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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
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e Higgs has flavor diagonal interactions I
® proportional to quark mass / W
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e charged currents are flavor changzng %% w;
® W couplings are flavor changing =" Z /V- ,’
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VOR IN THF, SM
JAR IR
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VOR IN THF, SM
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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 SM with massless v no leptonic FCNCs

® photon, Z: flavor (generation) universal interactions

~
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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
o Br(um - eTy) =0
R e > u'up)=0
8 Bric" » utp’) =0
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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 Basics of Lepton Flavor Violation 8 KEK, Oct 17 2024



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\

"PMNS matrix % KEK, Oct 17 2024
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PMNS MATRIX

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

€12€13 ’ $12€13 o swe z
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
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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 ="

M
J. Zupan Basics of Lepton Flavor Violation 15! KEK, Oct 17 2024



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?

BR(u — ey) ~

I'(p—ey) 3a Z Uukngm,%k

=Y T 29 2
['(p —evr) 327 v Mg,

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
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SEARCHING FOR NEW

PHYSICS
e LFV observables probe very high scales
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e the rest of these lectures: focusing on the
above observables
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OBSERVABLES

e CLFV transitions

B eyt o uy,u—3epu g
conv., ...

e searching for light new physics
* Higgs decays
o h—>tt,h— uu h— tu, ..

J. Zupan Basics of Lepton Flavor Violation 14 KEK, Oct 17 2024



talk by Toshiyuki Iwamoto @ FPCP2020

cLFV experlments in the world
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EXPERIMENTAL PROGRESS

e steady experimental progress since 1940s
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COMPLEMENTARY PROBES

e complete list of dim 6 CLFV operators

4-leptons operators Digplgeratos_
Qe ’ (LeyuLr)(Liy"Ly) } Qew ‘ (L i
Qee (eryuer)(erY"er) QeB | (Lro"’er)®Bu 11
Qe 4 (LryuLL)(Ery"er) ) — e /J
R probed by
o - 2-leptpn 2-quark operators L | U — ey
Qg (LeyuLL)(Quy* QL) | Qtu b p—o e
(3) l.“ _ _ ‘l —_ e
Qg Qeu “ (eijeR)(U_m“ ur) | "[.4............
Qeq QEedq ; (L%eR)(dRQ(IlJ)
Qea Qiern | (Lier)ear(Qiur)

Qed | o R’y“’ dr) J QL)
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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

J. Zupan Basics of Lepton Flavor Violation 20 KEK, Oct 17 2024



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—

J. Zupan Basics of Lepton Flavor Violation 24, KEK, Oct 17 2024
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u — 3e

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

N Ny 14
ll —» |\ > > l] ll P > —> lm €’L / J
N < |
TS 4,7+ 77+Y +’7+ A 7.
| << 1, J
Nj
PR e —— AR e

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

e dipole operators £ oH % F,,

® fOllI' fermion (EL’}/M‘LL)(EL’}/“LL)

operators (ervuer)(ErY"eR)

T 5~ M
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DIPOLE LIMIT

e if NP such that the dipole contribution dominates

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

\_/
BR(u — ece) ~ — [ 1 ? 3| x BR(p — ey)
~Y —_— X
€ee 3 og g &

* in general all operators are present

e the above operators mix under the RG
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i — € CONVERSION

e initial state: 4~ in 1s orbital

o

e atheory challenge: predictions require nuclear physics
o there is a small parameter |g| ~ O(100 MeV) < my
e can use EFT techniques (non-relativistic EFT/ chiral EFT)

® MuonBridg e code Haxton, McElvain, Menzo, Rule, JZ, 2406.13818

J. Zupan Basics of Lepton Flavor Violation 26 KEK, Oct 17, 2024



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

J. Zupan Basics of Lepton I > t Jct 17 2024



COMPLEMENTARY PROBES

e complete list of dim 6 CLFV operators

4-leptons operators

Dipole operators

Qe
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DIPOLE OPERATOR
DOMINANCE

e simplified scenario - assume the dipole operator
dominates

e interesting to compare the reach of different experiments

BR(u — eee) ~ 33
T

m2
(log—g - 3) x BR(u — ey),
me

CR(uN —eN)~axBR(u—ey).

