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OUTLINE

e lecture 1: lepton flavor in the SM
e lecture 2: LFV observables in muons
* lecture 3: LFV in taus; Higgs and flavor

e lecture 4: LFV searches and light new

physics
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OUTLINE LECTURES 1 & 2

e inlectures1 & 2:

® leptonic vs. quark flavor structure in
the standard model

® observables sensitive to lepton flavor
violation in muons

J. Zupan Lepton Flavor Violation (Lectures 1 & 2) 3 ICTS School, May 2 2022



USEFUL REFERENCES

e some general introductions to flavor physics
® Yuval Grossman's lectures in this school
® Nir, 0708.1872, 1605.00433
® Grossman, Tanedo, 1711.03624
e |/, 1903.05062

e on lepton flavor violation

® (alibbi, Sirognelli, 1709.00294
® Ardu, Pezzullo, 2204.08220
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QUARKS VS. LEPTONS

e when comparing quark and lepton sector of the Standard
Model we observe:

e leptons of the same generation are lighter than quarks

e smaller number of kinematically allowed decay modes for 7,
u than for t,b,c

e .9, B — t7v_allowed, while 7 — B v_is not

e quarks carry color = bound inside hadrons
® lepton decays are simpler to predict

e "up"leptons' (=v's) mass < "down" leptons' (=£"') mass
® absolute neutrino masses not yet known

® in many processes neutrino masses can be neglected
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e leptons of the same generation are lighter than quarks

e smaller number of kinematically allowed decay modes for 7,
u than for t,b,c

e .9, B — t7v_allowed, while 7 — B v_is not

e quarks carry color = bound inside hadrons
® lepton decays are simpler to predict

e "up" leptons' (=1's) mass < "down" leptons' (=£"') mass
® absolute neutrino masses not yet known

® in many processes neutrino masses can be neglected
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QUARKS

e in the SM the flavor structure resides in the Yukawa interactions

Lyvukawa D — Y Q1 Hd, — Y QY Hw), + h.c.
A e ——— T

o YV, are 3 X 3 complex matrices

e each can be diagonalized by a bi-unitary transform.

e but not both at the same time (i.e. both can be made diagonal only after
EWSB when we split Q; into upper and lower components)

e keeping SU(2); symmetry explicit perform quark field redefinitions
Qr = VoQr Ui — 2 = Vadg
e so that the Yukawa matrices transform to
Vv, Y; = VYaVy
e can choose a basis such that (down quark mass basis)

Yy = diag(ya, ¥s: ¥o)s Yo = VI diag(yu, Ve, v¢)

M
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QUARKS

e in the SM the flavor structure resides in the Yukawa interactions

Lyvukawa D — Y Q1 Hd, — Y QY Hw), + h.c.

w

o YV, are 3 X 3 complex matrices

e each can be diagonalized by a bi-unitary transform.

e but not both at the same time (i.e. both can be made diagonal only after
EWSB when we split Q; into upper and lower components)

e keeping SU(2); symmetry explicit perform quark field redefinitions
Qr=VoQr up=V,ug r = Vadr
e so that the Yukawa matrices transform to
Vv, Y; = VYaVy

e can choose a basis such that (down quark mass basis)

Yd — diag(yd7 Ys, yb)7 / 1a, (yu7 Yes yt)
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am————— 1€ flavo sfructure resides in/t

ﬁYukawa D) —dej QLHdJ YZ]QLHC’UJR ‘l‘ h C.

o YV, are 3 X 3 complex matrices

e each can be diagonalized by a bi-unitary transform.

e but not both at the same time (i.e. both can be made diagonal only after
EWSB when we split Q; into upper and lower components)

e keeping SU(2); symmetry explicit perform quark field redefinitions
Qr=VoQr up=V,ug r = Vadr
e so that the Yukawa matrices transform to
Vv, Y; = VYaVy

e can choose a basis such that (down quark mass basis)

Yq = diag(yda Ys, yb)a Y 1ag(yu7 Ye, yt)
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QUARKS

e quark Yukawa interactions in down mass basis

Lyukawa O —Y QL Hd)y — Y, Q4 Houly + hec.

