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» Strong arguments in favour of New Physics!
Observations unaccounted for in the Standard Model: neutrino oscillations,
baryon asymmetry of the Universe, viable dark matter candidate

And a number of theoretical caveats...

(S]M[? gee@s’aw? Lﬂ?
C@?rgp@eg’ﬁfnegg? ﬂepfo%a*r’kg?
symmetries? SUSY?

How to unveil the NP model at work?

> 1st laboratory evidence of NP
New mechanism of mass generation? New Majorana fields?!

= AL # 0 with implications for leptogenesis...

» SM extensions via “ heavy” sterile fermions

Theoretically well-motivated! Rich phenomenology!

» How to unveil presence of (Majorana) sterile states?

Numerous observables to be explored!

Forbidden or highly suppressed in the SM...




SM extended by sterile neutrinos: signs of New Physics?

» Majorana sterile fermions: an appealing hypothesis

NP candidate motivated by numerous theoretical and observational arguments

» Potentially a very “visible” NP portal: extensive imprints,
from colliders to low-energies, from flavour dedicated experiments to CPV searches...
=> experimental signatures within reach of current and future sensitivities!

= focus on contributions to lepton number violation processes



» Why not? “Lepton number” is only an accidental symmetry of the SM...
> evidence of NP! = Majorana fermions, and AL = 2 transitions

» AL = 2 processes at the “crossroads” of many BSM constructions
New theoretical ideas, with massive implications
=> addressing the BAU via leptogenesis!

Many processes to study, at very distinct energy scales

» Impressive experimental prospects (in the near future...)

and exciting new theoretical ideas & models!
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LNV (AL = 2) observables: neutrinoless double beta decays

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

» Neutrinoless double beta decays: (A, Z) = (A, Z 4+ 2) + 2e~

- Bven the most ambitious of the current-generation
experiments can arrive at best here

Térget of the r|e>¢-@r‘emlim'exper1’ ments |

Phys. Rev. D90, 033005 (2014)
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[adapted from Giuliani, EPPSU'19]

» Current status: mgg < (61 — 165) meV
[Kamland-Zen, '16]
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» A (small) subset of semileptonic tau and meson LNV bounds

Current Bound

LNV decay

b=e, V' =e|l=pu, t! =p
K- =00 " nt| 64x10710 | 1.1x10?
D™ = ¢ ¢ nt || 1.1 x107% | 2.2x 1078
D™ /¢ ¢ Kt|| 90x1077 | 1.0x10°
B™ =00 7nt] 23x1078% | 40x 1079
B™ w4~ ¢/"KT| 30x1078 | 41x10°8
B =00 "pT | 1.7x1077 | 42x10~7
B~ = /(= ¢"Dt| 26x107% | 6.9x 107

Experimental status: BaBar, Belle

» Also LNV in 4-body meson decays

and in (cLFV) = — e' conversion...

Current Bound

LNV decay
l=e L=
T~ =0T o ||20x1078 | 3.9x 1078
T >t K || 32x1078 | 4.8 x 1078
77 5 0TK-K— || 33%x1078 | 4.7 x 1078

Future prospects: LHCb (Upgrade | & Il), Belle Il (upgrade),
NA62, KOTO, KLEVER, ...

TauFV, Super Charm-Tau factory...




LNV at higher energies: AL = 2 collider searches
- Many NP models predict “heavy” Majorana mediators, produced on-shell at colliders
» Production and decay modes (LNV final states & signatures) «~ model dependent

E.g.: “observable” LNV Vaad + n jets from Ng, W;, Zr, H, ATt »t+

“LR symmetric Type I” “Type Il seesaw (triplet Higgs)”
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Many NP models predict “heavy” Majorana mediators, produced on-shell at colliders

» Production and decay modes (LNV final states & signatures) «~ model dependent

E.g.: “observable” LNV ¢X¢% + n jet H AT+ ypE+
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» Sterile fermion extensions of the SM
Motivation & minimal theoretical constructions

Experimental searches

» LNV and new physics models with sterile fermions
LNV observables - from 0v23 to semileptonic decays

Semileptonic meson and 7 decays: effective Majorana masses

» Interference effects in LNV and cLFV semileptonic meson decays

The role of CP phases & impact for experimental prospects
» Further LNV (and cLFV) impact of sterile fermions

» Overview & discussion

Many dedicated talks on the “LNV & LFV” session!



