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The Standard Model (SM)

°CZSM = gGauge T gYukawa T gHiggs

0.5 Standard Model Total Production Cross Section Measurements fLdt
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The Standard Model of Particle Physics is extremely successful in explaining a wide variety of phenomena

e No evidence of new states

Yet we know that it cannot be the full story...
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The need for Beyond SM physics

e Strong CP Problem
* Hierarchy Problem

* Flavour puzzle
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e Strong CP Problem

* Hierarchy Problem

CKM matrix PMNS matrix

* Flavour puzzle

°
normal hierarchy (NH) inverted hierarchy (IH)
" A—ZII/:s Euz Am
Am?2 |
* Neutrino masses s .
Am?,
. Dark matter —_ b
 Baryon asymmetry of the Universe Hp — 1N
n
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Neutrino masses imply Lepton Flavour Violation

The Standard Model Lagrangian (without right-handed neutrinos) is accidentally invariant under a phase rotation
of each lepton flavor U(I)La

v, . £, — et
£ = R e, =ap with a=e,u,r U(l), .
L e, —> e,
Neutrino masses break all three symmetries
/I/T\
L, < > L/

M. Ardu 3



Neutrino masses imply Lepton Flavour Violation

The Standard Model Lagrangian (without right-handed neutrinos) is accidentally invariant under a phase rotation
of each lepton flavor U(I)La

v, . £, — et
£ = R e, =ap with a=e,u,r U(l), .
L e, —> e,
Neutrino masses break all three symmetries
/I/T\
L, < > L/

Since there is no symmetry that forbids it, lepton flavour violation in the charged sector is inevitable:
+ + — -
- —> ey Tt — eTete h— t5u™...

must happen, but at what rates?
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Charged Lepton Flavour Violation (cLFV)

v
« SM+vj, predicts small cLFV
W W Br(u — ey) ~ GH(Am?)* < 107>V
H—» > > e
UZ,' Vil Uei
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Charged Lepton Flavour Violation (cLFV)

v
« SM+vj, predicts small cLFV
W W Br(u — ey) ~ Ga(Am?)* < 1071
H—» > > e
UZ,' Vil Uei

 An observation of LFV would be a clear signature of new physics

* |t could shed light on the mechanism behind neutrino masses

* Many models that address unresolved puzzles (independently from neutrino masses) predict
potentially observable LFV signals

M. Ardu 4
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u— ey, u— 3e, UA — eA

* The possibility of extremely intense muon beams make these the golden channels for LFV

* Experimental sensitivities are expected to be improved by up to five orders of magnitude

I
Next Gen l
I

' New Physics | experiments’ 1 s
107" 1 sensitivity i
10 17 L | L4 1 i I | ] | I 1 1 11 : 11 I i - 1 Jl 1 1 lL -
| : 2000 2010 2020 2030
Year

.F‘..‘IFGJ l

-

1940 1950 1960 1970 1980 1990



u— ey, u— e

e u—e+y Br(u — ey) < 3x 1071° (MEG+MEGIl) — Br(u — ey) ~ 6 x 1071* (MEGII)
Y
Y
Y

v ; L

72 ' N Y ¢
p— ( o = 7 n:!l - ¢ M m 17

~ ~ HR p—L - - ———— - €L —> > >
$ SUSY Sterile Neutrinos Scalar LFV (2HDM,...)
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u— ey, u— e

ey —>e+y Br(u — ey) < 3x 10713 (MEG+MEGIl) — Br(u — ey) ~ 6 x 10~'* (MEGII)
Y
7 g
= S }13
2 ' N Y 9
# > /\ > € — U —-:—X]-l-:— > € UR »T QGL H > \\> e co?
SUSY Sterile Neutrinos Scalar LFV (2HDM,...)

eyu—>e+eée+e Br(u— eee) < 1071% (SINDRUM) — Br(u — eee) ~ 1071° (Mu3e)

p ’ D . o e A e e 7 e
Y e
e U e U e

Type-ll seesaw Extra gauge bosons
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1 — e conversion in nuclei

» The muon gets captured by the (Z, A) nucleus and tumbles down to the 1s state

 If there are LFV interactions with nucleons, an electron can be emitted without a neutrino (conversion)

u+Z,A) - e+ (Z,A)

M. Ardu /
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* The upcoming experiments (Mu2e, COMET) will deliver extremely intense muon beams allowing to
probe Br(uA — eA) ~ 10717
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quark interactions



1 — e conversion in nuclei

» The muon gets captured by the (Z, A) nucleus and tumbles down to the 1s state

 If there are LFV interactions with nucleons, an electron can be emitted without a neutrino (conversion)

u+Z,A) - e+ (Z,A)