Yd — diag(yda Ys, yb)v Yu — VT dla’g(y’tm Ye, yt)

e can move flavor changing interactions to kinetic term by field

redefinition
Viug (v + h) 0
oo () || w0 | (i)
e 1n the so-called mass basis
_ 9 _ifrtvrij g i g h 77 h
Lsm D (GiPncai) + EULW VCKMdL%—muiuLuR(l%—;) +mg,dydp(1+ 5) +h.c.,

e e 4
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QUARKS

; PR h o h
Lov D ((j,;l?NCq,;) + \%’alLW+ Vé-’KMdJL + My, "_LILUIR (1 RS ;) s md,-dlLle (1 e ;) +h.c.,

e ——

e all flavor violation in charged currents

(couplings to W)
e neutral currents are flavor conserving
e no flavor viol. in Z couplings

® couplings to Higgs are flavor
diagonal
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CKM MATRIX

e hierarchical structure + unitarity

® encoded in Wolfenstein parametrization

( 1—\%/2 A AN (p —in)
Vekm = —A 1—X%/2 AN +0(\Y)
301 0 i\ A2
\AN (L = p = in) =N : A= |Vys| >~ 0.22

W——————*———w
M

e CKM matrix depends on 3 real params, 1 phase
® 3 mixing angles, 1 phase
® in Wolfenstein param. trade for
® 3 real params: A, A, p,

¢ 1imag. param: 7
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CKM MATRIX

e hierarchical structure + unitarity

® encoded in Wolfenstein parametrization

[ 1-)2)2 A A — i)
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FLAVOR IN THE SM
QUARK SECTOR

e neutral currents are flavor conserving (at tree level)

® photon, gluon, Z: have flavor (generation) universal interactions

g
i % q;

et e e —— e \ )
: ; : : \ 4i
e Higgs has flavor diagonal interactions I
; N TR il qi
® proportional to quark mass / W
. w
e charged currents are flavor changzng %77 w;
® W couplings are flavor changing =" Z /V- ,’
. iy
J ‘
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VOR IN THE SM
JARK SECTOR

1 - are flavor conserving (at tree level)

e photon,’ luon, Z: have flavor (generation) universal interactions

® proportional to quark mass Q/

e charged currents are flavor changing

® W couplings are flavor changing
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VOR IN THF, SM

°n - re flavi t tree level)
® photon,fgluon, Z: haveymmeerrxememaion) universal interactions

® proportional to quark mass

e charged currents are flavor changing

o WV Couplings are flavor
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VOR IN THF SM
JAR IR

° 1 | re flavi t tree I

e photon,jgluon, Z: haveymeorrsememmion
Y 7 g

® proportional to quark mass

e charged currents are flavor changing

® W couplings are flavor changing

J. Zupan Lepton Flavor Violation (Lectures 1 & 2) 10 ICTS School, .



LEPTONS

¢ first assume that neutrino masses are zero
o extremelly good approximation in

® collider experiments, meson decays,
charged lepton decays,...

e in each of these: £ > m,,
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LEPTONS

e in the limits of vanishing v masses
® asingle lepton Yukawa

e through field redefinitions can be made
diagonal, real, positive

Lvukawa 2 —nijZiLH@;g +h.c. Lp—=VpLy, {r— Vilg,

Yy — Vi YV, = diag(ye, Y. yr)- |
T ——————— e e | N :

e since Y, diagonal: no FV unless m,, ‘

e since Y, real: no CPV unless m, # 0 —
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LEPTONS

e = in SM with massless v no leptonic FCNCs

® photon, Z: flavor (generation) universal interactions

~

/ Z )
\
% . fl' ‘Lﬂi \\ fl'