Sterile fermion extensions of the SM



» Sterile fermions: under SU(3).xSU(2) xU(1)y
Interactions with SM fields: through mixings with active neutrinos (via Higgs)
No bound on the number of sterile states, no limit on their mass scale(s)

Present in several theoretical models accounting for ¥ masses and mixings

» Interest & phenomenological implications - strongly dependent on their mass!

<> extra neutrinos suggested by short baseline v oscillation anomalies

(oscillation results not explained within 3 flavour oscillation)

< warm dark matter candidates; explain pulsar velocities (kicks)

(extensive bounds to be complied with...)

[ <> experimental testability! (and BAU, DM, m, generation...)

(direct and indirect effects, both at the high-intensity and high-energy frontiers)

+> theoretical appeal: “standard” seesaw, BAU, GUTs



» Sterile fermions: under SU(3).xSU(2) xU(1)y
Interactions with SM fields: through mixings with active neutrinos
No bound on the number of sterile states, no limit on their mass scale(s)

Present in several theoretical models accounting for v masses and mixings

> integral part of (low scale) mechanisms of v mass generation

~» Right-handed neutrinos (low scale seesaws: type |, vYMSM, ...)

eF — T 11—
Ltype|=—Y LLHeR—YVVRHVL—§I/RMNV§ = My ~ MNV

~ Other neutral fermions (vr + extra sterile states in Inverse Seesaw, ...)

= . — e 2 y2
Liss = -Y"URHL—MrVR X — gux X° X + gurVRVR = my ~ Sp& £X

» Simplified “toy models” for phenomenological analyses:

“ad-hoc” construction (no specific assumption on mechanism of mass generation)



» Assumptions: 3 active neutrinos + nr = (VLe, VLy, VLr,VE)T

interaction basis «~ physical basis nr = Usxa v;

Uixs M Usxa = diag(mu,, ..., my,)  “Majorana mass”: Lioy ~ nLCMny,
» Active-sterile mixing U,; : ( Us Uy U.s U.s \
rectangular matrix <= U = Ulzx4 e Un Uw Uuss U
- x4 =
» Left-handed lepton mixing Upmns: Ui Ur2 Urs Urg
3 x 3 sub-block, non-unitary! \ Usi Us2 Uss Uss )

» Physical parameters: 4 masses [3 light (mostly active) + 1 heavier (mostly sterile) states|

6 mixing angles [012, 023, 013, & 0;4] and 6 phases [(3 Dirac and 3 Majorana)]

Modified charged (W*) and neutral (Z°) current interactions:
LWzI: ~ —g—\/% WM_ Za:e,p,ﬂ' Z§+{1S Ucm Za ’YM PL V;

LZO ~ M 23+nf 1% ’}/ |:PL (UTU)@#j — Pr (UTU):j} Vj

200s0



Sterile fermions: experimental prospects

» Phenomenological impact: modified W= charged currents and Z°, H neutral currents

If sufficiently light, sterile vs can be produced as final states

» Contributions to many processes and observables [low and high energies]

Electroweak precision tests, cLFV, 0203 decays, rare meson decays (cLFV, LNV, LFUV),

collider searches, beam dump experiments, cosmology...

» Current data already allowing to constrain v, parameter space: [ma4, |UaaUg4|]

Unitarity constraints Unitarity constraints

0.100

2
|Ues |

1 10 100
my[GeV]
[Abada, De Romeri, Lucente, Toma, AMT '18]
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Sterile fermions: experimental prospects

» Phenomenological impact: modified W= charged currents and Z°, H neutral currents

If sufficiently light, sterile vs can be produced as final states

» Contributions to many processes and [low and high energies]
Electroweak precision tests, cLFV, 023 decays, rare meson decays (cLFV, LNV, LFUV),

collider searches, beam dump experiments, cosmology...