* The upcoming experiments (Mu2e, COMET) will deliver extremely intense muon beams allowing to
probe Br(uA — eA) ~ 10717

Sensitivity to the dipole that can compete with 4 — ey searches, but also can probe contact lepton-
quark interactions

Z/

-
Y
-
Y
QN
=
kv
Y
QN
|l
h
S

Leptoquarks Z prime



A jungle of possible models that give LFV...
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Effective field theories

» Effective field theory = low energy limit of an UltraViolet (UV) theory when the heavy degrees are
removed
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Effective field theories

» Effective field theory = low energy limit of an UltraViolet (UV) theory when the heavy degrees are
removed
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Fermi theory is the low energy limit of the SM: 0 =
v’ e Iy e



Effective field theories

» Effective field theory = low energy limit of an UltraViolet (UV) theory when the heavy degrees are

removed
Y Ve Y Ve
p
Fermi theory is the low energy limit of the SM: 0 =
v’ e Iy e

~2V2G; (B Pur ) (er°Puv)
 The Standard Model may be the low energy limit of another UV theory
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Effective field theories

» Effective field theory = low energy limit of an UltraViolet (UV) theory when the heavy degrees are

removed
Y Ve Y Ve
P pcm?
Fermi theory is the low energy limit of the SM: 0 -
1 e v e
~2V2G; (B Pur ) (er°Puv)
* The Standard Model may be the low energy limit of another UV theory UV
?
A SMEFT
SUG). ® SU2), ® U(l)y
My
LEFT or WET
SUB3). ® U(l),y,
Eexp
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Effective field theories

» Effective field theory = low energy limit of an UltraViolet (UV) theory when the heavy degrees are

removed
Y Ve Y Ve
P, pcm?
Fermi theory is the low energy limit of the SM: 0 -
I e 1 e
~2V2G; (B Pur ) (er°Puv)
* The Standard Model may be the low energy limit of another UV theory UV
?
C, : Wilson Coefficients = short-distance heavy physics A SMEET
C @ SUB). ® SUR), & U(l)y
Z smeFT = Z'smt z, — My
A LEFT or WET
n>4
SUB3), @ U(l),,
Eexp
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EFT and LFV observables

 Observables calculated in terms of the operator coefficients

m
*g& 8L ey = A—g(cijzaaﬂPRﬂ + Cl @0,,PLp)F

Y
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EFT and LFV observables

 Observables calculated in terms of the operator coefficients

m
H — —
ﬂ——g&e 53ﬂ—>€}/ — F(Cle)/:tRegaﬂPRﬂ + CgfLeGaﬂPL/’t)Faﬁ

4 2
\ % V
' Br(u — ey) = 384r? (X) (\Cgf‘R\z + \CB’:‘L\Z) <42%x107PF — (X) \Cg‘x\ <1078

V2 = (24/2Gp)~" ~ (174 GeV)? A 2 10% (if Cp ~ 1)
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EFT and LFV observables

 Observables calculated in terms of the operator coefficients

m
*g& 8L ey = A—g(cijzaaﬂPRﬂ + Cl @0,,PLp)F

4 2
y Br(u — ey) = 384 (%) (1CH P +1CY 1) <42x107"7 — (1) |l < 1078

A
= (24/2Gp)"! ~ (174 GeV)? A 2 10% (if Cp ~ 1)
Z v
gl N 107
10", < N § 3 I 10
_10° o I i §§ > 10°
1 mS§ Sl 5
LFV observables sensitive to large New Physics scale S 104 3 ! . 3§ 10
3 105, ] o N s &g
N : T 3 -
2: N R N N S & ] 5
102 < Y S NRR0
: N 3 R 3 .
10" SIS N s ~ 10
N ~ N ~N N
100_ RN ~ O N O 100
SRR N | il
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More than Branching Ratios

« In u — ey processes there is a physical difference between X = L and X = R relativistic =~ chiral electrons
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More than Branching Ratios

« In u — ey processes there is a physical difference between X = L and X = R relativistic =~ chiral electrons

dB (u — ey % T 2 2 _
( >=19271'2<X) _‘CD,R‘ (1—Pﬂcos«9€>+‘CD,L‘ <1+Pﬂcos«9€)

d (cos He)P A \ \

—
g Muon polarization vector Angle between ¢ momentum and P u
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More than Branching Ratios

« In u — ey processes there is a physical difference between X = L. and X = R relativistic =~ chiral electrons

dB (u — ey T 2 2 _
( >=1927z'2 (%) _‘CD,R‘ (I—Pﬂcosé’e>+ ‘CD,L‘ <1+Pﬂc036’6)

d (cos He)P A \ \

—
g Muon polarization vector Angle between ¢ momentum and P u

« Possible to distinguish i — ¢; p conversion with polarised muons

dB(uN — e N) p.E.G%
d(cos6,) 167

1 X1 (pe)|?(1 — P,cosb,) + | Xr(pe)|?(1 + P, cosb,)

Fcapt |
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More than Branching Ratios

