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Learning about New Physics from muon cLFV:
effective approach (EFT)

A brief survey of recent clevelopments & ideas. ..

A.M. Teixeira, LPC Clermont



Muon cLFV: EFT approach to New Physics @

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

UV complete

SM n n NP model
o = M 4 Z‘; 7 €@ VO Hoy ) -
n>
/ / effective operators
SM-EFT

unknown) NP scale - .
( ) effective coefficients 6% — Weinberg operator (1)

0% ~ flavoured contributions Apw
(among many others!)

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

@50° G 08 Go0°
zet = 555M+A5 (M) + ——(ly & ) + ..o + —

LNV ALy NV

Ov2p) + ...

= Constrain & ; and/or infer sensitivity of process to large sets of €/

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

Deceptively simple task... different new physics scales, numerous operators!
Technically very involved! Many contributions in recent years (at all levels!)

A.M. Teixeira, LPC Clermont



Muon cLFV: EFT approach to New Physics @

IN2P3
Cast current data (limits, ...) in terms of ‘Zgij and Anp: cLFV operators (0°) e dewines
&0 & 05 'l
FoM = M =) +|——(, - £+ .. gt
ANV AZ Fy { o~
. \ /
2 Simple examples: at leading order one has "PLL / \
2 v 2 2 TN
BR(u — e7) = 3845 (1. + 1Cpul’) 2
BR(i — eee) ~ %[é | Cg 11 I”+ 2| Cypr +4eCpp|” + (641n D _ 136)e| Cpy|* + | Cy gy +4eCp 7] + (L < R)
me

CR(u — e, N): far more involved (nuclear target effects, spin (in)-dependent contributions, ...)

Simple “one-at-a-time” limits: cLFV rates in terms of one C g :

Br(ut — ety) Br(ut — ete e™) Br ﬁi/eAl
42-107% 40-107% | 1.0-1072 5.0-1071° 7.0-10;v 1.0-107% = BR(IM — 6]/) depends on dlpole CD
109108  31.10 | 20.107 14.10° |207107  [29740°9 .
= asw° 15.0° | B0 g 4.9 51.105 (but also sensitive to scalar/tensor/vector
CSIUTSMall=t 72108 | 44 33-1077 | 71-10°  1.0-1077 contributions - RGE mixing, loops, ...)
; 12-10¢ 3.7-1077 | 24-10° 1.7-107¢ | 24-.107° 00071
29:100° 9.0-1071° | 57-100% 41-107° | 59-107% [85:10°1 : ; /
2.8-106 86-1077 | 54-107° 3.8-107% | [Q0SI0TE |[12810°° UﬂE’Xp ected f mdmgs.
21-100° 6.4-10719 | 41-10%  29-107° | 42-10®% 6.0-10°1°
O || 3.9910°°  94-107% | 21-1007 15-10% | 2.1.10= 51075
{J& 04.10- | 16.10 —ierrT DN EEEE 2 Include as many observables & operators

1.0-107* 32-107° | 53-10—4 38.10°% 4.8-107% 7.9-1078 . I . .
25104 11.104 | 67.105 sg.10-c | EEESE SRS as possible! (e.g. ueyy contact interactions,

42-10% 13.10* | 65-100% 46-107* | 1.3-10°3 [2.2-10°° [Davidson et al, 2007.09612]
2110 64-107% | 67-107°  47-107° | e I angular observables in polarised y — 3¢ decays
[Crivellin et al, 2017 (courtesy of M. Pruna)] [Bolton, Petcov, 2204.03468], ...)
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Muon cLFV: EFT approach to New Physics @

€50° G0°
FoM =My = (m) + —(, o) + ...
LNV AcLry

= cLFV data to constrain &° (and infer sensitivity of a process to a given operator 0°)
2 And results of a recent approach:

1 _ _ _ _ _ _ _
3ﬁg LV = A2 [CD(eaprR,u)pr + Ci(ePru)(ePgre) + Cyp(ey” P, p)(ey, Pre) + Cy (ey” Py u)(ey, Pre)+
+CN-light ON-light + CN-heavy ON-heavy.]

9 eA—uA u—eee u—ey Og=n/2 0, =n/4 ¢=n/4

) 105_—

=

— F A /PRS L8] ) v )

< B '::::;:::::;::::3 ------- AI-VI-I;/PRISM[1e-18-]-(:'-\-l)---'---::::Z::::Z:::::\ # BR(IM —> 67/) ~ 38471-2 A4 | C. éDRl ~ < BReXp (future)

I
~
..

and likewise for other observables...

.....
~
.
~

-y =

........
e " aar *

LS SR S-S
_______________
-

PR

Sensitivity to NP scales (current & future):
MEG (u — ey) «» Ac py ~ O(10°) TeV (dipole)
SINDRUM Il (11 — e, Au) «» A py ~ O(10°) TeV (4f)

ROx
MEG [4.2e-13]  “ir

_l L1 1 I L1 1 1 I L1 1 1 I H)I L1 1 1 I L1 1 1 I 1 Muze/COMET II (” - e, Al) W ACLFV S @(104) Tev
: o o5 1 15 J2 25 3 ;
dipole vs. 4-fermion 0, (both dipole and 4f)
dominance

[Davidson & Echenard, 2204.00564]
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Muon cLFV: EFT approach & conversion in nuclei @

€07 €. 0°
FoM =My = (m) + —(, o) + ...
LNV AeLry

C atla tO constrain and 1nrer sensitivity o1 a process to a given operator
= cLFV data t train €° (and inf itivity of to a gi tor (%)

2 Fully exploring the potential of atomic (elastic) muon-electron conversion, CR(x — ¢,N):
Comparatively more involved theoretical approach!
Important nuclear effects ("new" non-relativistic ET treatment: inclusion of intrinsic nucleon
and muon velocities, lepton wave functions, full nuclear response - factored from cLFV physics ...)

[see Cirigliano et al, 2203.09547; Hoferichter et al, 2204.06005 & Haxton et al, 2208.07945; among others ...]

A.M. Teixeira, LPC Clermont 11



Muon cLFV: EFT approach & conversion in nuclei @

G50 ) + 2O IN2P3,
Feft — pSM S—(my) + 26 (Lo Ep) + ... Les deux inf
LNV AcLry

C atla tO constrain and 1nrer sensitivity o1 a process to a given operator
= cLFV data t train €° (and inf itivity of to a gi tor (%)

2 Fully exploring the potential of atomic (elastic) muon-electron conversion, CR(x — e,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, ...]

Choice of future targets offering the largest complementarity with respect to
Aluminium (Mu2e, COMET)

0.20 1
32G* / ’
F [ Crr v 4 o 5) - -0

capture I VA
2 0.15-

+{L < R}

°

.l..‘ )
.'.lo" ° ‘.
o ®

BRgi(uA — eA) =

/ D
+Op V™ 4 Can 5™ 4 Cp, 7

Overlap integrals:
more distinguishable at large Z !

; 5/2
overlap integrals [m ;]
o
=

0.05 -

0.00

[Heeck et al, 2203.00702] “e0 80
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Muon cLFV: EFT approach & conversion in nuclei @

€07 €. 0°
FoM =My = (m) + —(, o) + ...
LNV AeLry

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

2 Fully exploring the potential of atomic (elastic) muon-electron conversion, CR(x — e,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, ...]

Choice of future targets offering the largest complementarity with respect to
Aluminium (Mu2e, COMET)

< 0.127
2 0.10 - Heavier nuclei (Au, Pb)! ... not feasible... (AMF?)
E 0.08 - Among experimental-friendly Z < 25 targets
é 0.06 several (theoretically good) candidates
S 0.04) Li-7, Ti-50, Ti-49, Cr-54, .., V-51
8 0.02
= 0.00
= Li-7 and/or V-51 : preferable "second" targets
[Heeck et al, 2203.00702] Z post CR(i — ¢,Al) observation

A.M. Teixeira, LPC Clermont 12



Muon cLFV: EFT approach & conversion in nuclei @

€07 €. 0°
FoM =My = (m) + —(, o) + ...
LNV AeLry

C atla tO constrain and 1nrer sensitivity o1 a process to a given operator
= cLFV data t train €° (and inf itivity of to a gi tor (%)

2 Fully exploring the potential of atomic (elastic) muon-electron conversion, CR(x — e,N):
And of its lepton number violating counterpart, u= + (A,Z) = et + (A, Z — 2)"

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

From a theoretical point of view, not straightforward!

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

- Nuclear matrix elements extremely hard to compute!