» Excellent prospects for

EWPD

future experiments, = 107 |

covering impressive

FASER2, } ab
. CODEN-b, 300 b ;

regions in [mn, |[Uan|?] 107
SHIP,2x10™ pot
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LNV and New Physics models with sterile fermions:

from 0v253 to semileptonic decays



Sterile neutrinos: impact for LNV observables

» If sterile neutrinos are Majorana fermions, expect contributions to LNV processes
» Neutrinoless double beta decays (0v273)
~ 4 2 2 m; 2 772
mee — Z@: Uez p T (Z’L_ ml/i) +p Ue4 p2T4 2

» v, can strongly impact predictions for |m.|

= augmented ranges for effective mass

Normal 3v Ordering = 3] 7 = " "1

3V

for both cases of light neutrino spectra I

(10 and NO)

» Observation of 0v2/3 signal in future experiments

I[mgg| [eV]

does not imply Inverted Ordering for light vs

[Abada, De Romeri and AMT, '14; ...; Giunti et al, '15 <]

107 1072 1072 107" 1

Lightest mass: my [eV]



LNV and sterile fermions: semileptonic decays

What can we learn from experiment?
How should data be interpreted in view of

their (hypothetical) presence?



» On-shell v.: “resonant-enhancement” of

and decays

» Bounds from BaBar, Belle, LHCb; near future - LHCb, Belle Il, BES-11I, NA62...

» Full update of LNV constraints on v, ([0.1 GeV, 10 GeV])
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» Prospects for observation:

10!

‘UM4|2

[1712.03984; see also Atre at al, '09]
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=> Vs must decay inside the detector (sufficiently short-lived)

=> Sizeable #events : BRs ~ 0(10_8’_10)

Non-negligible mixings!



» On-shell vs: “resonant-enhancement” of and decays

» Bounds from BaBar, Belle, LHCb; near future - LHCb, Belle |I, BES-11I, NA62...

» Full update of LNV constraints on v, ([0.1 GeV, 10 GeV.) [1712.03984; see also Atre at al, '09]
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» Evaluation of constraints from available semileptonic decays

=> bounds on distinct active-sterile mixings |Uq4 Ugs| for corresponding v4 mass regime



Br(K* - I Ig* 77°)

Sterile neutrinos: impact for LNV meson and tau decays

» LNV meson and tau decays via v,: prospects for discovery
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[Abada, De Romeri, Lucente, Toma, AMT '18]

BRs of several LNV meson and tau decays close to current sensitivities

=> Certain 7 and K LNV decay modes already in conflict with experimental datal!



» LNV meson and tau decays offer possibility to infer information on

— 24 Uai mi Ug;
1=1 1—‘"%2/ p%2 +1 miPi/ p%2

» m.° best constraints from 0v2/

» New bounds on all entries - < O(10™°GeV) [m7™ < O(10~2GeV)]
. B — uux log my” B — utn logm’’
10 - -3 10° : -3

TAU DECAYS OTHER BOUNDS

—

o
r
T

MESON DECAYS

BOUNDS'|

[Abada, De Romeri, Lucente, Toma, AMT 18]



» LNV meson and tau decays offer possibility to infer information on

» m.° best constraints from 0v2/

» New bounds on all
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Sterile neutrinos: impact for LNV meson 4-body decays

» Additional LNV meson observables - 4 body decays

Typically, heavier meson decays (e.g. B — D* "yt K™)

"| My (P;)
J

Also: lighter mesons to 4 leptons (e.g. 77 — e, u"et) 4Ry
+
e (p,)
/ \7# (PV) BY(P) '. :‘ [ :’ D= (R)
N(p,) i = ¥
K= (p,)
+
[Cvetic et al, 1606.04140] (a) e (p,)
» Estimation of sterile neutrino contributions
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LNV and sterile fermions: interference effects in
semileptonic decays

What can we learn from experiment?
How should data be interpreted in view of

their (hypothetical) presence?