« In u — ey processes there is a physical difference between X = L. and X = R relativistic =~ chiral electrons

dB (u — ey T 2 2 _
( )=1927z'2 (%) _‘CD,R‘ (I—Pﬂcosé’e>+ ‘CD,L‘ <1+Pﬂc036’e>

d (cos He)P A \ \

—
Muon polarization vector Angle between ¢ momentum and P u

« Possible to distinguish i — ¢; p conversion with polarised muons

dB(uN — e N) p.E.G%
d(cos6,) 167

1 X1 (pe)|?(1 — P,cosb,) + | Xr(pe)|?(1 + P, cosb,)

Fcapt |

« Angular observables and Dalitz plots can assist in distinguishing operators in 4 — 3e

M. Ardu 10



Low-energy EFT for u — ¢

1 _ _ _ _ _ _ _
glmﬂ = ﬁ Z [Cle)le(mﬂeo'aﬁPXM)Faﬁ + C;:uxe)e((ePXﬂ)(ePXe) + C‘e/flf)e((e}/aPLﬂ)(eyaPXe) 4 C‘e/'fllg)e((e}/aPRM)(eyaPXe) + CAlight,X@Alight,X + CAheavyJ_,X@AheavyJ_,X] +h.c.
Xe{L,R}
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Low-energy EFT for u — ¢

1 _ _ _ _ _
glmﬂ = ﬁ Z [Cle)l,tX(mMEO'aﬁPXM)Faﬂ + C;:u)(e)e((EPXﬂ)(ePXe) + C‘e/flf)e((e}/aPLﬂ)(eyaPXe) 4 C‘e/f‘Ig;(e},aPRﬂ)(eyaPXe) + CAlight,X@Alight,X + CAheavyJ_,X@AheavyJ_,X] +h.c.
Xe{L,R}

e

Sum on
Chiralities
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Low-energy EFT for u — ¢

1 _ _ _ _ _
glmﬂ = ﬁ Z [Cle)/:lX(mMEo'aﬂPXﬂ)Faﬁ + C;:uxe)e((EPXﬂ)(ePXe) + C‘e/flf)e((e}/aPLﬂ)(eyaPXe) + C‘e/f‘Ig;(e},aPRﬂ)(eyaPXe) + CAlight,X@Alight,X + CAheavyJ_,X@AheavyJ_,X] + h.c.

Xe{L,R} l

Sum on p— ( )— €
Chiralities é/
Y
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Low-energy EFT for u — ¢

1 _ _ _ _ _ _ _
glmﬂ = ﬁ Z [Cle)/:lX(mﬂeo'aﬂPXﬂ)Faﬁ + C;ftxe)e((ePX/’t)(ePXe) + C‘i/:lf)e((e}’aPLﬂ)(eyaPXe) 4 C‘e//’“‘ls)e((e},aPRﬂ)(ej/aPXG) + CAlight,X@Alight,X + CAheavyJ_,X@AheavyJ_,X] + h.c.
Xe{L,R}

€

Sum on H—" ( - e
Chiralities é/ Ho—" .

€

Y
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Low-energy EFT for u — ¢

1 eyee (— — eyee (— — eyee (— —
glmﬂ = ﬁ Z [Cle)/:lX(mMEo'aﬂPXﬂ)Faﬁ + CSg(X(ePXM)(ePXe) + CV/:lLX(e}/aPLﬂ)(eYaPXe) 4 CV/’“‘RX(Q},O‘PR/J)(BJ/“PXG) + CAlight,X@Alight,X + CAheavyJ_,X@AheavyJ_,X] +h.c.
Xe{L,R} l l l
€
Sum on [ O . , u—> O ¢
Chiralities é/ po— . /><\
€
’ q q
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Low-energy EFT for u — ¢

1 _ _ _ _ _ _ _
g|mu = ﬁ Z [Cle)/:tX(mﬂeo-aﬂPXM )Faﬁ T C§§§(8PXM )(€PX€) T C\e//,/tlf)e((eyaPLﬂ )(eyaPXe) T Céfl;)e((e}/ap R:u)(eyap Xe) + CAlight,X@Alight,X + CAheavyJ_,X@AheavyJ_,X] +h.c.
Xe{L,R}

e
Sum on p—> OD——e [ —> () ¢
Chiralities g Ho— u /><\
y € q q

 There are 12 operators coefficients that are constrained by data to lie in the interior of a 12-d ellipse in
coefficient space .