2.2
Gy g4 m:>m _
LNV L2012 | —L |F(Z-2.E)| < ¢, >> | M+
LNV-Alternatives: LFV-Alternatives: H 327‘[2 J R2 K

-t conversion UL—> ety

—_ + .
K Ty i 3e (only two % ¢ known, for Ti-48...)
[Domin et al, 0409033; Simkovic et al, 0103029]

[see e.g. Geib et al, 1609.09088]
W e = Very hard to draw implications... Must tackle NME!

czgfjﬁ) Best sensitivity: Ca, S and Ti (!?)

(2,4) CR(u™ —e™, Ti) < O(107") reo et al, 1705.07464]

Nucleus

A.M. Teixeira, LPC Clermont 13



Muon flavoured probes @ high scales @

€50’ 660" N2 s
peff — M S—(my) + 26 (Lo Ep) + ... Les deux inf
ALny AcLry

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

2 Semileptonic decays vs. Drell-Yan at the LHC: lepton flavour'ed (violating) tails

uu
dd
SS
cc
bb
uc
ds
db

sb

LHC and flavor limits (@95% CL)

e High p, di-lepton tails: flavour probes!
pp — Ut :IIJIIf(LHECZ (2)':1::21) i ° o o o and flavor limits ()
| e LHC limits very competitive for y7 tails] oot [G9CL)
{ (x10) - . ‘ ‘ = LHC (£L=36.1fb"")
» Better than quarkonium-decays PP Ol e i)
= W
; dd (X10)
. — s mat NG
— co NG
—— M bb ——— ) N _—
. T A I
Quarkonium decays — C_L _,Qﬁ : : : : : :
| : FCNC meson decays Z,b uc +|'| """" """" G """" """"
: p— e conv. (x10%) 3 ‘ 3 1 ‘ !
T decays ° ° et i
i = Impossible for e tails il R s S S
to out-perform cLFV searchesd j mroca i
00 0. 0. O O O (4 — e, N) conversion bounds b by e
0 5 10 15 20 25 30 35 40 45 ; ; ; ; ;
O x 103 [Angelescu et al, 2002.05684] S TS TS N
iy 0 10 20 30 40 50 60
ef 12 pe |2 3
[Further constraints from quarkonia decays, see e.g. Calibbi et al, 2207.10913] \/|ququ + |Gl [* < 10

A.M. Teixeira, LPC Clermont
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Muon flavoured probes @ high scales @

geff — gSM + S—(I’I’ly) + 26 (l/ﬂa o fﬂ) L ;
LNV AcLry

= cLFV data to constrain &° (and infer sensitivity of a process to a given operator 0°)
2 Flavour physics (leptons!) at a Muon Collider: what could we expect?
See talk 139 N. Craig
Extraordinary potential to probe NP at the source of cLFV leptonic decays
= Case of u*u™ collider: C\KM
BR % -
Recall BR(t — 3p) = (742;””)[|CLL|2+ | Crrl® + 17201 Cp* + | Cr 1] g
F

s
O'(ﬂ+ﬂ+ - ﬂ+7+) = 4_7[[|CLL|2 + |CRR|2 + 1/6(|CLR|2 + |CRL|2)]

/“—X M-
Process Current BR limit ~ N(pTu™ — pt7T) M

[
e Z’e i ;: " 13_: z(j; " 13;2 Number of events for a muon collider at
T — o€ X U X
T putuTe” | <2.7x1078 < 1.0 x 104 \/_ =2TeVand £ =1 ab_l
et | < 17 x 1078 6 % 107 (allowed from cLFV search limits)
T—ete p” | <1.8x 1078 < 6.8 x 103
r o pteem | < 1.5%10-8 <57 x 10° cLFV transitions "observable”, even under
r 3 | <21x10°8 <70 % 103 the strong cLFV current bounds!

And also for future sensitivities
[Fridell et al, 2304.14020]

A.M. Teixeira, LPC Clermont
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The probing power of flaveur
muons

%HZXSM_F&ﬁ@)_i_ZC_%ﬁa@_i_... European gtrateg»
AM a A
Co~ o) ) EPPSU [1910.11775]
1077 3 > 1107 )
y g 1 l ......................................... ﬂ'Flavour observables:
1000 o o ¥ T3 5 1106 o
— ¥ X% PP probes sensitive to
> 105 1105
s 10 ligﬁ-llR I 10 NP scales
PR = 5 3 5 0 5
= 2 ~
A 10° - ] = -~ s Anp ~ O(10° TeV)
102 e . on s S 10 beyond collider's reach!
10 = s 1119 0 —
[ T~ N - -~ n
= SR SIS R —
N NS NS 1
N NN NN
N LN N N ) ) ] ] N
Observable
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Learning about New Physics from muon cLFV:
SM extensions

Extremelg active research field! A few examples of the constraining & Probing

Power o1C muons amiclst a vast array cnc wc” rnotivated constructions...

A.M. Teixeira, LPC Clermont



Muon cLFV: hinting towards the NP model @

2 Models of New Physics can change SM’s predictions, introducing:
(i) new sources of flavour violation (corrections to SM vertices, new SM-NP interactions)
(i1) new Lorentz structure in the “four-fermion” interaction = new effective operators

= new cLFV couplings to SM and/or to new fields in the Feynman diagrams!

2 (A) cLFV couplings «v» extended gauge/scalar sectors
Ly =80, 00D +80 q'ad+80Ff Vo

~ ghiied + gl g qb + 50, fieZgy

2 (A): an example - New contributions to # — e conversion

m .gffu e peoo Qe BN e an gSM(NjV:)eu e
Tree level: i & = g 7' () : ; 7 (¢) : § Zsyn (3 new @)
(1= :C/ébq ] q q: Q1 ] q q: IX ] q q: gsm ] q
Additional U(1) Rp violating SUSY Extended Higgs

Higher order: many additional contributions! Boxes, penguins, ...

A.M. Teixeira, LPC Clermont
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Muon cLFV: hinting towards the NP model @

NOP?
AN W/
¢ | [

2 Models of New Physics can change SM’s predictions, introducing: |
(i) new sources of flavour violation (corrections to SM vertices, new SM-NP interactions)
(i1) new Lorentz structure in the “four-fermion” interaction = new effective operators

= new cLFV couplings to SM and/or to new fields in the Feynman diagrams!

2 (B) cLFV couplings «~» new fermions & new scalar fields [w, ¢ carry lepton flavour & number]
gllf¢=hfw¢2w¢+hqw¢qw¢+hfq¢gq¢+
-~ ﬂl[/(ﬁﬂy/¢ + hew¢we¢ + hqy/qbqllj¢ + hﬂq(pﬂqu + heq(pée(ﬁ + ...

2 (B): further new contributions to 4 — e conversion

Typically loop:

SUSY seesaw Left-Right models SM + sterile vs

A.M. Teixeira, LPC Clermont 16



Hinting towards the NP model: peculiar patterns@

N2P3
Z What can we then learn about New Physics from cLFV observables? ok i

= Let us consider a “user-friendly” canvas: the type | SUSY seesaw

51‘ / \\ ‘€j ' > ' > ’
> ! ! >
X0 (xF) v (2, H) 0; (0)
Supersymmetry (SUSY):

fermions + scalar fermions [(Z,v) «» (£, D)] ¢ (6)
gauge/Higgs + fermionic "inos" [(Z, W, H) «» (7*, 75)]
cLFV = contributions @ loop level

While ;1 — ey is a "dipole-dominated” transition, ;1 — 3¢ and ;. — e conversion
receive contributions from anapole (long-distance), y, Z & Higgs penguins, boxes, ...

If dominant contribution to 4 — e conversion from:

(i) Photon penguin = correlation between BR(y — ¢y), BR(x — 3¢) and CR(u — e, N)
CR( — e, N) = 5% 1073 BR(u — ey) ; BR(u — 3¢) =~ 6 X 107> BR(y — e7)

(ii) Z penguin = correlation between BR(iz — 3¢) and CR(z — ¢, N)  [and BR(Z — eu)]
(iii) Higgs penguin = unusual patterns! E.g. CR(ux — e, N) = 0.08 — 0.15 BR(u — ey)

A.M. Teixeira, LPC Clermont 17



Peculiar patterns: disentangling seesaws

-

N2P3
N ‘.é | J

lJ
Z What can we then learn about New Physics from cLFV observables? Les deux infinis

Seesaw realisations: distinctive signatures for numerous cLFV observables
ratios of observables to identify seesaw mediators & constrain their masses!