B ey Calibbi, Sirognelli, 1709.00294

41077

£ b eoem O from present limits

eoe C from future experiments
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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

J. Zupan Basics of Lepton Flavor Violation 30 KEK, Oct 17 2024
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LFV 7 DECAYS

e several important differences relative to muons

* experimental:
e 7 lifetime is short = no "tau beams"

e need to be produced in ete™ — 777~ (Belle Il) or in pp
collisions (LHC)

¢ smaller experimental samples compared to muons
e 7is heavier, m. = 1.777 GeV, many decay modes possible
e theoretical:

e the models that lead to CLFV in muons tend to give
CLFV tau decays

e often couplings to 3rd generation are larger (motivated
by flavor structure in the SM)

J. Zupan Basics of Lepton Flavor Violation B2 KEK, Oct 17 2024



FUTURE REACH

e significant improvements in the
experimental reach expected

Akar et al., 1812.07638

e example for tau: Belle 2 and HL-LHC reach

«CLEO
v BaBar
+» Belle

« LHCb
s ATLAS
« Belle |l

90% C.L. upper limits for LFV t decays

e

e

L
11

W H

e

u

.

N
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Experiment | Number of 1 pairs
~3.3 x10°

CLEO ~1 x 107

BaBar ~5x 108

E REACH

Belle ~9 x 108 ements in the

Belle Il ~4.6 X 1010 1 expected
~2.1x 1010

Akar et al., 1812.07638

a]le 2 and HL-LHC reach

«CLEO
v BaBar
+» Belle

« LHCb
s ATLAS
« Belle |l

90% C.L. upper limits for LFV t decays

o w
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NEW PHYSICS IN
TAU DECAYS

e two categories of LFV tau decays

e purely leptonic: 7 = uy,7 — 3e,7 — 3y, ...

® NP can be purely leptophilic

® also involving hadrons:
. T > ep, T > UK, ...

® NP needs to couple to both leptons and quarks

® the quark couplings may or may not be flavor
violating

e comparison with FCNC muon decays

® need concrete models to compare muon and tau decays

J. Zupan Basics of Lepton Flavor Violation 34 KEK, Oct 17 2024



SEARCHING FOR
LIGHT NEW PHYSICS



SEARCHING FOR
LIGHT NEW PHYSICS

e heavy new physics only part of the NP parameter space

e light particles: a window to high UV dynamics

1 NP mass >
i= ?
'R /
2 g
o |
U |
-
Z
/
3
zt?
|
l
e B
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SEARCHING FOR
LIGHT NEW PHYSICS

e heavy new physics only part of the NP parameter space

e light particles: a window to high UV dynamics

NP coupling j

light mass & ‘
; small Couphng reglon {‘

x_k.__—,__ e e ==

S et ————tesmsesssesSSSEET
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SEARCHING FOR
LIGHT NEW PHYSICS

e heavy new physics only part of the NP parameter space

e light particles: a window to high UV dynamics

NP coupling j

awindow to
| (very) high scales §

light mass & ‘
; small Couphng reglon {‘

x_k.__—,__ e e ==

S et ————tesmsesssesSSSEET
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FLAVOR PORTAL

e example of a flavor portal: dim 5 op. d,@(ey®ysp)/f, =
Br(u — e)  (my,/f,m,)*

e searching for K — znX, uy — eX, r — X decays expect to reach

very high UV scales
7. D° B,
10_12 B :‘DS BO. o |
D" B* B,
— 10-14|
= 10 Kg®
(<P]
<
~ 10716} K*e
e
K;*
10—18 N
K e
0.1 0.5 1 5
_ m [GeV]
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FLAVOR PORTAL

e example of a flavor portal: dim 5 op. d,@(ey®ysp)/f, =
Br(u — e)  (my,/f,m,)*

e searching for K — znX, uy — eX, r — X decays expect to reach

very high UV scales
7, D° B.
10_12 B :.DS BO. o |
D* B* By
— 10-14|
= 10
D
O,
~ 10716}
108/
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u — de

m
o if T”qb(é,u) coupling = mediates y — e
e if  QCD axion = escapes the detector y — e + inv

e MEG-II, Mu3e, Mu2e-X, COMET-X can search
for it

e if ¢ can decay = sensitivity to even higher scales

e example: i — 5e can probe £, > 10°GeV
et Hostert, Menzo, Pospelov, JZ, 2306.15631
pr / et
...... Ya
7 _
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o if T”qb(é,u) coupling = mediates y — e

e if  QCD axion = escapes the detector y — e + inv
e MEG-II, Mu3e, Mu2e-X, COMET-X can search

for it 105 T
4 V A _ .
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@ \\\
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HIGGS AS A PROBE OF
FLAVOR



DUAL ROLE

e in the SM Higgs has a dual role

® breaks electroweak symmetry and gives the masses to
W, Z gauge bosons

e same EWSB source gives the masses to the SM fermions

e how well have we tested this?