A

Experimentally allowed




Intermezzo: Including loops

« Observables are sensitive to low-energy (£ ~ mﬂ) operators that contribute at tree-level
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Intermezzo: Including loops

« Observables are sensitive to low-energy (£ ~ mﬂ) operators that contribute at tree-level

* Operators at high-energy can mix with the low-energy ones by including loops

T e
e D e DD .
= + Xlog{ — | +
f nm,
Y Y
E~m E~A E~A

* This is described by the Renormalization Group Equations (RGEs) ?(mﬂ) = E)(A) - U(m,,, \)

T

12



M. Ardu

Intermezzo: Including loops

« Observables are sensitive to low-energy (£ ~ mﬂ) operators that contribute at tree-level

* Operators at high-energy can mix with the low-energy ones by including loops

=
&W/\A/\<>
QN
1
=
&W/\N\<>
QN
_|_
~
X
)
oQ
N\
= | >
N———
_|_

E ~ m, E~A E~A
* This is described by the Renormalization Group Equations (RGEs) ?(mﬂ) = E(A) - U(m,, A)

 We always look at the low-energy coefficients because are directly related to data

12



Excluding models?

« Combine everything data (i1 — ey, i — eyeye,, A — ey A X 2) can tell us = in principle determine
the 12 low-energy coefficients

» Suppose we observe a combination of 4 — e processes in upcoming experiments
C

3

A

* By finding regions where models CANNOT be, we
can potentially exclude them

M. Ardu 13



Apply this recipe to popular New Physics models

M. Ardu



Type-ll seesaw (SM+Triplet A)

< D Faﬁ75€A : Tfﬂ+MA/1HHT€A -TH + ...

m ° e

 Simple neutrino mass model

* Neutrino masses directly related to the triplet Yukawas

 But the overall scale, the ordering/lightest mass and phases are unknown

M. Ardu 14



Type-ll seesaw: LFV coefficients

* Tree-level coupling with left-handed leptons

L
>l = O e ane
€L

€r

M. Ardu 15



Type-ll seesaw: LFV coefficients

* Tree-level coupling with left-handed leptons

ML €r
>A< - C/ (- eree)
e; e;

* Loop induced coefficients with quarks and right-handed leptons

C/ry (1 — eexey) CZ{L (MA — e A)
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Type-ll seesaw: LFV coefficients

* Tree-level coupling with left-handed leptons

ML €r
>A< —pp  C, (- eee)
e; e;

* Loop induced coefficients with quarks and right-handed leptons

CH¢  (u — e eyey) CZ‘L (MA — e, A)

* Contribution to the dipole with left-handed out-going electrons

, g eyl
f:me Q il CD,R (1 = ery)

l’l’ >| ____E,___ . l'l’L

M. Ardu 10



Type-ll: where does it live in the observable ellipse?

» Cannot predict sizable ;1 — ¢, (because triplet couples to left-handed leptons and these are suppressed by m )
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Type-ll: where does it live in the observable ellipse?

» Cannot predict sizable ;1 — ¢, (because triplet couples to left-handed leptons and these are suppressed by m )

f f

Ir « HA — e; A and 4 — e;epey are proportional (because they come from the same diagram)

Lr er,

. The (7}, vector is expected to be large because is at tree-level but can also vanish (ex: known for 0v2f that m,,

can vanish)
Hr €L

A k
- = - X My, MMy,
€r, €r
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Type-ll: where does it live in the observable ellipse?

» Cannot predict sizable ;1 — ¢, (because triplet couples to left-handed leptons and these are suppressed by m )

f f

Ir « HA — e; A and 4 — e;epey are proportional (because they come from the same diagram)

Lr er,

. The C; 7" vector is expected to be large because is at tree-level but can also vanish (ex: known for Ov2f that m,,,

V,LL
> - T T < X meem;fe

can vanish)
» Surprisingly also the dipole can be suppressed (although it requires some tuned cancellations and high m,,
— but we want to know what the model cannot do!)

M. Ardu A 16



Type-ll: where does it live in the observable ellipse?

Cvir
A Cping ~ CV,LR’ CA,L
0 i
=~ ; »
: Cping
¢

Ch

 EXxplore the space for the non-trivial
coefficients (absolute values)

M. Ardu 17



Ch

Type-ll: where does it live in the observable ellipse?