40 TT T T T TTTTIT T T T TTTTIT T T T TTTTIT T T TTTTTT T T TTTTTT

Type | seesaw

T Br (T - uy)/Br (t - )
Br(u - ey)/Br (u — eee)
Br(r - ey)/Br (r — eee)

20+

10+

102 10° 10* 10° 10° 107
my (GeV)

VL

VR
Mg
VR

vy, \‘~~
H

Type | (fermion singlet)

10.00

5.00+

1.00 -

e (2)
u—ery

R

0.101
0.05%

0.01

Hambye, 2013

0.50+

1

Type |l (scalar triplet)

T Type lll seesaw
Type |l seesaw ypP
BR(u—ey) __ -3
BR(uo3e) — 1.3 x 10
BR(t—py) __ -3
SR = 1.3 x 10
BR(u—ey) __ —4
10100 1000 10* 105 106
my [GeV]
v H
vy, H L
, YR
__é___<: M 5, Ms,
vy, \\\ H YL H

Type lll (fermion triplet)

A.M. Teixeira, LPC Clermont
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Hinting towards the NP model: peculiar patterns@

Z What can we then learn about New Physics from cLFV observables?

= Most models of NP predict/accommodate extensive ranges for cLFV observables
(little info on scale and on the nature of couplings)

Model 1 — eee uN — eN ?3}1;((’:‘&__’;::6)) Cglg’zg__)’;];r) .

MSSM Loop Loop ~ 6 x 1073 1073 — 102 BTN
Type-l seesaw Loop™ Loop™ 3x 1073 —0.3 0.1-10 T —
Type-ll seesaw Tree Loop (0.1 — 3) x 10° O(1072) e §<Wk)
Type-lll seesaw Tree Tree ~ 10° O(10%) 0 ()
LFV Higgs Loop" Loop™ T ~ 1072 O(0.1) a
Composite Higgs Loop™ Loop™ 0.05 — 0.5 2 — 20 n l//xi <>z°>\\\,

[adapted from Calibbi et al, 1709.00294]

Upon experimental determination of rates for cLFV transitions:

BR 3 BR 3
comparison of BREﬂ ~ e; with BREﬂ — e;
K — ey n— ey
NP-th
o t Probe NP model
CR( N) CR(i — e, N) E:> at the source
a2 . — e,
and of BR” with BR” of cLFV
(= er) exp (= er) NP-th

A.M. Teixeira, LPC Clermont 19



Hinting towards the NP model: peculiar patterns@

Z What can we then learn about New Physics from cLFV observables?

= Most models of NP predict/accommodate extensive ranges for cLFV observables
(little info on scale and on the nature of couplings)

Model 1 — eee uN — eN ?3}1;((’:‘&__’;::6)) Cglg’zg__)’;];’) .

MSSM Loop Loop ~ 6 x 1073 1073 — 102 BTN
Type-l seesaw Loop™ Loop™ 3x 1073 —0.3 0.1-10 T —
Type-1l seesaw Tree Loop (0.1 — 3) x 10° O(1072) o §<Wk)
Type-lll seesaw Tree Tree ~ 10° O(10%) 0 ()
LFV Higgs Loop" Loop™ T ~ 1072 O(0.1) a
Composite Higgs Loop™ Loop™ 0.05 - 0.5 2 — 20 / \

[adapted from Calibbi et al, 1709.00294]

In the absence of a direct discovery of the new states
= correlations of observables might help disentangling models of cLFV
= hint towards some models, falsify certain realisations

In all cases provide complementary information to direct searches!

A.M. Teixeira, LPC Clermont 19



(Well-motivated) NP models & u cLFV @

N2P3
Z What can we then learn about New Physics from cLFV observables? Lels deux infinis

Not all models of NP necessarily lead to "experimentally observable” cLFV...
(e.g. very heavy new states, symmetry-protection, ...)
One can trivially compute contributions to cLFV observables, and thus exclude (or not)
regimes of a given model... Or do much more!

2 A few illustrative examples of muon-cLFV in well-motivated BSM realisations:
from minimal SM extensions to UV-complete constructions,
aiming at addressing SM observational problems and further "tensions” (anomalies)

Addressing anomalies: extensions of SM's gauge sector and (g — 2),

Mechanisms of neutrino mass generation (LFV in neutral sector!)
GUT inspired, higher-order (scotogenic), ...
Back to seesaw cLFV "signatures” - and how CP violating phases impacts them

(Recall m, = LFV; LFV does not require m, # 0 !!)

A.M. Teixeira, LPC Clermont 20



Minimal extensions of the SM: anomalies & u-physics @

2 Extensive studies of SM extensions capable of addressing "anomalous” behaviours LlNe?fo%IS
(i.e. tensions with SM expectation): (¢ — 2),, and LFUV in B-meson decays
Minimal, testable models (first step towards complete constructions)
cLFV «» LFUV (?) 2
W FH:VLZ "
2 Minimal SM extension via light vector Z’ (leptophilic cLFV couplings): . % -

explain both Aa, and Aa,

ﬁmt Z [ﬁ_@’y“(g%BPL +g§§BPR)€ﬂ + 17@’)'”(g%ﬁPL)I//3] + H.c.

a,B

= Saturate Aaﬂ (Aa, and Aa, strictly SM-like)

Very stringent constraints from
LFU tests (Z —» ¢¢) and

cLFV (u — ey, T = ueu and Mu — Mu !)

See talk 139 N. Craig

Excellent prospects for future muon collider

AFB(,UJJF,U,A — T+7’4) — AFB(;L+,UJ4 — T+T4)SM

—

—

j—)
s

—0.11

[Kriewald, Orloff, Pinsard, AMT, 2204.13134]

App — AP for wide range of \/s Vs =40GeV
B /5 = 50GeV

—— /5 =60GeV
— /s =120GeV
— /s =140GeV
— /s =160GeV
Vs =200 GeV
— /s =240GeV

A.M. Teixeira, LPC Clermont

— — +o O bl
putp~ — ™ (M s-channel, ;, Z' t-channel) 2GR NS
. .. —0.21
= Cross section very sensitive to presence of Z’ 0 % %0 %0 0 30
. myz (GeV)
= Clear departure from SM in forward-backward asymmetry!
21



Scotogenic models: neutrinos, DM and cLFV @

: . . . IN2P3
2 Scotogenic models: a link between neutrino mass generation and dark matter! Les deux infinis

[Ma, 2006] Additional Z, symmetry: stabilises dark matter candidate ... but

= neutrino masses @ 1-loop

Recent example: SM extended by SU(2), Weyl fermions,

vy | Uy | By | B n| S
Majorana fermion singlets & scalars SU2)L 2 | 2 | 1] 1 [ 2]1
. . U(l -1 1 0 0 1 0
Pn = v mass generation, DM candidates, Wy
Vi X0 g (g o 2)/4 and BAU via leptogeneSlS! [Alvarez et al, 2301.08485]
10714
§ 1078
10715
310161 - 51077
™M g ™M
;10_17é IT-' 10-12 .
] o ’
o 10—18_; om .
10| e ]
10—19? ;‘?;v
10—20: AESSSS——S—S—S—S———————S—————_— 1016 .:.,’,,,,,,,, N W——
10718 10°'7 10716 1071 1071 1071 10712 10713 10712 107! 1071 10°° 10°% 1077
BR(u - ey) BR(T - puy)

2 cLFV observables: strict correlation between BR(x — ey), BR(x — 3¢) [dipole dominated]
less manifest for 7 decays [non-negligible box contributions]
muon cLFV decays = falsify model @ MEG Il and Mu3e !

A.M. Teixeira, LPC Clermont 22



GUT models: type Il seesaw (and cLFV) @

IN2P3
2 Grand unified models: several possibilities explored, from (SUSY) SU(5) to SO(10), . ke dewinin

Many realisations include mechanisms of v mass generation, and open the door to
flavour violation (at all levels)

Realised at very high scales (MgT1) - how to probe and test them?

Illustrative example: non-susy SU(S5) GUT & type Il seesaw [scalar triplet A, SU(5) (LQ) partners in 15]

(variations to avoid "wrong" my relations)
[Calibbi and Gao, 2206.10682]

10—
| + 10g;o[Br(u-3€)/Br(K > e)]
. log,o[Br(u—>3e)/Br(uN->eN)] -8f =
57'.".:';' ] L 3
L — —10F T
3 = e
| % -12L. &
| 5 -14p z
ﬁ S T
J S 16 :
N g1 :
L o
[ -20¢- 8‘—,
-10¢ ‘ . - : "':-‘ _22 R T —
-2 -1 0 1 2 -22 -20 -18 -16 -14 -12 -10 -8
Logolma/myq] logo[Br(u—3e)] Log1g(m1/eV)

2 cLFV observables: evident correlation between BR(; — 3¢), BR(K; — pe) and CR(e — p, N),
ratio dictated by masses of mediators (triplet A and SU(5) leptoquark)
future observation muon cLFV decays = hint on m,/m| q

If BR(K, — pe) > 10X CR(e — u, N) = disfavour 10, m! < 1072 eV

A.M. Teixeira, LPC Clermont 23
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IN2P3

Les deux infinis

Flavoured probes of neutrino masses:
SM & sterile neutrinos (... and CPV phases!)

