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Flavour in the Standard Model

« The SM 1s a semi-empirical theory. Requires experimental
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input to fix ~ 27 free parameters to fully prescribe it
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» We need experimentalists to measure these parameters. Can

we understand the underlying symmetries that guide them?

“Standard Model Flavour Puzzle”
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Lepton tlavour in the Standard Model

« In the SM lepton sector [with no neutrino masses], there

1s an accidental symmetry “lepton flavour™

GL=U(1).®U(1),®U(1);

» Flavoured lepton number 1s conserved 1n [perturbative]

SM 1interactions, thus also total (sum of flavours) lepton

number 7 — L,u 1 Le 1 LT

» Lepton flavour violation (LFV) 1s not possible in the SM.
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Leptons in the SM + neutrino masses
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Mass eigenstates are linear

combinations of flavour eigenstates

S
M, V2 V3

= In the vanilla SM, neutrinos are massless.

= Neutrino and neutrino physics provide a probe of

lepton flavour symmetries

= Neutrino flavour oscillations tell us that beyond

the SM lepton flavour is violated.

1. We need BSM physics (an extended theory)

2. This new physics violates lepton flavour

symmetry
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So why 1s a symmetry useful it 1t’s broken?

+ = Thus far, our only signal of lepton flavour violation is
generated via neutrino masses
\\, :

= These neutrino masses are small.

@ - @ + = It is natural for these effects to be small if they are

signals that result from an explicitly broken symmetry of

G.=U(1).oU(1),U(1), the flavour sector
: = We can say the symmetry “protects” the size of the
M @3 < O(le-54) observable effects of its breaking
A ﬂﬁ@ Ge d~e  Petcov, 1977 » It remains to be seen if lepton flavour is only observably

broken 1n the neutrino sector, though...cLFV?
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How 1s 1t broken?
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Charged LFV (CLFV)

Why am I telhng you about eLFV 1f I am also saying it’s all ﬁ

totally self eonsmtent for LFV effects to be sma11‘7

=~

: We st111 haven t explamed how neutrlnos get the1r mass. Some
new physics needs to generate neutrino masses. We don’t know

exactly how SM+ that will behave under this narrative.

« Maybe symmetry breaking in the lepton and neutrino sectors 1s
different? Depending how flavour symmetry breaking manifests,

e.g. we have right-handed charged leptons.

» In the context of the whole SM flavour puzzle, there 1s more to

unpack here...
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Limit

Charged LFV (cLFV)

W ¥
M o < O(le-54) ,
A Vf‘@—’je\;\@ Petcov. 1977 - SU(2) symmetry of the SM links neutrinos and (left handed)
\ . charged leptons : can we see LFV in the charged-lepton sector?
History of u — ey, uN — eN, and p — 3e . = Many searches for cLFV have focussed on muon decays:
1E .
o - v o Muon mass ~ 105 MeV and lifetime ~ 2.2 us
103 ] o e
= e p—3 ; . .
105 - v s; : Z N _fe N "Goldilocks mass’: no hadronic decays, but does decay!
07F ' . -
osf o 3 = Of course, if we only extended the SM by neutrino masses and
. ¢ (ol 5
1011 :': Y w e . don’t allow for other LFV, we expect only small cLFV etfects
oo Inl = v .
10-5F VMEGH |, ,
ot woephasels b (symmetry ) Other LFV BSM models yleld larger 81gnals
= Mu3e phase 11O é - ~ et ot & G PSS " s e m
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Present constraints —>|

90% C.L. uppef‘ limits for LFV 1 decays

New prospects tor tau physics
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Bell Il Physics Book, 1808.10567

« The tau 1s more challenging than the muon: smaller

lifetime, decays also into mesons...

= But: 1t can decay into both electrons and muons, so

probe all types of lepton flavour transitions

= Belle II plans to improve many of the tau decay
sensitivities by up to two orders of magnitude in the

BRs.

« Even current bounds from tau decays are very strong
constraints on many new physics models coupling to

third generation leptons.
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Today’s focus

Muon physics 1s still very exciting. But what 1f there was a well-motivated
physics reason for why we haven’t seen ¢ — e cLFV? Could cLFV with 7’s be

right around the corner?
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,’ The 1dea: each charged lepton 1s charged }

| under this Z3 (flavour triality)

el gl -
elecion T=1 In \ine
o T- 2 0NN

Lepton tlavour #rzaity

» Ernest Ma, 2010 “Quark and lepton flavour triality™
1006.3524

» Motivated by the success of non-Abelian discrete flavour

symmetry A, to explain neutrino tribimaximal mixing.

(Altarelli + Feriglio 0512103, He, Kuem +Volkas 0601001)

« In the charged lepton sector, A, breaks to an approximate Z,

“lepton triality”: a discrete subgroup of lepton flavour.
« Each charged lepton 1s assigned a triality charge.

