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Introduction

Before the LHC started operating we all
hoped for great discoveries...
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Introduction

Do we have a good reason to go Beyond the Standard Model?
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Introduction

Do we have a good reason to go Beyond the Standard Model?

Neutrinos!

The lepton sector is still
to be understood!
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Neutrinos and the lepton sector

Dear radiactive Ladies and Gentlemen...

Physikalisches Institut
der Eidg. Technischen Hochschule Zirich, L. Des. 1930
Zrich Oloriastrasse

Iiebe Radiocaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich uldvollst
ansuhiren bitte, Ihnen des nilheren suseinandersetsen wird, bin ich
angesichts der "falschem" Statistik der Ne und 1i-6 Kerna, sowie
des kontimuierlichen beta-Spektrums suf oinen versWeifelten jusweg
verfallen um den "Wechselsats” (1) der Statistik und den Energiesats
su retten. Mhmlich die Moglichkeit, es kinnten slektrisch neutrale
Tellohen, die ich Neutronen nemmen will, in den Kernen sxistieren,
welche den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘eheh von lichtquanten wusserdem noch dadurch unterscheiden, dass sie

mit liochtgeschwindigkeit laufen. Dis Masse der Neutronem

von derselben (roesenordmng wie die Elsktronenmasse sein und

s nicht grosser als 0,01 Protonenmasse.- Das kontimierliche
:ﬂ.’ﬂ wire dann verstindlich unter der Amnahme, dass beim
bote-Zerfall mit dem Rlektron jeweils noch ein Neutron emittiert
aird, derart, dass die Summe der Energien von Neutron und klektron
konstant 1st.

December 4th, 1930
Letter to his colleagues in Ttbingen 1930

Pauli's neutrino hypothesis
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Open guestions

What is the origin of neutrinos masses?

Are they Dirac or Majorana?

What is the absolute scale of neutrino masses?
What is the mass ordering?

Are there more than three neutrinos? Maybe sterile?
Is there CP violation in the lepton se'ot%?

Is lepton flavor universality violated?
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Lepton flavor violation

In the Standard Model, three copies of the leptonic
SU(2) doublet are introduced

( Ve > ( Vi > ( Vr > Gauge and
— — — Yukawa
€ f T Interactions

Is lepton flavor a conserved quantity?
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Neutrino oscillations: LFV

We already know the answer: NO

Neutrino flavor oscillations: flavor violating process!

V., === V
c ~ v Then... is this
process a sign of
\ / BSM physics?
V‘U

Yes it is!
g
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What about CLFV?

In conclusion, lepton flavor is not conserved: there is lepton flavor
violation (LFV)

However... what about charged lepton flavor violation (CLFV)?

wo —e h— p~ 1t
T T 0 — et

KY) = mleput

Never observed...
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What about CLFV?

SM + Dirac neutrino masses

%Ujil_j’YMPLViWM_ + c.cC.

{J : lepton mixing matrix

_ﬁcc —

[analog of the CKM matrix in the lepton sector]

2
<1074

I/k

Br(u — ey) =

W

[ Petcov, 1977 ]

Since neutrino masses are the only source of

LFV, all cLFV amplitudes are strongly

i Uy ULk Uie b suppressed (in fact, GIM suppressed)
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Why do we care about LFV?

The observation of CLFV would be a clear signal of (non-trivial)
physics beyond the Standard Model

In fact, most BSM models predict large CLFV rates

We can probe very high energy scales!
C A
O = ==L fleee =

A2 a Cepr

> 100 TeV
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Why do we care about LFV?

Example 1: Supersymmetric models

Sleptons: a whole new sector coupled to the SM leptons
Strong constraints on the off-diagonal soft terms
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Why do we care about LFV?

Example 2: Babu-Zee model

y
__ 7 /-
P / B h* |2

- BR ~ 17927

Small off-diagonal h couplings and/or heavy k's are required
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Experimental projects

LEFV Process Present Bound Future Sensitivity
[ — ey 4.2 x 10713 6 x 10714 (MEG)
T — ey 3.3 x 1078 ~ 1078 — 107? (B factories)
T — Wy 4.4 x 1078 ~107% — 1072 (B factories)
u — 3e 1.0 x 10712 ~ 10716 (Mu3e)
T — Je 2.7 x 1078 ~107? — 107!V (B factories)
T — 3 2.1 x 1078 ~107Y — 1071V (B factories)
=, Au — e, Au 7.0 x 10713 -
u—, SiC — e, SiC — 2 x 10714 (DeeMe)
u AL s e, Al - 10-'* — 10~ (COMET)
’ ’ 10717 — 10718 (Mu2e)
pw—, Ti — e, Ti 4.3 x 10712 ~ 1071® (PRISM /PRIME)
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Experimental projects