How leptonic CP violating Phases can impact our expectations

A.M. Teixeira, LPC Clermont



Peculiar patterns: disentangling seesaws @

2P3
2 Models of NP (and leptonic LFV) predict/accommodate extensive ranges for cLFV... Lweﬁxm]m

Seesaw realisations: distinctive signatures for numerous cLFV observables
ratios of observables to identify seesaw mediators & constrain their masses!

40 TT T T T TTTTIT T T T TTTTIT T T T TTTTIT T T TTTTTT T T TTTTTT
I 10.00

Type | seesaw s Type Il seesaw

Type lll seesaw

30 BR(p—ey) __ 1.3 x 10—3

Br(t - wy)/Br(t - ppp) BR(z—3e)

Br(u — ey)/Br(u — eee) ] 1.00+

Br(t — ey)/Br(r - eee) 050,

i S
20 4y

, 13 BR(T—py) __ -3

s SR = 1.3 % 10

I 0.10+
10y 0.057,

: BR(u—ey) __ —4
T T T T T U0 00 1000 10f 105 108

my (GeV) Hambye, 2013 my [GeV]

But! In general, such studies assume CP conserving couplings...
CP likely violated (PMNS, and other Dirac & Majorana NP phases = leptogenesis!)

Can leptonic CP violating phases impact our naive expectations for cLFV patterns?

A.M. Teixeira, LPC Clermont 24



Toy models of massive Majorana neutrinos @

. e g " N2P3
Simplified "seesaw models"” for phenomenology: SM + 2 heavy neutral leptonstldefwm

? Ad-hoc (low-energy) constructions: SM extended via ¢ Majorana massive states (HNLs)
No assumption on mechanism of mass generation
Well-defined interactions in physical basis

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

Hypotheses: 3 active neutrinos + 2 heavy neutral leptons 1, = (Vp e, Vy s Vpps Vs vo)!

interaction basis «»» physical basis ;> = Usys|v;>
/ | n,=>2
Left-handed lepton mixing Uppns U Us ——

3 x 3 sub-block, non-unitary! Ui Uy
Usxs = | |\Ur1  Ur2

. ) . . . . U\
Active-sterile m1x1lng U, \ Us U.a Us.s U.sa U.s
3 X 5 rectangular matrix
g U1 Ugoa Ugz Ugys Ugs }

2 Non-unitary lepton mixing matrix: source of cLFV in SM extensions via heavy sterile v

2 Interference effects (CPV) between heavier states can be present!
= Constructive & destructive interference effects in cLFV decays (leptonic and boson)

= Impact to any interpretation of experimental data

A.M. Teixeira, LPC Clermont 25



Peculiar cLFV patterns... what if CPV & cLFV? @

cLFV signatures: ratios of observables to identify mediators & constrain their masses!
But - CP violating phases do matter!

IN2P3

Les deux Infinis

And impact naive expectations...

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing 7% s, s, CPV phases)

my =ms=1TeV

® CP conserving

Observables dominated by common topology

1 — e conversion in nuclei

3-body muon decays (¢ — 3e)

[Abada, Kriewald, AMT, 2107.06313]

................ SINDRUM IT (Au). . ... .ovviiiinnnnnnidoeeiiii il
10—13
10715 .
— 17________§@@T_@Q% ___________ ;{
— ].0_ ] ."..I
<Cﬁ L
) ‘1.
+ 10710 - 4
3 teo ot .?' 1
N— ¢ Nﬁﬁo ‘ ‘!. ‘ |
_21 n Q'Q. .
oo 10 @ :
O . . . I
1023 : © Muse |
¢ |
|
_25 1
10 . 1
|
|
1

____________

10725 1072 1072 10719 10717 101
BR(u~ — e efe)

} Z-penguin dominance

Strong correlation
(CP conserving)

Observation of u — 3e

— observation of
J — e conversion

R —

A.M. Teixeira, LPC Clermont
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Peculiar cLFV patterns... what if CPV & cLFV? @

IN2P3
cLFV signatures: ratios of observables to identify mediators & constrain their masses! """

But - CP violating phases do matter!  And impact naive expectations...

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing 7% s, 5, CPV phases)

Observables dominated by common topology

1 — e conversion in nuclei . .
Z-penguin dominance
3-body muon decays (¢ — 3e)

Strong correlation
(CP conserving)

[Abada, Kriewald, AMT, 2107.06313]

Q 1071 1 < Lol .
XY 3 » Al .
ce & 2 . adty .
245 by ke :
Z° 1016 - .. 1o e i,
) \:._l' -8,y .
e L e C UL PR T S = — — - —
<: o ff oS 08 R P > 4K .
Bt N Py ° .
- o ) % HE e . .
-l S’ :
o O PPl o P .
-"." Y > g
Coe e - LA
o o r 15 06 o0 °! S oe
. ) - . []
%% 2. & ° .,

5 Loss of correlation!
SINDRUM (CP ViOlating)

my =ms=1TeV e 5
10724 - -

o .
CP conserving - Observation of y — 3e

@ CPV phases (random &4, ¢4) o 10 10'_23. T o 0 o 1o : # observation of
® CPV phases (grid nz/4) BR(u™ —e"eter) L — e conversion

R —— —
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Future cLFV data: what if CPV & cLFV?

-

INéPQ

5 deux Infinis

cLFV searches: future data can shed light on underlying NP model !

But - CP violating phases do matter!  And impact naive theoretical expectations...

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing 7% s, s, CPV phases)

2 Impact of CPV phases regarding experimental prospects!

Some illustrative benchmark points - CP conserving (P;) and CPV variants (P))

BR(p — ey) | BR(u— 3e) | CR(u—e, Al) | BR(7 — 3u) | BR(Z — pr)
P, | 3x1071% o [1x107® v | 9x107® v | 2x10718 o | 3x107"? o
Pll1x107® v |2x107% v | 1x107% v [1x107% v | 2x107° v

1 Po X 107%° o x 107 o x 107" o x 107 X 107 ‘
P, 6x107" v [4x107" v | 9x107" v [ 8x 107" v | 1x1077
P, |2x 1011 X[3x10 0 3 x 1079 2x107° v | 8x 107" V
PL| 8x1075 o |[1x107™ v | 6x107™ v [ 2x1079 v | 1x10 v

[Abada, Kriewald, AMT, 2107.06313]

P,: only cLFV 7 decays within future reach; cLFV u decays beyond sensitivity...

What if one observes y — e and u — 3e?  Disfavour cLFV from HNL? or CPV...

P5: all considered cLFV transitions within reach!

(Non)-observation of cLFV observable(s) = not necessarily disfavour HNL extension!

A.M. Teixeira, LPC Clermont
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Future cLFV data: what if CPV & cLFV?

-

cLFV searches: future data can shed light on underlying NP model !

But - CP violating phases do matter!  And impact naive theoretical expectations...

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing 7% s, s, CPV phases)

2 Impact of CPV phases regarding experimental prospects!

Some illustrative benchmark points - CP conserving (P;) and CPV variants (P))

BR(p — ey) | BR(u— 3e) | CR(u—e, Al) | BR(7 — 3u) | BR(Z — pr)
P, | 3x1071% o [1x107® v | 9x107® v | 2x10718 o | 3x107"? o
Pll1x107® v |2x107% v | 1x107% v [1x107% v | 2x107° v
Py | 2x107% o [ 2x107% o | 2x107" o [1x1071 v | 3x107° V
P, 6x107" v |[4x107™ v | 9x10™ v |[8x10°" v | 1x10™° v
P; |2x 107 X [13x1079 X[ 3x1077 X [ 2x107% vV | 8x107" vV
PLI 8x107% o | 1x107™ v | 6x10™ v | 2x10° v | 1 x10=®

P5: associated with large active-sterile mixings [Abada, Kriewald, AMT, 2107.06313]

CP conserving case excluded due conflict with bounds from cLFV u decays

P3: suppression of rates from CPV phases (Dirac & Majorana)
reconcile large mixing regimes with observation!

:> CPV phases must be included to thoroughly assess viability of HNL regimes!

A.M. Teixeira, LPC Clermont 28



Future cLFV data: finding leptonic CPV @

IN2P3

Les deux Iinfinis

cLFV searches: future data can shed light on underlying NP model !
But - CP violating phases do matter!  And impact naive theoretical expectations...