Cvir
A Cping ~ C’V,LR’ CA,L
0
= o
Cping
¢

 Explore the space for the non-trivial
coefficients (absolute values)

M. Ardu

= -
> i
= ]
+~
| 1E
~ B
=
O ~1
~ 10
20
=
AN O,
T -2
~Q 10 -
% 5

103 1072 107" 1 10

Cy 11 suppressed
 Any observation in the

white region cannot be
explained by the type-ll
seesaw

Natural values

Cping

suppressed

17



Inverse seesaw
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Inverse seesaw

» Add to the Lagrangian pairs of gauge singlet fermions N, S with opposite chirality
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Inverse seesaw

» Add to the Lagrangian pairs of gauge singlet fermions N, S with opposite chirality

_ _ . _ 1
5F s = iNON + iS0S — (Y,fm (Z,AN,) + M4SN, + —HaSaS5 +h. c)

™~

Lepton Number Violating
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Inverse seesaw

» Add to the Lagrangian pairs of gauge singlet fermions N, S with opposite chirality

_ _ . _ 1
5F s = iNON + iS0S — <Y,5m (Z,AN,) + M4SN, + —HaSaS5 +h. c)

™~

Lepton Number Violating

H
4 » Yv,u<<M

\ M y q m, = v? <Yy (M‘l),u(MT)_l
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Inverse seesaw

» Add to the Lagrangian pairs of gauge singlet fermions N, S with opposite chirality

_ _ . _ 1
5F s = iNON + iS0S — (Yga (Z,AN,) + M4SN, + —HaSaS5 +h. c)

™~

Lepton Number Violating

H
4 » Yv,u<<M

\ M y # m, = v? (YU (M_l),u(MT)_l YUT)

« Can suppress m,, with ;2 while keeping Y large. With enough pairs of sterile, ¥ is independent from
neutrino masses

M. Ardu 18



Inverse seesaw LFV

e PMNS non-unitary contribution, leads to modified W — [ — v couplings

=, - ,
N |

< VA(Y,M~Y)) W

M. Ardu 19



M. Ardu

Inverse seesaw LFV

« PMNS non-unitary contribution, leads to modified W — [ — v couplings
’ . [

a

< VA(Y,M~Y)) W
Yp
/  Match onto four-vector operators
a
C“j‘ﬁ& X ﬁvz(YyMa_ 2Yj )aﬁ(log(m%,/Mg) + const.)
€ e O,
€
q q

19



Inverse seesaw LFV

H N\ H 7/
*\\ ﬁ ,1 I « PMNS non-unitary contribution, leads to modified W — [ — v couplings
/ \ la
‘ f < VA(Y,M~Y)) 1%
Yp
H
'  Match onto four-vector operators
% NA bo g N %
a, _
H C“j‘ﬁ& X 4—ﬂv2(YyMa 2Yj )aﬁ(log(m%,/Mg) + const.)
€ e O,
€
q q
gl g
= 7 7  Match onto the dipole
| a H €
* m & —> Coly % =V, MY, ?
| ’ 471'6
LR > - - - —H— - - - €L HR T €L

M. Ardu

Y

19



Inverse seesaw LFV

» So far, EFT coefficients proportional to two matrix element: vz(YUM _ZYJ )arpp vz(YyMa_ ZYJ )aﬁ(log(m%,/Mg) + const.)

M. Ardu 20



Inverse seesaw LFV

» So far, EFT coefficients proportional to two matrix element: vz(YyM _2Yj )arpp vz(YyMa_ ZYJ )aﬁ(log(m‘%,/Mg) + const.)

» But Yukawas can be large, and there are diagrams @(Yj)

H H
| | H
€s Ay lao / - - - [
\L\‘_>I>|]¥I/y/ IB L
N N
,<_
A / -p - - l1
/'/L\ . H
/ /
aav*fa * 1 Mg
: o Yooy, baylby b— 1 (M2>
T 1 Ma T ‘ b b
x [YV(YV y)ab T In <M3> Yy]
af

20



Inverse seesaw LFV

» So far, EFT coefficients proportional to two matrix element: vz(YyM _ZYJ )arpp vz(YyMa_ ZYZ )aﬁ(log(m‘%,/Mg) + const.)

» But Yukawas can be large, and there are diagrams @(Yj)

H H
T '»'»I/'/
e N N

* |In general, four “invariants” parametrize the size of the © — ¢ coefficients

M. Ardu 20



Inverse seesaw: u — e ellipse
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Inverse seesaw: u — e ellipse

« Cannot predict sizable ;1 — ¢ (like in the type-ll seesaw, the new states interact with left-handed
doublets)
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Inverse seesaw: u — ¢ ellipse

« Cannot predict sizable ;1 — ¢ (like in the type-ll seesaw, the new states interact with left-handed
doublets)

vz(YyM_ij)eﬂ

vz(YyMa‘ ZYJ )eﬂ(ln(m‘%,/Mg) + const.)

el eyee eyee el o | M2
CD,R’ CV,LL’ CV,LR’ CAlight,L Parametrized in terms of Y, (YZYV) ey In (M§> Yj]eﬂ
a a b