History of u — ey, uN — eN, and u — 3e

1

P
o 0= Y§ =
E o v U ey
'_*1 — [ |
— v €v o U — 3e
_5 |
107 g'o = uN — eN
107 ;,'
i \2
10-9 — ‘v [
- [ )
o oo =,
10" = oW H w
— o m ]
1013 V MEG Upgrade
107 = © PSI, MUSIC
— MuZe, COMET M
107" =
— Project X, PRIME [1]
10'19 L1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | | I I | | 1 1 1 1 | 1 1
1940 1950 1960 1970 1980 1990 2000 2010 2020 2030

Year
Figure taken from Bernstein & Cooper [arXiv:1307.5787]
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Experimental projects

® Mu3g
‘#ﬂﬂce &~ DeelMe
RS ) 3 COMET
" PRISMIPRIME

Belle-=(l
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LFV : Where to look for?

Ez’ — fj’y g@ — 3€J
U —€
conversion in nuclei
LFV at colliders M — £;l;
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LFV : Where to look for?

Everywhere!
ratio LHT MSSM (dipole) | MSSM (Higgs) SM4

L S ) 0.02. 1 A 108 ~6-107% | 0.06...2.2
Br(’rB‘r(—;i;J;ﬂ_) 0.04...0.4 o T T2 L O e Q07 :..22
b 0.04...0.4 ~2.1078 0.06...0.1 | 0.06...2.2
Be(r ety ) 0.04...0.3 ~2-1073 0.02...0.04 | 0.03...1.3
Br(;ﬁi—;ge—) 0.04...0.3 ~1-1072 ~1-1072 | 0.04...14
i 0082 ~5 0.3...05 15...2.3
By s 0.7...1.6 ~ 0.2 5...10 I

Réﬁ:i” 1018 ~5-1073 008...015 |107"°...26

Table taken from Buras et al [arXiv:1006.5356]
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fi — 383 VS g@ — ZJ”}/

What contribution dominates ¢; — 3¢;?

In many models of interest: Photonic dipole contributions

Most popular example: MSSM
[Hisano et al 1996; Arganda, Herrero 2006]

F ; m / j

2

Dipole
dominance

log
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The LFV program

In order to unravel the physics behind LFV (and perhaps neutrino
masses!) we must:

e Search for LFV in as many observables as possible: they
might have information about different sectors of the theory

 Study the relations among different observables (ratios,
correlations, hierarchies...)

* Understand the origin of such relations: what is the
underlying physics?
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Outline of the talk

* Introduction: Lepton Flavor Violation  FINISHED!
* Selected topics

 3-loop neutrino mass models and CLFV

* Ultralight scalars and CLFV

e FEi YA
Final remarks 7
A4
A\WYA
™
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Chuck Norris fact of the day

Chuck Norris counted to
infinity. Twice.

3-loop V mass models and CLFV

With Ricardo Cepedello, Martin Hirsch and
Paulina Rocha-Moran

JHEP 08 (2020) 067 [arXiv:2005.00015]



3-loop neutrino mass models

3-loop Majorana neutrino mass models
can actually be very simple

Minimal models

KNT model: Krauss, Nasri & Trodden, 2002
AKS model: Aoki, Kanemura & Seto, 2008

Cocktail model: Gustafsson, No & Rivera, 2012

[ Full classification in Cepedello et al, 2018 ]
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3-loop neutrino mass models

3-loop Majorana neutrino mass models
can actually be very simple

Minimal models

KNT model: Krauss, Nasri & Trodden, 2002

Focus on AKS...
AKS model: Aoki, Kanemura & Seto, 2008 -«

... but similar
(qualitative)

Cocktail model: Gustafsson, No & Rivera, 2012 conclusions hold
for the other two

[ Full classification in Cepedello et al, 2018 ]
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The AKS model

[ Aoki, Kanemura, Seto, 2008 |

) 1 2 1/2 + | -<«— 2nd Higgs doublet

¥ 1 1 0 — ' real Conserved 7o parit

S 1 1 1 _ 2 Pty
Dark Matter!