How to look for the presence of new sources of leptonic CP violation, in association with cLFV?
Consider further observables: cLFV Z boson decays and associated CP asymmetries!

I(Z—¢,00)-T(Z - £;¢5)
[Z— 26 +TZ — £367) e

"dCP(Z - fafjﬂ) =

[Abada, Kriewald, Pinsard, Rosauro, AMT, 2207.10109] " lg

574

1077 3

[Acp(Z — pt)| > 10%
® |Acp(Z — pr)| > 20%
® |Acp(Z — pr)| > 30%

= For regimes with
BR(Z — ut) and BR(t — 3u)

f\ both within future sensitivity

..\..':.T;"""“""“‘E‘““\‘ A p(Z — p7) as large as 20%!

Beneé = Joint observation highly suggestive of

: SM extended by at least 2 heavy sterile v
107 1077 cLFV & CPV at work!

A.M. Teixeira, LPC Clermont 29
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Les deux infinis

Outlook & conclusions
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M cLFV: overview @

2z Confirmed observations suggest the need to go beyond the Standard Model

Other than v masses, many experimental tensions appear to be "nested"”
in lepton-related observables

2 Lepton physics (muons!) might offer valuable hints upon proposals of New Physics
and valuable probes to test the SM extensions!

2 Experimental opportunities with muons: near future discovery of New Physics, possibly
before observation of new resonance at colliders

= Theory efforts & theoretical approaches must be ready! (on par!)

% Consider as many observables as possible (proposal of new ones!)
¥ Explore distinct approaches: effective theories & NP models
Increase theoretical control: nuclear interactions in atomic 4 — e conversion,
running between scales, operator mixing effects, ...
Include as many sources of data as possible, synergies of observables & sectors
¥ Actively contribute to prepare next round of experiments (e.g. target nuclei, ...)

Lepton physics (muons!): apxazing opportunities ahead!
Calling upon joint theory-experimental effort

A.M. Teixeira, LPC Clermont 30



M cLFV: overview

2z Confirmed observations suggest the need to go beyond the Standard Model

Other than v masses, many experimental tensions appear to be "nested"”
in lepton-related observables

2 Lepton physics (muons!) might offer valuable hints upon proposals of New Physics
and valuable probes to test the SM extensions!

2 Experimental opportunities with muons: near future discovery of New Physics, possibly
before observation of new resonance at colliders

= So much to be learnt from muon flavours...

r ¥ Hint on New Physics couplings & new Lorentz structure (i.e. new interactions)
A H » 3% Exclude regimes and regions in BSM parameter space
3% Falsify a model (directly, or through correlations - cLFV patterns)
and/or reduce "ambiguities” on other sectors...
g (and remember - CPV phases matter in flavours!)
WSS % Probe otherwise unreachable scales!

"eave no (ﬂavourecl) stone unturned” -
leave no single grain of sand unobserved,

or muon-flavour unte(a)sted! ©

A.M. Teixeira, LPC Clermont
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Les deux infinis

Additional material
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Anomalous magnetic moments: muons and electrons@

IN2P3
7 Anomalous magnetic moment of the muon @ 2021: ; Les deux infinis
_ exXp_ SM _»H
Aaﬂ = a, a,”" =1 "
BNI_'g-2 °
A g2 New Physics: badly needed? or not?
Standard:Aodel with ' Exper;nental
BMWec lattice LO-HVP Average
< i > Washington 1987 1 | ® ' Morel et al [Nature, 588, pages 61-65 (2020)]
St\gvr?(iit‘aerdp i/lpc?cge‘l | | | | | | Stanford 2002 - h/m('33Cs) | ® {
17.5 18 18.5 19 195 20 205 21 21.5
a, x 10° - 1165900 LKB 2011 h/m('Rb) @A | o -
o Harvard 2008 | a 8, |l
» Anomalous magnetic moment of the electron RIKEN 2019 "
Cs —12 . h/m(*33Cs) j—@—
(2018) Aa,> =—0.88(36) x 10 ~ — 230  Bekely2018] him(*Cs) 4
h/m('Rb) @
(2020) AaRP = 0.48(30)x 10712 ~ 4+ 1.7 nCRO® gy 5o o1 s
8 9 10 11 12

(! — 137.035990) x 10°

Difference of 5.40 in determination of « ?!

Z? Two anomalies in Aaﬂ and Aaecs ? (5M Input parameter!)

Possible hint of lepton flavour universality violation?
Lepton universality (MFV) naively suggests Aa,/Aa, ~ mez/mﬁ ~+24%107°

but AaSS/Aa, ~ —33x 107%...

A.M. Teixeira, LPC Clermont 10



cLFV: modes & experimental prospects @

N2PJ3
2 Radiative and 3-body muon decay channels Ve

/ © > put — ety
" . » Event signature: E. = E, =m, /2 (~ 52.8 MeV)
Tq/L N

Back-to-back e - v (6 ~ 180°); Time coincidence

Current status: BR(p — e7)< 4.2 x 1071 [MEG, '16]
Future prospects: MEG Il @ PSI ~ sensitivity 4 x 10~*

> p,"‘ — ete et

» Event signature: S E. =my; S P. =0

common vertex: Time coincidence

Current status: BR(u — eee)< 1.0 x 1072 [SINDRUM, '88]

Future prospects: Mu3e @ PSI
Phase I: 107"° (7E5 p source) = Phase Il: 107'¢ (H.l. y-beam)

A.M. Teixeira, LPC Clermont



cLFV: modes & experimental prospects @

2 Nuclear assisted cLFV and Muonium channels

e

> -+ (A, Z)—> e + (A 2Z) ¥ k q
» Event signature: single mono-energetic electron, Eﬁ'e b T~ 0100 MeV)

/

q
Current status: CR(u —e, Au)< 7 x 1073 [SINDRUM, '06]

Future prospects (Al): Mu2e @ FNAL | (11) ~ 6 x 10~ '7(few x 107'%);
COMET @ J-PARC I (I1) ~ 10~ °(10718)

> n e —e e - e
l(p e —e e, N) X Opesectre [(Z —1) ame]?’/w

=> Consider large Z targets! Pb, U!?

» Clean experimental signature: back-to-back electrons, F,- ~m, /2 ¢ e~

(&

Experimental status: New observable!

J— l’l'—l_ €+
[ Mu — Mu conversion = Oscillation between (e~ pt) «v (et ™) \\ /
Current status: P(Mu — Mu)< 8.3 x 107! [Willmann et al, 1999] /‘\\
Future prospects: MUSE (J-PARC)? FNAL? © H

A.M. Teixeira, LPC Clermont



cLFV: modes & experimental prospects @

IN2P3
Les

deux Infinis

B LNV atomic conversion

= p~ +(A,Z2) s et +(A,Z-2)*

i~ — e : coherent, single nucleon, nuclear ground state

p~ —eT: 2 nucleons (AQ = 2), possibly excited final states

» Event signature: single positron - but complex E-spectrum

N LNV-AIternati.ves: LFV-Alternatives:
E,-or =mu—EB(A, Z) — Er(A, Z) — Ay s 4 converson hren
BN 2 O(83.9 MeV)  [< GDRaj >~ 21.1 MeV (6.7 MeV)] [Geib et al, '16]

Experimental status - present bounds:
Collaboration year Process Bound
PSI/SINDRUM | 1998 | p~ +Ti— et +Ca* | 3.6 x 10~
PSI/SINDRUM | 1998 | pu +Ti— et+Ca | 1.7 x 107 %2
Experimental status - future prospects:
Recent studies: best sensitivity associated with Calcium, Sulphur and targets
CR(p~ —et) < O( few x 10~1%) for (both LNC and LNV searches) [Yeo et al, '17]

For Aluminium targets improvement of current sensitivity maybe very hard (even factor 10)...

A.M. Teixeira, LPC Clermont



cLFV: modes & experimental prospects @

2 Muon cLFV searches and axion-like particles

Axion-like particles: very light, “invisible” (neutral or feebly coupled) states

=> present in numerous well motivated NP maodels; role in astrophysics & cosmology

» If ALPs have flavour violating couplings to leptons, dedicated cLFV searches

1 — ea [ — eya, among many others (including 7 modes)

Current limits: BR(u" — eta)< 2.6 x 107  [TRIUMF, '86]
BR(x — ea)< 5.8 x 107> [TWIST, '14]
BR(yu — eay)< 1.1 x 10~° [Crystal Box, '88]

Future reach (?): BR(/.L —> ea)< 1072 @ Mu3e [Perrevoort, '18]
BR(u — ea)< 2 x 107° © COMET /Mu2e [Garcia i Tomo et al, '11]
Possibly at MEG... BR(ix — ea)< 3 x 10~7 (?)