S S

TRRRSESESeet— T o

M
e Higgs has flavor diagonal interactions
® proportional to lepton masses
e charged currents (W couplings)
are flavor universal Y
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"TONS

no leptonic FCNCs

e Higgs has flavor diagonal interactions
® proportional to lepton masses

e charged currents (W couplings)
are flavor universal
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"TONS

no leptonic FCNCs

e Higgs has flavor diagonal interactions

® proportional to lepton masses

e charged currents (W couplings)
are flavor universal

J. Zupan Lepton Flavor Violation (Lectures 1 & 2) 13 May 2 2022



"TONS

no leptonic FCNCs

e Higgs has flavor diagonal interactions
® proportional to lepton masses

e charged currents (W couplings)
are flavor universal
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LEPTONS

e this means that for m, = 0 in the SM

e Br(u™ > eTe e™) =0

® Br(u™ — e™y) =0
¢ Br(z* — ﬂ+ﬂ_ﬂ+) =
8 Brizt > utpV) =
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LEPTONS

e agrees well with stringent experimental
bounds in PDG

e Br(ut —» ete e™) < 1.0x 10712
e Br(ut — ety) <42 x 1071

R o it <2116
R e ) <l2x10

9
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NEUTRINO MASSES

e however, neutrinos are not completely massless

® at some level leptonic FCNCs will arise in the
SM

e how much does m, # 0 matter?

* in experiments we are interested in: not too much
e corrections suppressed by (m, /E)" < 1
® for instance for muon decays:

E~m,=m,/m, < 1

J. Zupan Lepton Flavor Violation (Lectures 1 & 2) 16 ICTS School, May 2 2022



NEUTRINO MASSES

e with QUDL field content m, forbidden in the SM

e two ways of introducing v masses

e Dirac neutrinos: add RH neutrino fields vy, singlets under SM +

conserv. L = ;
£Yukawa D %YVILJ LEHCV‘JR _|_ h.C.

‘i 3X3 complex ﬂ -

e Majorana neutrinos: m, from d1mens1on 5 Weinberg operator, isAL = 2

1YZ
2 A

B e —estStmmRemEGENETT
e counting of phys1ca1 parameters slightly differs in the two cases

Edlm 5 O —

KP X 3 symm., colx ) (LC@HC) (HC* L 7)) +h.c.

® in both cases weak (flavor) eigenstates are linear superpositions of
mass eigenstates

3
Val, — E UaiV’iLa a==¢e€ u,T

i=1 A\

I PMINS matrix ECTS School, May 2 2022
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PMNS MATRIX

e canonical form of the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix

€12€13 5 $12€13 s13e”"
_ ' 5
U= | —s12023 — C12523513¢"°  C12C23 — S12523513€"°  s23C13 | X P

5 5
$12523 — €12€23513€"°  —C12523 — S12€23513€"°  €23C13

e P matrix takes the form:
e P =1 for Dirac neutrinos
e P = diag (1,e'%1, e'%1) for Majorana v's

J. Zupan Lepton Flavor Violation (Lectures 1 & 2) 18 ICTS School, May 2 2022



PMNS MATRIX

e assuming 'normal ordering": my; > m, > m,
m22 — m2 ~ (1073 eV)?
m; —mi ~ (0.05eV)*
sin 6, ~ sin6,; ~ 0.5, sinf;; ~ 0.15
0,a1p, A3 ="

TSR ————
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U — €Y IN THE SM

e we already know that y — ey vanishes for massless neutrinos
e GIM mechanism very effective in LFV transitions

e amplitude proportional to A(y — ey) x m?

I'(p—ey) 3a Z Uukngm,%k

BR ~ = —
(=) = 5o S evn) ~ 32n M2,

k=1,3

BR(,uv—> ey) = 107°° + 10_54

e amaaee

e similar suppressions for 4 — 3e,7 = 3u,u — e, ...

e for charged LFV transitions SM is well below experimental
reach

e if found, a clear signal of new physics

J. Zupan Lepton Flavor Violation (Lectures 1 & 2) 20 ICTS School, May 2 2022



i4
U— ey INT W
H Lk €
e we already know that 4 — ey vanishes U SIESS T [ [+ TOS™
k
® GIM mechanism very effective in LFV tra”"smons —=

e amplitude proportional to A( — ey) xm; | Very small 1 | \

BR(u — ey) ~

I'(p—ey) 3o Z U,.U¥m?