N 3 1 0 —

K m; Yia Yigm; K © K
(my);; = Caks Faxs S
" (1672 (Mn)as o s
02 | i Vs I
o S0 S S s
Y : parametrized a la Casas-lbarra P ! | \
’ ' My ' \\
= - = o = O = é = - :
Master parametrization V., Y¢ €R Y N N Y €rR UYe VL
[ Cordero-Carrion, Hirsch, AV, 2018, 2019 ] ( + diagram with crossed S lines)
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Neutrino mass in the AKS model

k2 m Yia Y

167T2) (MN)aﬁ

(ml/)rl:j — CAKS (

 (1672)3/2
> y = U R /My Faxs \| M, Ut M

K tanB

[ Casas, Ibarra,
2001 ]
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Neutrino mass in the AKS model

K2 m; Yia Y

(m,/)z-j = CaAks (167T2) (MN)aﬁ

(1 3/2
> v = LT R /My [Faxs \| M, U M1

k tan 3

[ Casas, Ibarra,

2001 ]
1/me 1/m, 1/m.;

v

Fit to oscillation data

Simple estimate 100 1 0.1
- > Y ~ 100 1 0.1
f=1 100 1 0.1

m, ~ 0.1 eV
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Neutrino mass in the AKS model

K2 m; Yia Y

167T2) (MN)Q,B

(m,/)z-j = Caks (

 (1672)3/2
> y = U R /My Faxs \| M, Ut M

K tanB

[ Casas, Ibarra,
2001 ]

1/me 1/my, 1/m.,

v

Fit to oscillation data

Simple estimate 100 1 0.1
- > Y ~ 100 1 0.1
f=1 100 1 0.1

m, ~ 0.1 eV

LFV constraints

Perturbativity
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AKS loop function

Loop function

F M2 M2 MZ.
AKS MJQ\[’ Mjgva MJQV

Common scalar mass
Mg = M, = Mg+ = mg

1000

200

800 -
600

400

200 400 600 800 1000
MN [GBV]

— 0.0016
— 0.0012
T 0.0008

0.0004

FPCP 2021 Avelino Vicente - Theory review on CLFV



AKS loop function

Loop function 1000
2
I Mg M<P ‘]\412%[jE i
ARSI\ M2 M2 ME 800, — 0.0016
i~ ’ — 0.0012
% 600
T” i T 0.0008
. S I
400
Common scalar mass i 0.0004
Mg = M, = My« = ms |
200

I 200---.---- 400 600 800 1000
(Faks/MN) pax My [GeV]
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Fine-tuning Y in the AKS model
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Fine-tuning Y in the AKS model
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Fine-tuning Y in the AKS model

R matrix

01 02

' 167T 3/2
Y = i R /My /Faxs \V M, Ut M

k tan 5
R = R(ela 927 93)
97; . complex angles

01 0o = Y2131 — 0
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Fine-tuning Y in the AKS model

R matrix
® @ > ® © O > o
k = 4T
oo @ oo o0 01 62 o
§=-r §=-101n 6=-m/2 mVl 6
10 T I /—’// al a2
%z = ® O
5 | @
10 - _ .
o m:f[éV] R mvllo[’;v] O m:f[irV] o
20 tension with fits . . . T
Fine-tuned Partially working for § = ——
[ De Salas et al, 2020 ] 2
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Fine-tuning Y in the AKS model
® 00 Rmatrix o
::: 01 02 ] :

0
my,
1 2
o

) (30
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Fine-tuning Y in the AKS model

(FarS/MN) o R matrix
o o > ® 0 0 > O
'K ko= 4w "X XK 01 02 O
m,jl 6
1 Q9
e 00 R matrix )
O 060 - 9 @
o060 3 O
.. ] ] 4 +
Perturbativity + flavor = ( fine-tuning ) largish LFV
effects
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Ultralight scalars and CLFV

With Pablo Escribano

JHEP 03 (2021) 240 [arXiv:2008.01099]



Ultralight scalars

Mgy < Me

¢ . ultralight scalar that couples to charged leptons (Mg = 0 included )

Motivation: axion, axion-like particles, majoron, familon, Goldstone bosons...
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Ultralight scalars

Mgy < Me

¢ . ultralight scalar that couples to charged leptons (Mg = 0 included )

Effective Lagrangian

L= Loyp+ Loy + Las
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Ultralight scalars

Mgy < Me

¢ . ultralight scalar that couples to charged leptons (Mg = 0 included )

Effective Lagrangian

L = Lopgp + Loy + Ly

L'gg¢ — ¢ZB (SgaPL + SgaPR) /., + h.c.
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Ultralight scalars

Mgy < Me

¢ . ultralight scalar that couples to charged leptons (Mg = 0 included )

Effective Lagrangian

L= Loyp+ Loy + Las

ﬁg% — gbZB (SgaPL —+ SgaPR) /., + h.c.