» Interesting synergy between rare muon decays and ALP searches!

A.M. Teixeira, LPC Clermont



cLFV: modes & experimental prospects @

: : IN2P3
2 Further muonic probes of New Physics Les deux infinis

Testing antimatter gravity with Muonium
» No direct test of gravity for antimatter (“heavy u™)
No test of weak equivalence principle (equivalence of

gravitational and inertial masses) for antimatter

» Methods: Annual modulation of Muonium 1s-2s transition frequency

aphelion Mach Zehnder atom interferometer
2 9
) e //
7 /7
7 7
e ~
K mﬁU”* ) v~ ~ 43 mrad|
! Ty - w<100umj-
perihelion
[Kirch, '07-'19]
Source Interferometer Detection

A.M. Teixeira, LPC Clermont



cLFV: modes & experimental prospects

2 Further muonic probes of New Physics

Testing antimatter gravity with Muonium

The proton radius: experiments with muonic Hydrogen

‘normal’ electronic hydrogen

» Measurement of proton radius relies on Lamb Shift

electron cloud

(sensitive to rp) N

» Proton radius determined with great accuracy o

proton

for muonic Hydrogen, #H

up 2013 + —l— electron avg.
® scatt. JLab
up 2010 |- - scatt. Mainz
= H spectroscopy
B ¥R Y T R T T (TR T [1506.00873]
Proton charge radius Rch [fm]
» An excess of between 75, and r;! New Physics?

-

IN2P3

Les deux Iinfinis

‘exotic’ muonic hydrogen

muon cloud

\
%

proton

A.M. Teixeira, LPC Clermont



cLFV: modes & experimental prospects @

IN2P3
2 Rare Lepton Number Violating (AL = 2) decays Les deux infinis

% LNV suggests the presence of Majorana states; opens the door for leptogenesis...

» Neutrinoless double beta decays: (A,Z) — (A, Z +2) + 2e~

Current status: mgg < (61 — 165) meV [Kamland-Zen, '16]

» LNV in semileptonic tau and/or meson decays

Current Bound
LNV decay / p
b=e, U =e|l=p, £'=p Experimental status: BaBar, Belle
K- =00 77| 64x10710 | 1.1 x107°
_ _ o — _6 _8 Current Bound
D™ = ¢ ¢ xt | 1.1x10 2.2 x 10 LNV decay
D ¢~ ¢~K+|| 90x10~7 | 1.0x 105 t=e b=n
B- 00—+l 23%x10-8 | 4.0x 10-9 T 4T~ ||2.0x 1078 | 3.9 x107®
B 50— K+| 30x10-8 | 4.1 x 108 T~ 4T K~ || 32x107% | 4.8 x 1078
T~ = ¢TK-K— || 33x1078% | 4.7x 1078

Future prospects: LHCb (Upgrade | & I11), Belle Il (upgrade),
TauFV, Super Charm-Tau factory... NA62, KOTO, KLEVER, ...

A.M. Teixeira, LPC Clermont



cLFV: modes & experimental prospects @

2 Rare lepton processes: cLFV tau decays

> Ti—>e:|:’)/

» Event signature: Egna — /5/2 = AE ~ 0; [Lusiani, EPPSU"19]

— B(T - uy)
Mfinal — Mﬁfy ~ M Ky
107 \e@gz”l“\’o
Current status: BR(T — 7)< 3.3 x 1075, 5
—8 Clo) 10 6\545‘
BR(T — ,U/Y),S 4.4 x 10™° [BaBar, '10] > 3 1,\\»(00?'6(’)
10 .%\\e\\ ?’C\.
o® QI\Q 0I1° ol O QI‘*Q °
> T:l: — e;l: e;l:el:‘lz: ) 0 2 2> o) )
B(t-3u)
» Event signature: Esp — /s/2 ~ 0; &
- 1077 %2( \,Y\CO a:\,
Mge ~Y mT 2 . ég\ o \/c,b ?° 3003\0\,
d o \/\(\Co
Current status: BR(7 — 3£)< O(10™°) & & R
10710+ e
© 2o®° ¥ 2 2P 20 2

Future experimental prospects:
Belle I, LHCb Upgrades, ..., TauFV, (Super) Tau-Charm factories, FCC/CEPC
BR(T = £y) <1-3x107° BR(T =+ 30) <1-2x10"1°

A.M. Teixeira, LPC Clermont



cLFV: modes & experimental prospects @

2 cLFV semi-leptonic decays: tau leptons Les deux infinis
0.
> T —>Lh”; 1T — Lh; hj
2 by IP” IS” I\V° Il Ihh Ah ] -
S 10° . = 3
QO . m "EEgnm ..I - . . 5 (o
© . mn - wl ' El w E D 3
b . snn__*" " a©® . = (?
L>L 10-6 2 mn —E 5 —
| ‘ . 3 S ®
- v Yy Y 9 v . =
- o0
S 107 g T ¥ ’ v'v ’ il bl W & ':
7 Lo 'v v vy Y3 0 X
é ' i v’ . Y L - '5 “%
- — ' - -—
= i ]=cLEO @ 3
g 10 § vBaBar J
= a 1 - Belle bS]
S L = 1 - LHCb S
_i 10 . - L Y e o e o ~ = ® Be"e "
- @ ...0..‘ Bl e o - ® o Yo 0 e o]
O s .. ® ... ® o o
! "
o~ 1010 N I T N
8 SEERTFERALRRRNL TP 38 vonzoz ki REMAARE MY Y <l<<le
wa_'wzw:d):_‘w:m:"u': m:lw‘:iw:m:"’q"m'l'l":.‘wCﬁhﬁf‘!xxfx q)m_,olo_r‘ '»"xx
=R R :*m“‘o—hm—hﬂ)_um ‘B 2Ry

Meson decays: excellent testing grounds for lepton flavour dynamics -
» K, D and B meson decays: abundant data [LHCb, BNL, KTeV, BaBar, Cleo, Belle, ...]
BR(K7 — pe) < 4.7x10712; BR(KtT - ntpute™) < 2.1 x 10711
BR(D® — pe) < 1.5x1078; BR(B — pe) < 2.8 x 1072,
Future prospects: BR(B(5) — pe)< O(10~19) LHCb'll, BR(B — XTe(p))< O(107°) Belle I,

A.M. Teixeira, LPC Clermont



cLFV: modes & experimental prospects @

2 cLFV decays at colliders

Z boson decays: Z — ;¢ ~ /s abundantly produced at LEP and at the LHC
» Current bounds: BR(Z — eu) < 7.5 X 10~7  [ATLAS, 2014]

BR(Z — u1) <1.2x107° BR(Z —er) <9.8x107° [OPAL & DELPHI]

Higgs boson decays: H — /¢; ¢; ~ “Higgs-factory” at LHC - study rare processes...
» Current data: BR(H — pu7) < 0.0025 [CMS]; BR(H — er) < 0.0061 [CMS)

Production of “on-shell’” NP states = new interactions induce decays

Multiplicity, composition, Emiss, ...: properties of final state strongly model-dependent...

» Future experimental prospects: LHC Run 2 !!

. and a Higgs factory (linear/circular) ... and FCC-ee (at the Z pole)

A.M. Teixeira, LPC Clermont



cLFV: modes & experimental prospects

2 cLFV decays at colliders

137 o (13 TeV)

=
> 107"
10'2§‘ --------------------------------------- 7
107F 8\“:
- o |
— ) 3
107F “-. 7
: o Vg
- & £
! o 2l @ g
10—5 | | IIIIII| |°\°EI IIIIIi | EI IIIIIIE
10°  10* 102 102 10"
Y |
ut

2 Limits on "effective” Yukawa couplings:

[CMS Coll, 2105.03007]

-

IN2P3

Les deux infinis

CMS

137 o™ (13 TeV)

0
> 10"
10°E 7
107°F o
-\ o
— 3
107%E Z
- Vi
- L
10—5 | | IIIIII| | il*lllliI il Illlllil
10°  10* 102 102 10"
Y |
et

['(H — (*0F) = S—N(’YE“W'Z + Yy [?)
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cLFV & LFUV: light meson decays @

LFUV in kaon and pion leptonic decays

In the SM, charged leptons have universal couplings to EW gauge bosons

ge = gp =9gr =g = Studied and tested for 7, Kaons and B-mesons

pt — DE—en)  (me 2 (' m2 —m
K™ INK—pp)  \my,

Rﬁﬂ = (2.477 £ 0.001) x 10~° [Cirigliano et al, '07]

R3? = (2.4884+0.009) x 10°  [NA62]

In the future, NA62 & TREK: O(0.2%) precision!