=N 2
I'(p —evr) 32w v My,

BR(p — ey) = 107%° + 10> ——e—————

e similar suppressions for 4 — 3e,7 = 3u,u — e, ...

e for charged LFV transitions SM is well below experimental
reach

e if found, a clear signal of new physics
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NEW PHYSICS:
SEE SAW EXAMPLE

e asimple example of new physics probed by y — ey

® 3 see-saw model for neutrino masses

e allow for Majorana mass term for Uk

® mass spectrum consists of Ma]orana neutrinos

e 3 heavy states, mostly v, with masses ~ M

e 3 light neutrinos, mostly v;, mass matrix

?J2
m, = ——Y, Mz'Y,
2

B e et ametE
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SEE SAW AND [ — €Y

e due to v; and vp mixing
e PMNS matr. does not diagonalize the full v; r mass matrix

e the mixing matrix % entering the W — £ — v vertex is not

unitary 2
U = (1 - ?YJM};W,,) U.

e modified prediction for y — ey

__ 10
S | Usll Fan)?  F W— 3 — 7+ 0 (7).
32 (UUT) L (UUT) e

BR(p — ey) =

¢ GIM mechanism no longer fully operational

e Br(u — ey) not suppressed by light v masses, can be larger

J. Zupan Lepton Flavor Violation (Lectures 1 & 2) 22 ICTS School, May 2 2022



SEE SAW ANI

K

e due to v; and vp mixing

—~ U Uk
e PMNS matr. does not diagonalize the f w/ff ~mass ek

e the mixing matrix % entering the W — £ — v vertex is not

unitary 2 T
U — (1 - 7}/'1/1“1\4};2}/’/) U . I note: in m,we §

» have YTnot YT ‘
B e e *L,._ =S o

e modified prediction for y — ey

_ 10 2
BR(x o o) = 30 Dbl F) o) = 5 —met O (o).
32 (UUD,,, (UUT) e 9 2

¢ GIM mechanism no longer fully operational

e Br(u — ey) not suppressed by light v masses, can be larger
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SEARCHING FOR NEW

PHYSICS
e LFV observables probe very high scales

107 o8 ? AR 107
& 3 |
105 o I LR : 108
E 10° n 5 S [ p= . I 10°
S 10¢ o vy g 104
S 10° | /1 103

102

=
S
<
S
N
Sy
X
m 3
10!
10°

555
/11//
/
/111111
N /-7
Bl ik
, -
L Hitoez
N e
B Laard
I direct reach

Observablé

S ———

e the rest of these lectures: focusing on the
above observables
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OBSERVABLES

e CLFV transitions
® > ey, T— Uy iU — e u— econv, ..
 CPV probes

® electric dipole moment (EDM) of the
electron

* Higgs decays
e h—1t,h— uu h— 1y, ..

J. Zupan Lepton Flavor Violation (Lectures 1 & 2) 24 ICTS School, May 2 2022



MUONS

e today: LFV muon decays

e tomorrow: all the other probes

J. Zupan Lepton Flavor Violation (Lectures 1 & 2) 25 ICTS School, May 2 2022



EXPERIMENTAL PROGRESS

e steady experimental progress since 1940s

Illlllllllllllllllll|l|l||l||lllll

17 C
194940

980 1990 2000 2010 2020 2030

Year

stopped u

l
| :
beams hool, May 2 2022

|
!
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VERY RARE PROCESSES

e planned experiments aim for
e )~ 107 —10"¢

* very rare: if one were to use cosmic rays

passing through your hand*

e = would take more than the age of
the Universe to collect a sample large
enough for one event

* the flux of cosmic ray muons at sea level is ~ 1 muon/cm?2/min

J. Zupan Lepton Flavor Violation (Lectures 1 & 2) 2% ICTS School, May 2 2022



talk by Toshiyuki Iwamoto @ FPCP2020

cLFV experlments in the world

Mu3e Vit ==t -9 | Coincidence measurement:

S DC beam needed to minimize
e g backgrounds from accidental

. coincidences

Radiga (oume, Cyiindrk?cgrci::":::nilr)i\' e

BKG << (Rate)?2

_. CERN | LHCb/ATLAS/CMS

& T3, T Uy

-
Fermilab uN - eN
Single e- measurement:
MUZG pulsed beam needed
e @ Detector Many pion-induced