General dimensionless complex coefficients

r

Real S, p —®  Pure scalar Talk by
Particular cases: < Robgrt Ziegler
imaginary S,k —# Pure pseudoscalar — AXI0N, ALPS,
majoron...

.
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Ultralight scalars

Mgy < Me

¢ . ultralight scalar that couples to charged leptons (Mg = 0 included )

Effective Lagrangian

L= Loyp+ Loy + Las

ﬁg% — gbZB (SgaPL —+ SgaPR) /., + h.c.

Lovy = =52 Ts 0" |(K§)™ P+ (K)™ Pr faFpu +he

ady — —
Lo= Y (Aky) 7 LT Pxlo 6T Pyt + hc.
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Leptonic observables

Mgy < Me

¢ . ultralight scalar that couples to charged leptons (Mg = 0 included )

Produced in { 60‘ — 65 ¢

the final state 7| _ g ¢y
(e lo — L7y
e by =l g bf
Virtual particle <+ £, — L5 £ €7
sl = Ly

\_* Lepton dipole moments (AMMs & EDMs)
[ Escribano, AV, 2020 ]
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Leptonic observables

NEW!

Infrared divergence

0y (L = G0505) = I

Ma Ba ? 852 Ma 49\ 2708802 | (Bp)2
5127r3{(’SL ){’S ‘(410gm5 6) 6[(5 ) +(5 )]

2
: {SgaSBBAEE + QSgOéSﬁﬁ*Ag*R + 2S]IBQQSBBA}%Z 4+ S]B%QSBB*A%E

2
+ |S§O‘

_ M
12 (S7SPPAT] + S7 80P ALy ) — 4 (SRS AR + 8787 AT )

+ 662 [ Sps7 (K5)™ + 87807 (k)™ +}}

SPP =8P + Sy

FPCP 2021

Avelino Vicente - Theory review on CLFV




5000

2000
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Final remarks



Final remarks

LFV is going to live a golden age

Many LFV observables. Correlations are not only
possible, but in fact expected!

We must be ready: understand the LFV anatomy,
patterns, correlations, hierarchies...
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Thank you!




Backup slides



The KNT model

[ Krauss, Nasri, Trodden, 2002 ]

h 1 1 1 € <« Singly Conserved 7. parity
charged
S 1 1 1 — < calars Dark Matter!
N 3 1 0 —
__ _ 1 __
—LD [llh+gNerS+ g MyNN + s (hS*)? + h.c.
AS
As  JiaMa gy 9; mga fjp A
u). = F Py xS
(m )’L] (167T2)3 (MN)QIB KNT /// II \\ \\\
ho L2 0 N LNk
. . . / S / \ S N
f . antisymmetric Yukawa matrix o , . N
7/ / N\
L7 Ye /My Ye N
= &—>r—o—> 9 O  &—e—eo—% <

v f e €ér9 N N g €r €L f VL
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The Cocktall model

[ Gustafsson, No, Rivera, 2012 ]

gen SU2), U(l)y Z Conserved /o parity
s 1 1 1 - Dark Matter!
0 1 1 2 +
n 1 2 1/2 — <— Inert doublet

As  my By
)iy = Hen?B o

h : symmetric Yukawa matrix
(type-ll seesaw-like)
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FlavorKit

[Porod, Staub, AV, 2014]

A computer tool that provides automatized analytical and numerical computation
of flavor observables. It is based on SARAH, SPheno and FeynArts/FormCalc.

Lepton flavor Quark flavor
Co — Ly Bgd — 00 Not limited to a single model: use
lo — 305 B — X~ it for the model of your choice
1 — e conversion in nuclei B — X 0T/0~

T — P/ B — X450 Easily extendable

h — lolg B — K{T0~

Z = Lbalp K — v Many observables ready to be
AMp, computed in your favourite

AMyg and g model!

P — v

Manual: arXiv:1405.1434
Website: http://sarah.hepforge.org/FlavorKit.ntml
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[ Escribano, AV, 2020 ]
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