_ I(r—ev(v))
e/v " T(m—pv(y))

R%, = (1.235240.0002) x 10~*  (20.16 pp mille)

RI, = (1.23444+0.00030) x 10~*  (£2.4 pp mille)

In the future, PEN and PIENU (final results): beyond O(0.02%) precision!

A.M. Teixeira, LPC Clermont



Anomalous magnetic moments & more

A simultaneous explanation to Aaﬂ and Aaecs and to 8Be atomic decay "anomaly"?

2| my=17.01(16) MeV
[ [Krasznahorkay et al, '19]

10

5 ’Be” — 8BeY

§ E =18.15 MeV

g 1 2016 data

S 10 ¢ 2019 data

g backg.
X7 — ete”

L I
40 60 80 100

Minimal framework: SU(3)xSU(2)xU(1)xU(1)z_; ~Z

P I T T
120 140

MR
160
O (deg.)

-

IN2P3

Les deux infinis

= Angular correlation of e "¢~ internal pair creation

8Be*(j* = 1+, T =0) — 8Be%(j* = 0, T = 0)
@ S50 — 60
= Similar deviations in “He ¢ e~ angular correlation

*He(0~ — 0, E = 21.01 MeV)

@ 7.2¢

= Production and decay of (hypothetical) light vector boson

my ~ 17 MeV, Iy /T, ~ 6(107)

1072

extra RH neutrinos, heavy vector-like leptons, scalar /Ay

m,, from mixings with N, and L?; dynamical m,, = vyy,,

New neutral currents (Z’' and hy)

1024

Cancellation of NP contributions: saturate Aa, and Aaecs

Constrained parameter space! °Be and Aa, = Aa,!

) e ——

(Far more challenging with Aa

Rb

e oo o

-

Feng et al [2006.01151]

10744

I-\\/'ib‘rel_z_,_e_kt al [Naﬁ]"‘re,.__§88, pages 61-65

5Be

2020)]

=== Allowed range

10?

A.M. Teixeira, LPC Clermont



Muon cLFV: EFT approach to New Physics @

&0 & 0 IN2PS.
geff — Q(;/pSM + 5 (my) 4 26 (fa IR fﬂ) + Les deux inf
LNV AcLry

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

2 Comparative probing power (simplified overview): leptonic and (light) meson decays

102 |||1|8_1| | 1 10 100 10° 104

||||||‘ T ||||||‘ T |||||||‘ T ||||||Ii T |||||||‘ [

c,b
{- JW—eu mmu—ece mm CR (y'—> e) mmu— eyJ ! ‘QoL
: 3%
: T
(1 ' C~ C; Ap
C/q,,ue22 ¢.b

3
C;q) ue22

- Single @ng » at a time (perturbative 6)

- Most stringent constraints: ;1 — ¢ and g — 3e

: - If NP is such that

: @202 1 1
: 6 >

;

0

Cfu, pe22

Crd, pe22

S~— A2 Y (103TeV)? (102 TeV)

qu, 22 ue

= cannot observe J/yw — eu (or Y(15) — eu)

HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ (|
102 107 1 10

A[TeV]

nor u — ey

[Calibbi et al, 2207.10913] (unless exotic NP at work!)

A.M. Teixeira, LPC Clermont



Minimal extensions of the SM: anomalies & u-physics @

IN2P3

2 Extensive studies of SM extensions capable of addressing "anomalous” behaviours Les deux infinis

(i.e. tensions with SM expectation): (¢ — 2),, and LFUV in B-meson decays

Minimal, testable models (first step towards complete constructions)

cLFV «» LFUV

2 Minimal SM extension via single vector LQ (V{‘)

explain both R and R at tree-level

£ Vi (dpyuKiEe + @) Vi KiFUR )

= couplings from mixings
of with
(SU(2), doublets to avoid Z — ¢’ decays)

Most constraining observables:
K; — ep and p — e conversion in nuclei

= viable regimes within sensitivity
of Mu2e and COMET

10—19 i

10—22 .

10—25

[Hati, Kriewald, Orloff, AMT, 1907.05511]

® Rpe & R I current
® Rpew &Ry &LFV bounds

1

I

I o %o d
1 . . %0 o
1

1

o - L iy e i ————

Current
bounds

Future sensitivityE

1072 10722 107 1071 1078 10710 1077 104 1071

CR(p — e, Au)

A.M. Teixeira, LPC Clermont



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

IN2P3
2 Addition of 3 "heavy” Majorana RH neutrinos to the SM: MeV < my, < 10 TeV LG 400 KIS

Yy

Spectrum & mixings: m, ~ —v’Y, MY, U' M3*°U = diag(m,)

U,
U:( N ) ~ (1 — ) Upmns
UNV

UNN

Heavy states do not decouple = modified neutral and charged leptonic currents

Rich phenomenology at high intensities and at colliders

| T TTTTI [ [ T TTTTI [ T TTTTI 1 < =
107° fone + = 3
i. W ) 107" i
10-10 g 0, ¥ 2 -
D -1l £ 1072 L ;
o 10 SINDRUM II LR 50 =2 =
3L 7
; 10—122 ize! "Ej- ] 107 %
= E SINDRUM I .':: 3 — B ]
M0 P OSSN 2p Ls < 107%E -
— = o223 Al 3 = = 5
L ot N S) -
E E pn3e H tf (Tl),::" u B W 4 ﬁ\]z 106 =
. 1()_16 0 I I I I N N N N BN ‘h’-’"---wﬁ-- . f - B .
w E Mu2e/COMET ‘::0’ PR 3 [ HJ‘M\ 0 10—7 B : ~
7 -17[C po—=e(Alys o H = ece 7 X Ne P - : : T TNss
= 10 g g 7 = = T e¥ 1 NuTeV <
o = - - of \ > e(Ti) -
10713 o o R - 107°¢ “ i CHARM
= PRISM "~ = - K i
10_19 % I“\\\',' = 10_9 Eoeeooeeeonaat PS191 %
a0 i 3 - BBN ]
10 L L 11111l L L1 1111l L L1 1Illl 10—10 NIRRT RN Ll Ll
107! 1 10 10 1072 107! 1 10 102
my[GeV] my(GeV)

Alonso, Dehn, Gavela, Hambye [1209.2679]
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Leptonic cLFV decays: the role of CPV phases @

cLFV processes mediated by sterile states at loop-level
Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing 7% s, s, CPV phases)

2 Sizeable contributions to extensive leptonic cLFV observables

2 Interference effects (CPV) between heavier states can be present!
= Constructive & destructive interference effects in cLFV decays (leptonic and boson)
= Impact to any interpretation of experimental data

. y 2 Radiative decays: BR(u — ey) |G;‘e |2
W~ f 2
o = 3wy () | ke
i=4,5 \\ My — —

Assume (for simplicity & illustrative purposes): my = ms and sinf , ~ sinf s < 1

O1u+0,c—0c—0 m2
|G“|* ~ 4 sin6,, sin?6,, cos < 4 » D 24> G, N
2 m3,

= Radiative decays: rate depends only on Dirac phases; full cancellation for 20 =«

(Other form factors - more involved expressions, depend also on Majorana phases ¢, 5)

A.M. Teixeira, LPC Clermont 15



Leptonic cLFV decays: the role of CPV phases @

IN2P3

Les deux Iinfinis

cLFV processes: u — e flavour transitions & Dirac phases
Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing 7% s, s, CPV phases)
Simplified approach: sin6 , = sin@ s ; m, = ms = (1,5, 10) TeV

Abada, Kriewald, AMT [2107.06313]

e o ##7" __--—--== | P Dirac:only ;4 # 0
. RN Lesiem"TC all other phases (Majorana &
10714 4 SO tad .. .
] o\ F remaining Dirac) set to O
s ] \N ///
10715 4 AW 4
116,, = 0,5 =107 7
- 0.1 = 05 = 0.01 i = Strong cancellation for
9T4=9T5=0 : 614 =T
10717 in all observables
1 — BR(pu — ev) 1 TeV o .
10-184 — BR(u~ —eete) | 5 TeV (similar results for other Dirac phases)
] BR(Z R e:l:,u:F) .......... 10 Tev
0 ! 2 3 1 5 6
014

A.M. Teixeira, LPC Clermont
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Leptonic cLFV decays: the role of CPV phases @

IN2P3

Les deux infinis

cLFV processes: g — e conversion and CPV Dirac / Majorana phases
Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing 7% s, s, CPV phases)
Simplified approach: sin6 , =sinf s ; my =ms =1 TeV

[Abada, Kriewald, AMT, 2107.06313]

- 10713

B Interference effects
Both destructive AND constructive!