M2
eavy*uavyeby*eb 1 a
VoYY Y e n (Mg>
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Inverse seesaw: u — e ellipse

« Cannot predict sizable ;1 — ¢ (like in the type-ll seesaw, the new states interact with left-handed
doublets)

vz(YyM_ZYZ)eﬂ

vz(YyMa‘ ZYJ )eﬂ(ln(m‘%,/Mg) + const.)

el eyee eyee el o | M2
CD,R’ CV,LL’ CV,LR’ CAlight,L Parametrized in terms of Y, (YZY’/)ab oy In (Mg) Yj]eﬂ

M2
eay*uayebvy*eb 1 a
VYRV n <M5>

* For generic sterile masses the model can completely fill the experimentally allowed 4-D ellipse for
the four coefficients

* Possibly, the four fermion combination contributing to 4 — e conversion on heavy target is
predicted once the four are measured

M. Ardu 21



Inverse seesaw: u — e with quasi-degenerate sterile neutrinos
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Inverse seesaw: u — e with quasi-degenerate sterile neutrinos

o If sterile neutrinos have quasi-degenerate masses Mg — sz ~ O(v?), u — e observables
depend on only two/three coupling combinations
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Inverse seesaw: u — e with quasi-degenerate sterile neutrinos

o If sterile neutrinos have quasi-degenerate masses Mg — sz ~ O(v?), u — e observables
depend on only two/three coupling combinations

2 -2
vI(Y,M~°Y)),,
e euee euee e
CD'MR, CVIMLL’ CVIMLR’ CAZ’ght 7 Parametrized in terms of (VZ/MZ)(YUYZYUYJ)W

VY, MY ) (V,1)ee
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Inverse seesaw: u — e with quasi-degenerate sterile neutrinos

o If sterile neutrinos have quasi-degenerate masses M 3 — M[f ~ O(v?), u — e observables
depend on only two/three coupling combinations

2 -2
vI(Y,M~°Y)),,
e euee euee e
CD'MR, CVIMLL’ CVIMLR’ CAIZ'ght 7 Parametrized in terms of (VZ/MZ)(YUYZYUYJ)W

2 -2yt T
vi(Y,M=Y)), (YY),
e One coefficient is known once two/three of them are measured

CVir=— 2.4Cj’;l-ght,L + 0.02CH%

GV =2.4C 00+ ¢Cpr —1.99 < ¢; 5 —0.57

mn/

M. Ardu 22



Inverse seesaw: i — ¢ with quasi-degenerate sterile neutrinos

Any point outside the plane is not compatible with the inversee seesaw

Ojtlbight,L(m#)

B;J,Ti—>eLTi
—1.0 -0.5 0. 0.5

'ijl

0.5

Cxefﬂf;(mu)

B/,L—>€L2€R

0.0

—-0.5

0.0 Cng(mu)
—0.5 Busern
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Conclusions

Lepton Flavour Violation is new physics that must exist because we see it in neutrino oscillations

u — e observables are the most promising channels for a discovery thanks to the impressive
experimental sensitivities of the upcoming searches

By parametrising data in a bottom-up EFT, we have (in principle) more observables than just branching
ratios, which correspond to 12 directions in the Wilson coefficient space

Analysing what regions of this 12-d coefficient space models can reach we could have a way to
distinguish/exclude models by combination of 1 — e observations/non-observations

Is it possible for upcoming ¢ — e to exclude popular TeV-scale models: type-ll seesaw, inverse
seesaw



Back-up Slides
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Low-energy basis

O\ vy = (€Y Py l‘)(hap} [). \ 7D (E""QPY#)(Z"" aPxl)
O% vy = (€Pyp)(IPyl) syx = (EPyu)(TPxT)
O;n' = ((-“-0 ' P}'#)(':UMP}'T)

039}'}' — (,Ef'ap}'f")(qﬁ."ap)'q) . O(\]q)\ — (E'}'QP)’P)((—I‘}'(\'R\'([)
C)qq YY — (EPY#)(?P}'Q) , qu;\ = (FP)P)(qP\Q)
= (e0™ Py p)(§oas Prq)
OD b= 771;150- : )ULFa 3 TNpqaajﬂRFa 3
OGG.} > l (('P} l‘)GadGaj ’ C)(( Y (CP} :U)Ca:ifGaj
L 1 3 Fia
(I)GG‘ Yy — 1_5(( ,GP} ;I)Ga 3() T . OC(\ 2% L (6 UP} ;I)Ca-jdjcr >
1 . 1 :
OFF s S R —(EP}’I'I)F'(IJFO:} ? C)[:F'* Y — —(EPYH')F(ISanj
v . U
1 2 | ST o P
OFF\,-’.)" — ;(?’}“O’P}'p)F(ljdeao ) Opﬁﬂ\'.}- — ;((-"-Aj' P)ﬂ)F 303F00'