Transport
Solenoid
7

backgrounds after

| proton pulse

) | walit it out with 26 ns
’ lifetime

T et et T i i ‘—W



TIMELINE

e pre-Covid timeline from 2019

Physics Briefing Book, 1910.11775

Searches for Charged-Lepton Flavor Violation in Experiments using Intense Muon Beams

T e

Sensitivity: 10" 10" 10™* 10"

Sensitivity: 10 10 10° 10" or smaller
Sensitivity: 10" 10 or smaller
207 207 207 205
Data Taking )
- (Approved Experiments) - Proposed Future Running
e e
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U — €Y EXPERIMENTAL
RESULTS

e present best bound

e MEG (2016) MEG coll., hep-ex/1605.05081
Br(ut — ety) <42 x 1071

e future experiment (just started physics
data takin g ) present status in Meucci, 2201.08200

e MEG-II (~2025):
Br(ut — ety) < 6 x 10714
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HEAVY NEW PHYSICS

e if there is heavy NP, can be integrated out
e results in SM Effective Field Theory (SMEFT)

e renormalizable SM supplemented by higher dimensional
operators

1 1
_ E (5) ) (5) E (6)(H(6)

e u — ey results in a dimension 6 operator

\@ev — i
HV y h :
LD (4rh;;)? MelrFuy +h.c.

® exp. bounds imply that it is highly suppressed

u— ey = A21 > 3500 TeV Greljo, Stangl, Thomsen, 2103.13991

J. Zupan Lepton Flavor Violation (Lectures 1 & 2) S2 ICTS School, May 2 2022




NEW PHYSICS EXAMPLES
FOR U — €}

e any new states with FV couplings to SM leptons will
contribute to u — ey

* a selection of examples 7
® neutrino mass models ’7+{x§\\’7+
® see-saw l; —» LN — 1
(Y57 )ik (Yy) ik
® loop generated e ——.
neutrino masses ¢

e 2 Higgs Doublet Model

® low energy supersymmetry

® extra dimensional models s ————e—
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U — ey EXPERIMENTS

e in muon rest frame e and y are monochromatic
o E,=E ~m,/2 ~5)8MeV
e convenient to perform experiments with stopped muons

e use u™ so that it does not get bound to nucleus, i.e., avoid the spread of
line from decay in orbit

e the measured process is thus u* — ey
e muons are stopped in the thinnest possible targets
e so that the e™ do not loose energy when escaping
e search for monochromatic e line at the kinematical edge of SM
u" — e*v,u, decay (the "Michele edge")
e require coincidence with a photon of the same energy
® energy resolution very important to reduce SM background

e irreducible background is the SM decay u* — e+veliﬂ)/

J. Zupan Lepton Flavor Violation (Lectures 1 & 2) 34 ICTS School, May 2 2022



Meucci, 2201. 08200

A g

o ] ACCIDENTAL BACKGROUND

S S mﬂ72 ~ 52.8 MeV

e convenient to perform experiments with stopped muons

e use u™ so that it does not get bound to nucleus, i.e., avoid the spread of
line from decay in orbit

e the measured process is thus u* — ey
e muons are stopped in the thinnest possible targets
e so that the e™ do not loose energy when escaping
e search for monochromatic e line at the kinematical edge of SM
u" — e*v,u, decay (the "Michele edge")
e require coincidence with a photon of the same energy
® energy resolution very important to reduce SM background

e irreducible background is the SM decay u* — e+veliﬂj/
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Relative Probability

Meucci, 2201.08200

R

B _ ACCIDENTAL BACKGROUND
] eemeees without correction | =TT
B . mameaee
- radiative correction
0.8—
- + + -_ .
[t - etup, -with stopped muons
0.6
- und to nucleus, i.e., avoid the spread of
0.4
[ : -
0.2 R A
i sossible targets
L [ I S E— 60
Positron Momentum (MeV/c?) ry When escaplng
R pmnee

e search for monochromatic e™ line at the kinematical edge of SM
u" — e*v,u, decay (the "Michele edge")
e require coincidence with a photon of the same energy

® energy resolution very important to reduce SM background

e irreducible background is the SM decay u* — e+yeDﬂj/
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u — 3e

e u™ > eTe e : tree level or one loop NP contribs. possible

N N
l; & " ’k e l] ll > ’k —> lm E’L /6‘7
,7+\‘\ /’4,7+ 77+Y +77+ A 7.
/g\\ j 1, !