- 10—14

10~ = Joint effect of Dirac (054) and

4 i“ Majorana (¢4) CPV phases
S 3 107 1 (all other dof's fixed)
2 o E
= From beyond experimental
, e , 1018 sensitivity...
to within near future reach...
0 ' — 10-19 and even already excluded!

» CP conserving

964 — 965 = 10_3

6)“4 = 0”5 == 001 . .

0 —d.-01 CPV (max destructive interference)
4 = Y15 T Y

CPV (max constructive interference)

A.M. Teixeira, LPC Clermont 17



CPV & cLFV: phenomenological impact @

CP violating phases do matter in cLFV observables!

2 Consider "3+2" toy model (SM + 2 heavy sterile states; leptonic mixing 7.5, CPV phases)

2 Phenomenological analysis: experimental constraints on TeV-scale HNL extensions
- lepton flavour universality,
- lepton number violation,
- electroweak precision,
- cLFVI, ...
and further limits (e.g. », perturbative unitarity, ...)

conducting a thorough survey of parameter space
~ random scans of mixings and phases, grid based, ...

= Impact for phenomenological studies (predictions) of cLFV observables

= Impact for falsifiable scenarios
= More words of warning for interpreting future data

cLFV signatures: ratios of observables to identify mediators & constrain their masses!
But - CP phases (Dirac and/or Majorana) generically present in most models of v masses...

And impact naive expectations...

A.M. Teixeira, LPC Clermont 18



Peculiar cLFV patterns... what if CPV & cLFV? @

IN2P3
cLFV signatures: ratios of observables to identify mediators & constrain their masses! """

But - CP violating phases do matter!  And impact naive expectations...

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing 7% s, 5, CPV phases)
Impact of CPV phases regarding experimental prospects!

General overview of parameter space: all angles & CPV phases randomly (independently) varied
Non-degenerate heavy states (mass around TeV scale)

Abada, Kriewald, AMT [2107.06313]

10712 4. STNDRUM TL CAW) .o e, ¥ Strong correlation between
o . ' observables (CP conserving case)
1rac
10-14 - 50”« ,gﬂi ) 75 0 \
- 0,9 =0 - % = Observation of y — ey suggests
07 oo, oo B a potential observation of
[ 1 — e conversion
3
1 Rt
U 10—20_ - . ;’i rrrrr
S . g -4 Loss of correlation between observables!
1022 - AL o omEG T o
A I (CP violating case)
. : | :
1
1072 1072 1071 10717 10715 10713 10~
BR(p — €7)

A.M. Teixeira, LPC Clermont 22



Peculiar cLFV patterns... what if CPV & cLFV? @

IN2P3
l NZT V
Les deux Infinis

cLFV signatures: ratios of observables to identify mediators & constrain their masses!
But - CP violating phases do matter!  And impact naive expectations...

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing 7% s, s, CPV phases)

Observables sensitive to one unique source of flavour violation (1-loop level)
but with distinct (dominant) topology

@‘M'@ Muonium oscillations (u*e™ — u~e™): box diagram } only depend on

Radiative muon decays (¢ — ey): dipole 014¢5) and 6,45,

W ‘r(
P 0 Abada, Kriewald, AMT [2107.06313] C e ey i Sl
- ’ 10771 T e mmETe
: LWL
107171 L hew g EEEelEE l
°° : ses e |
- | Strong correlation
= :
o | for 4 — ey and
~ 102! 4 | . . . |
my,=ms=1TeV | Muonium oscillations!
10723 : gMEG
® CP conserving |
10-25 4 MEG II :
l
II
0

1OI—25 1OI—23 IOI—Ql 10I—19 1OI—17 10I—15 1 —13 10I—11
BR(p — e7)
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Peculiar cLFV patterns... what if CPV & cLFV? @

IN2P3
cLFV signatures: ratios of observables to identify mediators & constrain their masses! """

But - CP violating phases do matter!  And impact naive expectations...

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing 7% s, 5, CPV phases)

Observables sensitive to one unique source of flavour violation (1-loop level)
but with distinct (dominant) topology

@‘M'@ Muonium oscillations (u*e™ — u~e™): box diagram } only depend on

Radiative muon decays (4 — ey): dipole 014(5) and 0,4,

W f
I
Abada, Kriewald, AMT [2107.06313] f e et AR
x P 10715 4 ERRIIT o os o L g
D .‘y-‘“'A ' o3
R 4 e
7

10—17 4

:' v )
=10 RPRERTwL i Loss of correlation
& L sk | for u — ey and
— 10_21 N .." : ° ° ° '
my=ms=1TeV . | Muonium oscillations!
10723 + : éMEG
® CP conserving R |
1025 - ) .. o MEG II :
@ CPV phases (random &4, @) B
® CPV phases (gr]d nﬂ'/4) 10|—25 10'—23 10'—21 10'—19 10'—17 10'—15 10'—13 10'—11

BR(u — e7)
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Future cLFV data: what if CPV &

cLFV searches: future data can shed light on underlying NP model

CLFV? @

IN2P3

| Les deux infinis
L]

But - CP violating phases do matter!  And impact naive theoretical expectations...

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing 7% s, s, CPV phases)

2 Impact of CPV phases regarding experimental prospects!

In general, numerous constraints on SM extensions via sterile fermions from
(negative searches for) flavour violating transitions:

T T TTTTTIT T T TTTTTIT T T TTTITIT T T TTTTTIT T T TTTTTI

p—ey
L eee
u - e(Al)
u - e(Ti)
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~
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-—_ o ——

—
— —
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-
—‘—_—”

AR W

\\s
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—
o ——
-

Lo
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Lo | R Lo |

Bounds on combinations
of active-sterile mixings

=1 ). UU%| (my) S 107"

7

10—10 | | R | L Lt | L L il | L Ll
1072 107! 1 10 10 my[GeV]
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[Alonso et al, 1209.2679 (adapted)]
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Future cLFV data: what if CPV & cLFV? @

IN2P3
cLFV searches: future data can shed light on underlying NP model ! Log deux Infinis

But - CP violating phases do matter!  And impact naive theoretical expectations...

Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing 7% s, s, CPV phases)

2 Impact of CPV phases regarding experimental prospects!

In general, numerous constraints on SM extensions via sterile fermions from
(negative searches for) flavour violating transitions:

T T TTTTTIT T T TTTTTIT T T TTTITIT T T TTTTTIT T T TTTTTI

p—ey
L eee
u - e(Al)
u - e(Ti)

Bounds on combinations
of active-sterile mixings

LIl
I A M MM M1

=1 ). UU%| (my) S 107"

7
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1

]

Ll
\

Lo

Lo | R Lo 1 llllllllJ

" )2 103 104 10° 10° 107
10 1072 107! 1 10 10 my[GeV]
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[Alonso et al, 1209.2679 (adapted)]
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cLFV boson decays and heavy neutral leptons @

IN2P3

Les deux Iinfinis

CLFV processes: H — ¢, t;, Z — ¢, ¢; and CPV Dirac / Majorana phases
Scalar and vector boson cLFV decays sensitive to additional heavy sterile states
See also extensive contributions by several groups: for instance

[9403398], ..., [1405.4300], [1412.6322], [1503.04159], [1607.05257], [1612.0929], [1703.00896],
[1710.02510], [1807.01698], [1912.13327], [2005.11234], ... among many others!

l, ly
W:I:
n;
A A
n;
_ W* _
g lg
l,, Uy
W:I:
n;
h h
n;
_ W* _
s %

Full computation (no approximation) of cLFV widths;
both unitary & Feynman gauges for complete models with HNL (type | seesaw, ISS, ...)

A.M. Teixeira, LPC Clermont



cLFV boson decays and heavy neutral leptons @

IN2P3

Les deux infinis

CLFV processes: H — ¢, t;, Z — ¢, ¢; and CPV Dirac / Majorana phases
Consider "3+2" toy model (addition of 2 heavy sterile states; leptonic mixing 7% s, 5, CPV phases)
All angles & CPV phases randomly (independently) varied; non-degenerate heavy states (TeV)
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BR(7~ — p~p"117) [Abada, Kriewald, Pinsard, Rosauro, AMT, 2207.10109] BR(Z — p=rT)

Abada, Kriewald, AMT [2107.06313]

= Important contributions of sterile fermions to cLFV Higgs and Z decays!
(H — ut most promising, but still beyond "observation”, even FCC-ee...)

= Clear effect of Majorana and Dirac phases on decay rates:
Constructive and destructive interferences
Milder loss of correlation with respect to CP conserving case than cLFV leptonic decays

A.M. Teixeira, LPC Clermont