Cosmological QCD electroweak GUT Planck
constant scale scale scale mass
1073 GeV 10~° 10° 10’ 10" 10" 10"

Sa?
o
JZ, 1903.05062
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DUAL ROLE OF THE HIGGS

35.9-137 fo' | Flavor

E>|> 1 LI I ] | LI ] ] LI | I ,/,
2 || CcMms
s | m,=125.38 GeV
w)_ 107k °
= |> = p-value = 44%
¢ f
1072 3
|~ ' ¢ Vector bosons
) ¢ 3" generation fermions 3
¢ Muons :
i SM Higgs boson
E" Ll 1 Lol
=
CD . : | | I T T II| I | I T 11 III |
o ;
o tffeneneneneness H ----------------- H-- -
E 0.5:||| ||1| |||| |1|||
107 1 10 10
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TESTING THE FLAVOR OF
THE HIGGS

Nir, 1605.00433; JZ, 1903.05062
e several questions

® proportionality
Yii X My

® factor of
proportionality

i /Mg = V2/v
® diagonality
(flavor violation)

Yi; =0, 1#] )
e reality (CP violation)

Im(y;;) =0

J. Zupan Basics of Lepton Flavor Violation

y; " = Vamy /v

35.9-137 fb " (13 TeV)

E>|> 1||| T T T T T 17171 T T 11 | t_"
g = CMS ’

5 - m, =125.38 GeV

ui_ 107 o -
= |> F p-value = 44%

% Vector bosons
¢ 3" generation fermions 3

¢ Muons i
----- SM Higgs boson

Ratio to SM

G - &
N
I I \fl‘ 5 ]

10 10°
Particle mass (GeV)
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FLAVOR VIOLATING
COUPLINGS

e in the SM Higgs couplings flavor
diagonal

e discovering flavor violating couplings
mean New Physics

e for charged lepton final states accessible
directly

® from h—tu, h—1e

J. Zupan Basics of Lepton Flavor Violation A KEK, Oct 17 2024



INDIRECT BOUNDS ON h—>TH

Harnik, Kopp, JZ, 1209.1397 see also Blankenburg, Ellis, Isidori, 1202.5704

e indirect bounds from charged lepton FCNC transitions

® it U0 ) R
L
® T3 y
‘
! Y:PL+YTTPR u
\_ J /

Y Py + Y, Py

\_
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see also ATLAS 1907.06131

FLAVOR VIOLATING
COUPLINGS

e accessible directly for charged lepton final states

® from h—=1tu, h—1e

J. Zupan Basics of Lepton Flavor Violation 46 KEK, Oct 17 2024



see also ATLAS 1907.06131

FLAVOR VIOLATING
COUPLINGS

CMS 137 b7 (13 TeV) CM 137 b (13 TeV)
G 8¢ ©
> 10" > 10"
0% 775 10 7
3 _3
A WS
L @ I\ @ :
! < ! <
3 | 4 8
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- o L& : Ly m
i 5 S5 4 - 24 2
10_5 | | IIIIII| I:\;il L1 | il | llll: 10_5 L Ll | :I°IIIII | gl | Igo
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INDIRECT BOUNDS ON h—>el

Harnik, Kopp, JZ, 1209.1397

e indirect bounds especially severe for h—eu

B S N DL B B
® -8 ® - ATLAS Preliminary —— Observed
Br(h%elu)<10 >_-10'3 " 5=13TeV, 139 b — zmﬁi; )
required to surpass . :
the bound from 10 N
Br(u—ey)
107 E
® caveat: could be
cancellations - ik
in the IOOP E ol L1 .EI : X

10°° 107> 107 1073
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CONCLUDING REMARKS

e charged lepton flavor violating probes
give us access to physics at very high
scales

e both light and heavy NP of interest

e especially interesting in view of
experimental anomalies involving
muons
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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
J. Zupan Basics of Lepton Flavor Violation 50 KEK, Oct 17 2024



Cosmological QCD electroweak GUT Planck
constant scale scale scale mass

l l

1073 GeV 107’ 1075 107" 10° 10’ 10" 10'° 10"

o 00 O

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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LFV QCD AXION

o DFSZ-like model: 2HDM+S: Xg = 1.Xy =2+ Xy

o flavor universal U(1)p( charges in quark sector, non-

universal in leptonic
Yukawa coupl. to H, Yukawa coupl. to H,

O 0O 0 O 1
= gives lepton FV
O 4 y e O " - coupl.s of axion
E &

(-l e (==-

e hierarchy of entries external input

= axion-quark couplings
flavor diagonal
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LFV QCD AXION