» This same residual symmetry can be a feature of many other

(discrete) flavour models for the lepton sector.
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What does this say about cLLFV?

Charge assignments: . = If triality 18 a good symmetry, then it should be
L, has 'Ifiam\\ T=\ conserved.
e bas ‘L“'a""*’\ Ll » This permits certain cLFV processes, and
‘# TnavH  soms  modulo D forbids others. If triality 1s ultimately broken by
some small parameter, then this approximate
Implications: symmetry suppresses the size of any triality
breaking processes [ mass requirement]
- 'Y v 9
% | T - ‘]’ €e ; . -
f/"7 ¢ L% = -2414) =0 .= So if the lepton flavour symmetry has triality as
1= Te | 2 Oneaz =3 a feature, then we are MUCH more likely to see
| 5 .
( = AT=0 L cLFV 1n tau decays.
AT F0O ‘ s
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Where should we look for cLFV?

» There are two triality-preserving cLFV decays

Triality-preserving charged-lepton decays: « The sensitivity to these decays at experiment 1S
S Prosent constraint | Projocted sonsitivity . expected to be improved significantly at Belle 11
BR(t— — p—p~et) <1.7x 108 [1 2.6 x 10710 [2 « It triality 1s a good lepton flavour symmetry, these are
BR(r” +utee”) | <15x107°[1 23x107° [2 . our best bet for finding signs of the underlying new

physics violating lepton flavour beyond the SM

« What we did 1n 2212.09760: with triality as a starting

Lepton-flavour-violating tau decays from triality

point, established simple extensions featuring doubly
Innes Bigaran,'%3 * Xiao-Gang He,*% T Michael A. Schmidt,® *

German Valencia,”»% and Raymond Volkas® I . charged scalar bileptons and studied the

Phys.Ree.D 107 (2023) 5, 055001 . phenomenology of these models and decays
arXiv: 2212.09760

12 Innes Bigaran. TAU2023, 4 December 2023


https://arxiv.org/abs/2212.09760

Observable

BR(7— = p~pet)

BR(7~ = ute e™)

Electroweak Singlet Scalars

T=1 scalar

« Most simple extensions are electroweak singlet scalar
bileptons : they couple directly to two leptons. Triality forbids

other SM 1nteractions, making their phenomenology

o
/ straightforward.
k :

T=2 scalar

‘ e
N .
T </ . = Mediating this interaction at tree-level, we can either assign
0"

the scalar a triality of T=2 or T=1

« The T=1 scalar k;mediates 7~ — ue~e”

et :
S / - - L(\}"& C 5 C > ,
—< <\* ; di= 3 (T pp £ P eer)Kir hoc.

s » The T=2 scalar k, mediates 7~ — e "~
Lo ™ 5 (29T r *—32?«5‘}!&3“1 th-C.
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- Doubly-charged scalar bilepton 1s constrained to be TeV scale by direct searches
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Electroweak Triplet Scalars

« Much richer phenomenology. Can be thought of as an

extension of the singlet scalar study.

« Electroweak triplet scalar bileptons

Aoo\ C,\nafged

¥ Tt
Ar® AT

c\/\

LSOSPN Por\'f\ds

« Similarly constrained to be TeV scale by bilepton

searches

» Couple to lepton doublet: constraints also from neutrino

Interactions
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Electroweak Triplet Scalars

+
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AT ) b AT sca\e( -
T —> D § AT AT
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LSoSpN Por’n\ds

o = [sospin partners: single and doubly charged components
Ta, =1 CELS D Ly~ 6,1 & L) Fhec. . = LFU ratios of tau decays also constrain parameter space,

Tem (e o )
Re >
(am (= P oV ) Ty=>2¢ *iny)
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e
: o R<e

S AD , . L
AfH (vrL) v A, » Majorana-mass type interaction induced by neutral

P &L

If ioa L = ~(er)Fer Af” — VB ey v AT T

component. Constrained 1n structure by triality...[we will

return to this later]
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Briet recap of the story so far.

« Lepton flavour triality could be a residual symmetry in the flavour

sector which constrains observable cLFV decays

« Moreover, motivated by flavour triality we could expect cLFV tau

decays as outlined to be the first signal of LFV new physics

« Simple UV completions: triality-preserving extensions to the SM
contain scalar bileptons EW triplet and singlet phenomenology study
shows there’s regions of parameter space that would predict a signal

within reach of Belle II.
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Tau decay kinematic study in light of triality

» Bounds on these decays have phase-space dependence

Observable Present constraint | Projected sensitivity that 1sn’t taken 1nto account
BR(T~ — u—p-et) | < 1.7x1078 [1] 2.6 x 10-10 [2] ' |
« In particular, phase space of three body decays
BR(7~ — pute e) <1.5x 1078 [1] 2.3 x 10710 2]
depends on the nature of the effective interaction and
B viks osvore Ao\ mediators present (R. H. Dalitz (1953)
2 - = 0.7 0 - E _ : :
d*r (v > 07 g ) vk : = Limits assume that there’s no kinematic dependence

din_ 2ty 256mmg - . L .