» LNV (& cLFV) meson and tau decays in SM extended by Majorana states
=> resonant enhancement of BRs from on-shell v exchange

= several LNV decay modes close to (or even in conflict with) experimental data

» In the presence of a single sterile state:

= identical widths for LNV and LNC processes (same-sign and opposite-sign dileptons)
TYNV(M — M'eEe5) =TNC(M — M'eEe%)

=> LNV decays not sensitive to Majorana CP phases

What if LNV and cLFV decays are mediated via several (on-shell) Majorana v, ?
=> Expect constructive & destructive (coherent) interference effects

in both LNV and LNC decays!
LNV

MM e et
In particular, R@agﬁ = TINC — 7£ 1 (for a # B)

M—»M'eie;,!:




» Assume “3+4+2"” toy model: 3 active neutrinos +
» Enlarged mixing matrix, Usxs: Uai = e_i¢“i|Uai|, a=-e, uT, and i = 4,5
Introduce “relative phase”, o = a5 — pasa  (combination of Dirac and Majorana phases)

2

2 2 (o 2
ALN Sared e:p!: OC|Ua4| |UB4} |f(M)’2 |1 _i_Kje:F (¥ +¢ﬂ)’
2
C 2 2 (o —
A stz | o Uas*[Usa*lgADP [L 4 7 ¥

» Sizeable interference effects: (i) important overlap between heavy v, contributions

(ii) similar strength of vs contributions
UasUpgs| ( AM

L+ o(am))
Toalz, T OLTY)

(maximal effects for |k| ~ |k'| =~ 1)

= AM < M and AM <Tn, |s|~|K]|=

Ya +Yg ~~ "LNV" (Majorana and Dirac phases)
Yo —Pg e~ "LNC" (Dirac phases for cLFV o # ()



I\LNV

M—>M'e$e§
» Ratio of LNV to LNC BRs (different flavour final states): Ry ¢, = ~INC
M—)M’Zgﬂg
for distinct regimes of AM < T'y

[Abada, Hati, Marcano, AMT, 1904.05367]

K — mep:

M ~ 350 MeV and |Up| = |Uss| = 107°

",ba = ¢a5 _¢a4, Uai = |Uai|€_i¢ai

(combination of Dirac and Majorana phases)

» Yo = Yg: interference effects only in LNV

0 n/4 w/2 3n/4 T

Yo = wﬂ
> , Reaeﬂ # 1 = constructive & destructive interference; important

» In agreement with collider studies [Gluza et al '15, Das et al '17]



SS
Neaeﬂ

» At colliders, compare number of SS vs. number of OS dileptons: R@Qgﬁ = NO5
taly

» TeV scale seesaw realisations, embedded in generic Left-Right symmetric models

Sterile states from Wx decays: Wlf-{|E s Npt*

Type | seesaw Inverse seesaw
] 102 ]
] My
= 106; —— 3TeV |
] S| - 2TeV
] I - 500 GeV
] wor S /e 200GeV | |
10 w07 104 o1 10
[Das et al, 1709.06553] Hr (GeV)

High degree of degeneracy for Ng;... (determined by the size of Yukawa couplings)
Type I: Rys determined by CP phases; ISS: Ry governed by LNV parameter ur



Interference effects in cLFV & LNV Kaon decays

o Po =0

B Y. =9, =7/2
* Ye = —9Y, =m/2
A P =0, P, =7/2
vV % =0, ¢, =0
a4 Ye=7/2, P, =0
= exp. bounds

Tonetut toatetut

BRx 10
> 0
-3
—7'( —7l'

—-m/2 -n/2

[Abada, Hati, Marcano, AMT 19]

» e = 1), from LNV BRs in conflict with data [¢] to BR(KT — 77 eTpt)~ 0 [m]
1he = —1p,: from LNC/LFV BRs in conflict with data [¢] to BR(K " — ﬂ_ei;ﬁ)z 0 [*]

» Understanding experimental searches (and learning about nature of mediators)

= thorough analyses of R, - take into account all 4 (non-SM) decay modes!