e two benchmarks, assume just 1-2 mixing

Benchmark V+A Ja [GeV]
1013 1012 1011 1010 109 108 107 BenChmark V-A fa [GCV]
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HB / CAST o T T e e
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10_11: E : P DFSZ-TI “--AiLRS--_IEI"- i KSVZ
P : v o & -11 : : P » s
: : A 10 : : Pt DFSZ-1I
— femmimm—ete 5 Dleletrlc",/ ADMX v
n _12 ; Stack il iliio i IAXO /T Dieletric
> 10 o ’ _I'q_' 1 Stack
é > 10 'ﬁenchmariku \ '
— 4 V-A
— 10—13 2 :
5 S 10
- ] :
10~ =0 z
1014
L s . i =
10715 xiasw 74 “cape o ez = |5
N i 10715 xiasuH ¢ ~CAPP & g 8
[ /" “ADMX (fut.) . = S, g
f 4 b = = Lo
10-16- 7.? S g j { ADMX (fut.) < 6 %
1077 107¢ 10— 10~* 107 10* 107" 10° 10-16 - i

ma[eV] 107710 105 104 10° 10 107 10°
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LEPTONIC FAMILON

e separate Froggatt-Nielsen U(1) for
quarks and leptons

e leptonic f, scale assumed lighter =
these couplings dominate

([L]1, [L]2, [L]3) = (L, L, L), [Pure Anarchy|. = RHALP

e two benchmark charge assignments

= LH and

(L1, [Z]2, [L)s) = (L+2, L+1, ), Hierarchy].  RH couplings

Eax
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LEPTONIC FAMILON

Anarchical familon model

10" -
10 )
10 EStar cooling i
= 10°.
(3 108 N@
e i MEGII-fwd (F=1) SN1987A
1O7i TW|STN z
106; Benﬂw
1051 I A W AT N A IR W B R A W W A U R A A R T B AN R IREEIT 1C‘1r1<u1|m—
102 10° 10* 10° 10° 107 10® 10°
m, [eV]
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f, [GeV]

LEPTONIC FAMILON

An Hierarchical familon model
10" 10" f
1 01 0 f | 10 ;Star cooling i

?Star cooling 10 % @

10°. _10°.
:_% : TWIST ]
1082 0] 108; MEGII-fwd (F=1)
7: ME SN1987A
107 1075; Beum
106; 106é (:r<1mj
- - ARGUS
105_1 211111111311““ 105E| AT B A WA N ATE IR TN BN RSN RTTH AN IRETT (S S WV S
10 10° 1 10> 10° 10* 10> 10° 10" 10° 10°
m, [eV]
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MAJORON

* majoron- PNGB due to spontaneous
breaking of the lepton number

e neutrino masses m, & y ylv:/my
e majoron couplings, C;; v,y
e if m, suppressed by global U(1)

® = majoron observable

® "low energy see-saw"
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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.

» have YTnot YT ‘

IR e ! e ———

e modified prediction for y — ey

10
: ! 32 (UUT)uu(UUT)ee T = m? /MI%V

¢ GIM mechanism no longer fully operational

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

K

e due to v; and v mixing '

m U U* ==
e PMNS matr. does not diagonalize the f /4]{ ~mass ek
e the mixing matrix % entering the W — £ — v vertex is not

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

» have YTnot YT ‘
B aaane ——— “,_._ — —

e modified prediction for y — ey

_ 10 2
S s o — 32 [Suthalls P o) = -0+ 0 (ah)
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

J. Zupan Basics of Lepton Flavor Violation oD% KEK, Oct 17 2024



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)

W

e u — ey results in a dimension 6 operator

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

® exp. bounds imply that it is highly “suppressed

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

M -—w
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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)/
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Meucci, 2201.08200

P

e E,=E,~m,]2 = 52.8 MeV T

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
! || e 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
% B T R - R— 60
Positron Momentum (MeV/c?) ry When escaplng
R e

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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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

/!

Q—C)

Ny
O

Zpe = O

ZEe —_ mu

Common vertex
Coincident

T T T T (O e i ———

Iwamoto @ FPCP2020

e -

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

_|_ %10_3
0 e %10-45 ........................................................................................................................................
—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
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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 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

107, . seeee DIO for Al
i — data: TWIST coll. !

1000.