Nj

L e — B g s

o if NP heavy, can be integrated out
e then the u — 3e transition described by an EFT with

* dipole operators /¢ g*V 4L F,,

® four fermion (7 . 1 V(L.+*L5)
operators (ErVuer)(erY eR)

J. Zupan Lepton Flavor Violation (Lecture (L LYu L L ) (6_2 R7Y Pe R) ICTS School, May 2 2022



DIPOLE LIMIT

e if NP such that the dipole contribution dominates

e then u — 3e and u — ey rates are related

—>
e m’
BR(u — eee) ~ oy (log m’; — 3) x BR(u — e7)

* in general all operators are present

e the above operators mix under the RG

J. Zupan Lepton Flavor Violation (Lectures 1 & 2) 3% ICTS School, May 2 2022



EXPERIMENTS

e also use stopped u™ so the lab frame is the muon rest frame
e u* — e*e~e™ is a 3-body decay, so no mono-energetic particle
e maximal energy for each e is E,, ~ m, /2

e the signature is
e 2¢™ and le” coming from common vertex (and nothing else)

o their energy adds up tom,

e the main "irreducible" SM background u™ — e*e”e v, v, decay

e two neutrinos appear as missing energy E.

® need very precise energy measurement to make sure
E s Ee— o E€+ —

€ H
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Signal

®
e ut

/

& —

O\
®

Zpe = O
ZEe —_ mu

Common vertex

Coincident

T T T T (O e i ———

Iwamoto @ FPCP2020

Radiative SM decay -~V
+ photon conversion

ut -eteetvv

2pe#0
2Ee # my
Common vertex
Coincident

-
-5.
—~

Background

&

Combinatorial
background e

Accidental

2pe #0
2Ee # my

No common vertex

Not coincident

————astsAedmmEmmEEESERnTT

e 2¢™ and le” coming from common vertex (and nothing else)

e their energy adds up to m

U

e the main "irreducible" SM background y™ — e*e"e* v v, decay

U

e two neutrinos appear as missing energy E.

® need very precise energy measurement to make sure

e

E++E€_+Ee+=

U
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Sig nal lwamoto @ FPCP248 Visible energy in the u — 3 e v v decay
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—I— "— 210—5 ...............................................................................................................................................
e K B T T N T
0(——@ Radiative Sh
\ + phoTon CC 10—7 ................................................................................................................................................
u+—>e+e‘e+' 1078 oo b N e
@, 503/ R R NN M R N A
107 | . . . .
zpe — O : 10—11 ....................... ........................... ........................... ........................... ...................... ) |
11 il ——— o o o s | R A
2Ee =m, 2 R o e
Common vertex Com |
Coincident Cc

e 2¢™ and le” coming from common vertex (and nothing else)

o their energy adds up tom,

e the main "irreducible" SM background u™ — e*e”e v, v, decay

e two neutrinos appear as missing energy E.

® need very precise energy measurement to make sure
E e Ee— = Ee+ —_

e u
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Visible energy in the u — 3 e v v decay

Sig nal Iwamoto @ FPCP202
+ c(:10’3
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utsete et
®,

Zpe = 0 :
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C.ommnn vartay C.nm
p~ — e (ete )y, v,
10—12 — ' - . ' . :
_." 4 nmon vertex (and nothing else)
| + + =,
: | round ™ — e"e e U V, decay
| ing energy k.
| | asurement to make sure
0.5 1 5

Brnax [MeV]
R ———— et
38 ICTS School, May 2 2022
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e present best bound