where [l € {e,u},q € {u,d,s,c,b}



SMEFT basis dimension Ssix

1:Xx° 2: H" 3: H'D? 5:Uv?H? + h.c.
Qc | IAECGMGEGS:  Qu | (H'HY  Qun| (HHOMH'H) Qe | (H'H)(pe H)
s | FABCGAGBrGEH Qup | (H'D*H)" (H'D,H) Quu | (H'H)(gyu,H)
Qw | KW I oW Ku Qarr | (HTH)(Gpd, H)
o | TEW I e K
4: X2H? 6:v2XH + h.c. 7:V2H?D
Que | HHHGALGY  Quy | (Lo e )r! HWY, (1) (H'i'D ,H)(l,4"1,)
we | HHHGLGY  Qup | (lo™e)HB,, @) (H'i D LH)([,7'"1,)
Quw | HHHWLW Q¢ | (q,0" T u,)H G, Qe (H'iD ,H) (e e,)
Quiv | HHHWLW  Quu | (g0 uy )7 HW, Qliy (H'i D H) (@ r)
Qus | HHBWB™  Qus | (§po™uy)H By Qs (H'i D LH) (@, ~"q,)
Qui | HHBWLB™  Qu | (Go*Td,)H G, Qi (H'i'D \H) (iipy " ur)
Quwp | HTTHW,B*"  Qaw | (gpo*d, )" HW, Qua (H?i‘BuH)(d—'p"!”dr)
Quive HT‘JHW;{:/BW Qap | (gpo"d,)H By, Qnua + hec i(ﬁ*DpH)(ﬁp“:“dr)
8: (LL)(LL) 8 : (RR)(RR) 8 : (LL)(RR)
Qu (Tpy" ) (Tsyult) Qee (Epr¥er)(Esvpet) Qe (Tpy1r ) (Esyuer)
w | (@)@ ma)  Que | (g ur) () Qu | (Il (smpuue)
o | @ Te) @ 'e)  Qua | (dpydr)(deruds) Qu | (1) (dayudy)
Q;;) (LU ) (GsVuqt) Qeu (epyHer ) (isyyut) Qqe (@7 g0 ) (Esuer)
QY | T T )@ a)  Qea | (E@rer)(daruds) W (o™ ar) (s ypeue)
Qui | (py ur)(dsyude) o | (@ Tg) (a7, T )
Qi | @ Tu)(deyu T QL | (@n"ar)(dsyude)
Q| (@7"Tgr) (deny Tdy)
8 : (LR)(RL) + h.c. 8:(LR)(LR) + h.c. 8:(B) + h.c.
Quedq | (Ber)(dsqrj) Qf,i,}qd (G@ur)ejn(gidy) Qauqgi 603-.€jk(d$CUf)(q{'le)
QD | (@TYun)en(@ T Quue | camen(@®Cal®)(lCer)
Q;.};., (Ber)ein(qhus) Qqqql faj«,fmnfjk(q},"“quj)(qf’Cl?)

) —k ; / 3 .
erqu (ppaﬂl’t?")fjk(qéam Ul‘) Qduur €adn (dgC-'ur)(-ug C(E‘{)



u — e Rates

BRGu — ep) = 384x°(| G P+ 1 G )

2 2
| CHT 1™+ | Cr|

BR(u ~ eze) = 8 21 g 4y P+ 21 G + 4eCf
M, ey |2 ey 12 elee eu |2 elee eu 12
+(64In—= — 136)(| eCyly I* + |G, 1) + | Y7 + 4eCl, 1P+ | 1 + 4Gy

€

BRg/(uA — eA) = By(|dyCpli+ Cy " + [dyClff + Cy g7




Polarising the muon to distinguish operators

Kuno, Okada hep-ph/9909265

“ R Be
°

dB (/4 — ey) 1%

T > > '
d(cos He) = 1927* <X> _‘CD,R‘ (1 — P, cos «96> + ‘CD,L‘ (1 + P, cos 96>_

10
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Polarising the muon to distinguish operators

Kuno, Okada hep-ph/9909265

“ R Be
°

dB (,u — e;/)

=192n2<1>4_‘c ‘2<1—P cos@>+‘C ‘2<1+P cos@>_
VA D,R u e D,L u e

d (cos He) \ \

—
Muon polarization vector Angle between ¢ momentum and P ﬂ
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Polarising the muon to distinguish operators

Kuno, Okada hep-ph/9909265

dB ’
(ﬂ — 67’) — 1922 <1>
d (cos6,) A

dB,,,—>3e 3

d.xldX2dQ€ 27

_ , , i
‘CD,R‘ (1—Pﬂcosﬁe>+‘CD,L‘ <1+Pﬂcosﬁe>

\ .