Events

0.1;

0.001;

10—5 L. ! . . 1 . _ \ . ‘ . ‘ A |
20 40 60 80 100
J. Zupan I E, [MeV] Oct 17 2024




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 ;

J. Zupan Basics of Lepton Flavor Violation 63 KEK, Oct 17 2024



SUPERSYMMETRIC
SEE-SAW

* in general there are many flavor violating parameters even in the minimal
SUSY see saw model

® 124 from minimal SUSY SM (MSSM)
® another 18 in the neutrino sector
e most of these related to SUSY breaking
® the form of slepton and squark mass matrices
e focus on a very restricted case: constrained MSSM Antusch et al., hep-ph /0607263

e SUSY breaking parameters are assumed to be flavor universal at the
UV scale (=GUT scale)

e all LFV originates solely from the neutrino sector

® some of the parameters are fixed by requiring to reproduce neutrino

masses and PMNS, scanned over the rest

22
2

3 ”":-: i)
® IV in slepton mass matrices from RGEs

my —

Y,' MY,
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SUPERS

B € Y
SEI -, ~
/ ) \
e in general there are many flavc Bt X \ €
SUSY see saw model > | \ >

® 124 from minimal SUSY SM sy e

e another 18 in the neutrino sector
e most of these related to SUSY breaking

® the form of slepton and squark mass matrices
e focus on a very restricted case: constrained MSSM Antusch et al., hep-ph /0607263

e SUSY breaking parameters are assumed to be flavor universal at the
UV scale (=GUT scale)

e all LFV originates solely from the neutrino sector

® some of the parameters are fixed by requiring to reproduce neutrino

masses and PMNS, scanned over the rest
2

UV T ar—1
mV:—?YVMR Y,

® IV in slepton mass matrices from RGEs
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SUPERSYMMETRIC

SEE-SAW
e the dominant LFV . ) \f”
contribution comes R I \
from dipole operators b X’ \ e
("photon penguin") " ’
® the f T BK are thus glven by Antusch et al., hep-ph /0607263

mp 11
BR(l; — 3l;) = 3i (10 J 4) x BR(l; — i),

T my
(A

e because of restricted flavor structure there is
also a relation between y — ey and v — uy
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__SUSY-Seesaw
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2
Qo m;. 11
BR(l;, —- 3l;) = — [ lo . — — |1 x BR(l; — I
( J Z) 37_‘_ g ml2 4 ( J 2 ’Y) )

e because of restricted flavor structure there is
also a relation between y — ey and v — uy

J. Zupan Basics of Lepton Flavor Violation 65 KEK, Oct 17 2024



FN SOLUTION TO THE
EEAVOR PUZZLE

Froggatt, Nielsen, NPB 147, 277 (1979),...

e Large hierarchies in quark + lepton masses and in CKM matrix
e can be addressed via horizontal U(1)gy symmetry

e SM LH and RH fermions have different U(1)gy charges

e hierarhical Higgs Yukawas after U(1)py broken via vev of
scalar field, the flavon @

o if U(l)py gauged there is an associated Z’

- | heavy Q O,
i - IW“z e ———— > o
—[u]; | | | | | [q]i # —[u];
‘ : : , , ,
Uu(2), charge , , | | |
X X X X X
o p
Insertions of VEV (P Uy =~ U 174 Ge\

figure due to F. Goertz




Smolkovic, Tammaro, JZ, 1907.10063

SPURION ANALYSIS

f A B heavy (2]

—[ul;

Y

e effective Yukawas governed by flavon insertions (so that invariant under flavor
symm.) g
L ~U i o h _rul . € = i
eff AF q;Uj A o

e hierarchy from powers of small parameter &

¢ FN mechanism involves
e vector-like fermions + scalar flavon fields (no anomaly)
e chiral fields at the end of the chains: in general anomalous U(1)gy

o we show the results for an anomaly free U(1)gy (inverted FN) that is gauged
J. Zupan Basics of Lepton Flavor Violation 67 KEK, Oct 17 2024



FLAVORFUL Z!

e for U(1)rny benchmark, assuming
anarching neutrino mass from Weinber op.

|l T T T LI}

001} e*e- dark photon searches |
. ooy QoW
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’——
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10~
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FLAVORFlIT 7!

e for U(1)rn benchmark, a: Z,
anarching neutrino mass ;

e
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TAU DECAYS

e in this model tau decays less sensitive as discovery tool

e but essential to be measured in order to confirm the model

10—11 e ] i i ‘ e
0.01 0.10 1 10 100 1000




fa [GeV]

FLAVORFUL
QCD AXION

o if QCD axion has 8ﬂa(67}/”}/5s)/ 1, coupling
= K™ — n7a decay a very sensitive probe

QCD axion Flavor Anarchy

Alonso-Alvarez et al, 2201.07805
I | I I I 1 I I I I I I I I I I I I I 1 I I I | I I |: I

“ 1R
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