Kt sa-etut, Kt 5 netet, Kt 5> ptpt and KT — ntetuy™
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Vi

» Hints on sterile Majorana states: #,, and CP phases Reagﬁ = TINC

lllustrative (“extreme”) cases in

[Abada, Hati, Marcano, AMT '19]

T

ST

S

N TS

v/

-7 -n/2 0 w/2

0.33

LNV

MM/ ex 65

M- M/eE e

» R., =0 [m]: BRI(KT w71 etu™)=0
No LNV modes observed, possibly LNC
K+ o ntety¥
=> mediated by a Dirac neutrino... OR
=> mediated by 2 interfering Majorana states
maximal destructive interference in LNV mode
(E.g. low-scale seesaws with

approximate lepton number conservation)



Vi

» Hints on sterile Majorana states: #,, and CP phases Reaeﬁ = TLNC

lllustrative (“extreme”) cases in

[Abada, Hati, Marcano, AMT '19]

T

ST

S

N TS

v/

-7 -n/2 0 w/2

0.33

LNV

MM/ ex 65

M- M/eE e

» R.,. > 1 [k]: BR(KT = ntetpuF)= 0
Observation of LNV modes (a # 3)
=> incompatible with Dirac states...
= possibly mediated by 2 Majorana states:
(maximal) constructive interference for
Kt s n etpt
(maximal) destructive interference in LNC mode

and same-flavour LNV modes

Kt s n etet, K* 5> putut



Vi

» Hints on sterile Majorana states: #,, and CP phases Reagﬁ = TINC

lllustrative (“extreme”) cases in

[Abada, Hati, Marcano, AMT '19]

T

ST

S

N TS

v/

-7 -n/2 0 w/2

0.33

LNV

MM/ ex 65

M- M/eE e

» R., =~ 1 [e]:
BR(Kt —» n-etput)~ BR(KT = ntetpuT)
Possible observation of all LNV & cLFV modes
=> LNV incompatible with Dirac state!
=> Cannot disentangle between:
2 Majorana states
(constructive interferences)

OR 1 Majorana state (“larger” |Uqa4l)



Vi

LNV
i ) i M—}M'eﬁeg:
» Hints on sterile Majorana states: #.,, and CP phases Reaeﬁ = TINC

M-)M'ef';eg:

lllustrative (“extreme”) cases in Re, =0,00and 1

[Abada, Hati, Marcano, AMT '19]

T

Ry, » R,=1[A, «
0
Partial cancellation in distinct-flavour modes

0.33 BR(Kt - n~etput)~ BR(KT — ntetpuT)

TS

S

=> Study same-flavour LNV modes

Substantiate 2 v, hypothesis and
3 hint on CP phases 9. and 9,

E.g. [4] observable Re, = 1

potentially observable K* — 7~ utu™

+,+

(maximal) destructive interference Kt — n~ete



LNV
M—sM'eE eg

» Hints on sterile Majorana states: #.,, and CP phases R@aeﬂ = TINC

lllustrative (“extreme”) cases in

[Abada, Hati, Marcano, AMT '19]

T

ST

-7 -n/2 0 w/2

R

0

eu

0.33

M- M/exeE

Rep, :O, o0 and ].

» If neither mode observed [V]
Kt s a-etpt and Kt = ntety™
(maximal destructive interference )
=> Crucial role of same-flavour LNV modes:

potentially observable KT — 7~ utpu™

and KT — w7 ete™



» Generic analysis, applicable to all semileptonic LNV meson decays

» Interpretation of LNV searches under

= allow for multiple sterile states, and possible interference effects

(AM < AT, non-vanishing Dirac & Majorana CP phases)

» Experimental searches [NA62]: negative LNV /LNC results

do not necessarily imply increasingly stringent bounds on |Uaa|!
» Observation of LNC only: Majorana nature not ruled out!

Other observables sensitive to the Majorana nature of sterile neutrinos...
T(M~—M'"t505) —-T(Mt M~ €5 e})
T(M~——M't505) + T(M+—>M'~£5€})

CP asymmetries in LNV decays: Agg, =
=> In certain regimes, .Agg, ~ 1 [Cvetic et al, '14 & '15]

» And in other (unexpected) sectors...