Muon polarization vector

= —[C, (x, %) + G, (x1,%,) P, c0s 0,+C5 (x},x,) P, sin 6, cos ¢, + C, (x;,x,) P, sin 6, sin ¢g]

10

Angle between ¢ momentum and P y

Q

De

Petcov, Bolton 2204.03468

0,
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Polarising the muon to distinguish operators

Kuno, Okada hep-ph/9909265

Q
dB (,u — e;/) v\ T 2 2 ] Ve
= 1927* <—> ‘CDR‘ (1 —Pﬂcosee> + ‘CDL‘ (1 +Pﬂcosﬁe>

d (cos6,) AJ LT \ | \ '

Muon polarization vector Angle between ¢ momentum and P " !

Petcov, Bolton 2204.03468
WPoe :—[Cl X1, xz + C2 X1, x2 P cos 6 +C3 X1, x2 P,sin6, cos ¢, + C4 X1, x2 P sin 0 smgb]

dxldxde

N\

Can distinguish Cy,; v, Cy; x, Cs g from Cy, py, Cy ry, C; but not scalars from vectors
CP asymmetries are also measureable (phase between dipoles and vectors)

10
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Polarising the muon to distinguish operators

Kuno, Okada hep-ph/9909265

dB (,u — e;/)

d (cos He)

/J—>3€

dxldxde

* Dalitz plots for the three body also possible to distinguish operators (vector vs scalar)

4 _
— 19272 <1>
A L

2 2 ]
‘CD,R‘ (1—Pﬂcosﬁe>+‘CD,L‘ <1+Pﬂcosﬁe>

\ .

Muon polarization vector

—[Cl X, xz +C2 X1, x2 P cos 6 +C3 X1, x2 P,sin 6, cos ¢, +C4 Xy, x2 P sin 6 smgb]

N\

Can distinguish Cy,; v, Cy; x, Cs g from Cy, py, Cy ry, C; but not scalars from vectors
CP asymmetries are also measureable (phase between dipoles and vectors)

10

Angle between ¢ momentum and P y

Q

Petcov, Bolton 2204.03468



https://arxiv.org/abs/hep-ph/9909265
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Dalitz plots could also assist in distinguishing operators
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https://arxiv.org/abs/1403.5781

Type-ll coefficients

* We list here the EFT coefficients in the type-ll seesaw
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Type-ll seesaw and neutrino mass scale

* Wilson coefficients are function of the neutrino mass scale, hence one can constrain their size knowing m
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Type-ll seesaw and neutrino mass scale

* Wilson coefficients are function of the neutrino mass scale, hence one can constrain their size knowing m
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Inverse seesaw

* We list here the EFT coefficients in the type-| seesaw
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« Add to the SM a scalar SU(2) singlet leptoquark S with a mass My ~ TeV (can fit the Ry anomaly)
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Scalar Singlet Leptoquark

« Add to the SM a scalar SU(2) singlet leptoquark S with a mass My ~ TeV (can fit the Ry anomaly)

L5 = (D,S)'D’S —mi,S'S + (=47€ jitygqf + 272 u))S + (A7 ¢  irsl , + A uCje,)S"

es uj lp q;

Scalar, tensors and vectors + RGEs mixing

AN

I qi l,, q;

0! gl

H o H u

+ m A m Dipole with left-handed and right-handed outgoing leptons

; > g T Lo, Us > Tt Ea
l, —> —ﬁ-——»—Q,,; l, —» —§———>—lp
QrY o QrY 1Q ©(A*) matching contribution to scalars and vectors
lg ——L -p--Lle—(Q); lg —+—L-p--Le—-1 1,




Scalar Singlet Leptoquark: 1 — ¢
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Scalar Singlet Leptoquark: 4 — ¢

» The leptoquark can generate both 4 — ¢; and y — ¢, transitions

 The scalar four-lepton operator is too small to be observable

I
HX —————> ey
| | euee euee N
S A Y S, Co'rr Copp < sensitivity
ly —< > lx
H

* The leptoquark could in principle fill completely the remaining 10-dimension of the y — e observables (too many parameters...)



Leptoquark: i — e with one-generation-at-a-time
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Leptoquark: i — e with one-generation-at-a-time

 Assuming the leptoquark to couple only with one generation at a time
reduces the number of “invariants”

 But cancellations between coefficients are in principle possible, so
combination of observations could exclude “generic” parameter
points, but not the model
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