/ y : ’ in the matrix element, which 1s not necessarily true
S 'ﬂ\;m‘m = \C.m (M_f‘ ZML}\(MH Mg Wt

woss of 1378y ( SRR .« Discriminating power of three-body phase space of
- taus studied 1n e.g. Dassinger et al 0707.0988, Celis et al

1403.5781 ++, though not in these decay channels above.

(BSM here 1s too heavy to go on-shell)
19 Innes Bigaran. TAU2023, 4 December 2023
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= Both scalar triplet/singlet models contribute to both
processes via a RH or LH vector interaction.

Differential decay rates are of the same form

= Different structure of the Dalitz plots arise from
different decay kinematics. These differential decay

rates are not the same as those from the “phase space’

approximation (M~1).

= A bound 1s derived from looking at what we *expect™
to see, and thus constraining the size of the effect. We
need 1nternal experimental information to be able to
recast constraints, though...(e.g. detection efficiency as

a function of invariant masses)
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Neutrino masses in the triality-based models

== In my abstract, I promised a connection to neutrino masses.

21

K35

= [f we add RH neutrinos with three flavours,
generationally-assigned triality, we can also
obtain a triality-preserving neutrino mass

matrix, but with a restricted texture.

« Lepton triality needs to be broken
to achieve observed neutrino mass

texture.
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Neutrino masses in the triality-based models

= Lepton triality needs to be broken to achieve observed

neutrino mass texture.

Breaking triality to generate neutrino masses isn'’t bad,
neutrino masses are small so triality protection helps to keep

triality breaking effect small.

In, = 515D, Lo+ 615 & L) hec. » ¢.2.1n the T=1 triplet model, we can see from the
Lagrangian that if the neutral component gets a vev then

we obtain a nonzero Majorana neutrino mass, though with

a restricted flavour structure (Type II seesaw). Naturally

small vev due to soft breaking by a cubic Higgs coupling.
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1B, XG He, M.A. Schmidt, G. Valencia, R.Volkas S K, e
arXiv: 2212.09760 .
Lepton triality: assign lepton flavours different “charges” under a Z, e
Motivates the search for cCLFV signals in tau decays, and explains non-
et
observation of cCLFV 1n u to e transitions /
. . . T <. v
Motivated by a residual Z; flavour symmetry in the lepton sector: can re
Ky °
guide flavour model-building >

Minimal models furnished by EW singlet and triplet bileptons

Dominant signals of cLFV 1in models with lepton flavour triality are in

tau three-lepton decays. Discovery could be around the corner... Thﬂﬂk YOu'
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Backup
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Tribimaximal mixing

Q @ ~ =In2011, Daya Bay and Reno
V, vV, Vo

measured a nonzero 6, inconsistent

T ‘bi" S .
with tribimaximal mixing

= Green data shows the results from

G52 y<s® — Yg.\° 5
B2 = O 5 §.54° 2022 NuFit collaboration fit to
§ uvnde oo\ - — 1977 neutrino oscillation data.
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Breaking triality to generate neutrino masses

Is= ~X0 (L))" ClyH) +hc

L' .
‘= o Ko p = A diagonal Dirac neutrino matrix together with a
Tigw = K= ‘ o |
- H ( ’22 C; C\ZS% general RH neutrino Majorana mass matrix can

generate the required neutrino mass and mixing

- ac S, T=1I
Singet Ccovdex SC ‘ parameters.

S (Lm)TC(Lj)  operorar (D=6

—»> 1ecds Yo addtcal ‘\-ﬁo\l\‘ PNS@\RJS
coopb\./v\zp ™ W13 S gers anNed
\oreo,\ﬁ—:) ooy« Con hoe ol
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Same-sign muon collider signals

G. Lichtenstein M.A. Schmidt, G. Valencia, R.Volkas , 2307.11369

/ ) = Related by crossing-symmetry to processes that could be probed at
% ”
F. v a same-sign muon collider (W TRISTAN, 2201.06664)
Ky °©
t" - 1.0F
0.8 Solle » Demonstrated reach of this
f 0.6 e . experiment after a year of
v § 0.4] Vs =1TeV data taking for these
_ e /5 = 2 TeV
r‘_ L/ 0.2L , e /5=3TeV models
,>P""<'" o T | Vs=aTe
r | &Y 0" 0 2 4 6 8 10

mg, (TeV)
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