O SINDRUM (1988): Nuclear Physics B 1988, 299
Br(u™ — eTeme™) < 1.0x 10712

e future

® Mu3e: 2009.11690
Phase 1 (~2025): Br(u — 3e) < 2 x 1071
Phase 2 (2030s): Br(u — 3e) < 10710
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U N— e N CONVERSION

e i~ N — e N conversion: M 4

e 1~ converts to ¢” in the
field of nucleus, without

emission of U's N N
o the u~ is first stopped in target, and quickly forms muonic
atom

e the 4N — e~ N conversion has two body kinematics

e results in monochromatic e~ with energy

Ee:m,u_Eb a

| muonic binding energy fii kin. eng. of §

T E, ~ Z2a2mﬂ/ 2 {* ] the nucleon {§

——

e e

e e.g.in Al (used , A 19 eV
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uN—e N
CONVERSION

e if NP effects described by EFT, the
relevant higher dim. ops. are

® dipole operators (10" b Fuy

e four fermion (LryuLr)(Qry"Qr)
operators with  (Lpv,7L.)(Qry"m1QL)
quarks (erY"er)(QrLY.QL)

e general treatment (LrvuLe)(drydr)
rather complicated  (eryuer)(drr"dr)

(LryuLr)(dry ur)
(erYuer)(urY ur)
(Lier)(drQ1)
(Lier)ear(QLur)

(L{ouver)ean(QL 0" ur)

® requires predictions for nuclear matrix elements

® no first principle calculations for elements used as

targets, approximate nucl-th treatments
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u N— e N CONVERSION

e results are quoted in terms of
normalized conversion rate

R,. = CR(uN — eN) = I'( — e conversion)

['(nuclear capture)

® normalization to nuclear capture rate
reduces theoretical uncertainties

P+ p —nty
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u N— e N CONVERSION

e experimentally 4 — e conversion offers many
advantages over, e.g., 4 — ey

o the only intrinsic bckgd is u~ — ey U, decay in orbit
e in N — e N the e is at the kinematical edge of DIO

DIO for Al

105§ ¢ sosee
5/'”.& data: TWIST coll. !
1000,
2 10,
O ¥
>
88
0'15
0.0015
N 20 40 60 20 100
J. Zupan Lepi E, [MeV] »ol, May 2 2022
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u N— e N CONVERSION

e present bound
Physics Letters B 1993, 317, 631

e SINDRUM-II (1993, 2006): Eur. Phys. . C 2006, 47
R, < 6.1(7.1) x 107" on Ti (Au)

e future (on C)

o DeeMee: R, < 1(0.2) X 10~13 on C (SiC)

e future (on Al)
o COMET Phase 1: R,, S 107"

e Mu2e & COMET Phase-II: R, < 107"/
< 10—18

N

o Mu2e-II: Rﬂ ;
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COMPLEMENTARY PROBES

e complete list of dim 6 CLFV operators

4-leptons operators Dipole operators

Qe Qew 1
Qee (eryuer)(erY"eRr) QeB : i ‘
Qe ; (LryuLL)(Ery"er) S e——== — /J

e — probed by

- 2-lepton 2-quark operators e U — ey

Qyy (LryuLe)(Qry"Qr Qeu (LryuLL)(ary"ur) p— e
QY : Qeu (éR:meR)(ﬂ_R’Y“ UR) .,#:.,..e,.‘
Qeq (erv"er)(QLYuQL) Qeedq (Lzer)(drQL)
Qea (LrvuLi)(dry"dr) QL) (Lier)ear(QFur)
Qea (eryuer)(dry"dr) Qtea \Eiguen)ear

 (@'i D, ® | (@' D
<> f

% (®%i D, ®)




DIPOLE OPERATOR
DOMINANCE

e simplified scenario - assume the dipole operator
dominates

e interesting to compare the reach of different experiments

2
BR(u — eee) ~ @ (log Do _ 3) x BR(p — ev),

37 m?2
CR(uN —eN)~axBR(u—ey).
R ST
B ey Calibbi, Sirognelli, 1709.00294

41077

£ b eoem O from present limits

eoe C from future experiments

J. Zupan Leptonl lay 2 2022
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UPSHOT

* several different probes in rare muon

decays

® can probe different types of new

physics

® also disentangle different
contributions

* significant improvements projected
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