Leptonic EDMs, sterile neutrinos and cLFV



|de|/e [cm]

Sterile neutrinos: impact for leptonic EDMs

» Electron EDM: increasingly stronger bounds from paramagnetic

atoms (e.g. TI, Cs) and molecules (HfF*, ThO, ...) |

» New ACME result '18: |de|/e < 1.1 x 107%?cm

mid-term increase of 10-20 in sensitivity (developments of the ACME technique)

Excluded by cLFV
Allowed

Current bound
10727 L Future sensitivity

109

» Majorana (and Dirac) phases = lepton EDMs
» Non-vanishing contributions: at least two sterile v

» |de|/e > 1073 cm for My, 5 ~ [100 GeV, 100 TeV]

[Abada and Toma, '15]

» Independent of active-sterile mixings Majorana contribution is dominant!

» EDM observation: suggest new sources of CPV=> Majorana vs? ~~ Leptogenesis??



» Hints on Majorana nature from (flavour conserving) EDMs ~~ sizeable contributions

States too heavy for “on-shell” production in meson decays...

» Expect important impact for cLFV observables (high-intensity)!

[experimental review by L. Galli]

» Example: three-body decays ¢; — 3¢; (M) and conversion in Nuclei y — e (H)
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Concluding remarks



» Confirmed observations suggest the need to go beyond the SM

Other than v-masses, many experimental “tensions” nested in lepton-related observables
» Lepton physics might offer valuable hints in constructing and probing NP models

» Lepton number violation: signal Majorana states, hints on nature of neutrinos,

necessary ingredient to a leptogenesis explanation of the BAU...

» Majorana sterile neutrinos - appealing (minimal) SM extension
Depending on the regime, important contributions to “leptonic” NP observables

Hypothesis that can motivate a “re-interpretation” of experimental data:
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light v spectrum ordering from 0v2/3,

constraints on active-sterile mixings from meson decays

Dirac vs Majorana nature from non-observation of LNV modes




» Confirmed observations suggest the need to go beyond the SM

Other than v-masses, many experimental “tensions” nested in lepton-related observables
» Lepton physics might offer valuable hints in constructing and probing NP models

» Lepton number violation: signal Majorana states, hints on nature of neutrinos,

necessary ingredient to a leptogenesis explanation of the BAU...

» Majorana sterile neutrinos - appealing (minimal) SM extension

Depending on the regime, important contributions to “leptonic” NP observables

» Exciting near-future @ “experimental” front!

Active searches (and analyses) %\?\ . @
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Backup



LNV decay

Current bound

b =€, g =ce¢

lo =€, bg = 1
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LNV matrix m, me* mEH mHH




cLFV decay

Current bound

b =€, bg =

be =€, bg =T

boy =, bg =T
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[ p~ +(A,Z2) s et + (A, Z - 2)*

p~ — 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 "”"%;f;es" “\:\’;\o\“"

N LNV—AIternati.ves: LFV-Alternatives:
B+ =myu —EB(A,Z) — Er(A, Z) — Ay_s00 o converson hren
EAYSPR ~ 0(83.9 MeV)  [< GDRay >~ 21.1 MeV (6.7 MeV)] [Geib et al, '16]

p—et

Experimental status - present bounds:
Collaboration year Process Bound
PSI/SINDRUM | 1998 | pu~ +Ti— eT+Ca* | 3.6 x 101!
PSI/SINDRUM | 1998 | p +Ti— et+Ca | 1.7 x 10712
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)...
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[Gariazzo et al, '18]

[Dentler et al, '18]



» In the Standard Model: (strictly) massless neutrinos
conservation of total lepton number & lepton flavours
tiny leptonic EDMs (at 4-loop level.. dSM < 1073%¢ cm)

» Extend the SM to accommodate v, «~ vg

¢;
W:l:
.« . : m 0
Assume most minimal extension Wm< . x v 7
Va Va = E,, Uaivi

[SM,,,, = “ad-hoc” m, (Dirac), Upmns]

» In the SM,,,: (total) Lepton number conserved; what about lepton flavours? And CP?
v
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» SM,. - cLFV possible??  “. ﬁ v BRr—en)«x ‘ZUZiUe
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[Petcov, '77]

Possible - yes... but not observable!!

» SM,,, - observable EDMs?  Contributions from dcp (2-loop)... still ds? < 10™%%e cm



