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Flavour Triality



Flavour Physics

Standard Model of Elementary Particles
e generationsof matter
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Charged Lepton Flavour Violation

Charged Lepton Flavour Violation (CLFV) has not yet been observed.
Neutrino oscillations show no individual lepton numbers L, L, and L,
conservation.
Several BSM models predict CLFV.
Experimental bounds are stringent, especially on electron-muon CLFV.
© — ey at MEG,
1 — eee at Mu3e
uN — N at COMET, Mu2e and DeeMe
CLFV involving T:
Data are less constraining;

Belle Il future sensitivity will increase significantly.

( Lepton Triality avoids p <+ e conversions and allows CLFV tau decays. )
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Lepton Triality

Motivated by flavour structure models
A4 group can explain the quark and lepton

mixing angles.

Tribimaximal mixing of neutrino flavours

Altarelli, Feruglio (2006) \
He, Keum, Volkas (2006)

hep-ph/0601001
Ma,(2010) 1006.3524
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Lepton Triality

Z3 Lepton sector

A4 is generated by S and T Elements N
L — wTlLand eg — w'er,
T 0 O _ 2ni
_ 2 w=e>?
T=10 w0 H, quarks are singlets under triality
0 0 w
= 2 2 e ~ ™\
S = % 2 -1 2 Ly = yeliegH + h.c.
p I Ly is diagonal under Z3
\_ J
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Lepton Triality

e—~>T=1 )
u—>T=2
- T—>T=3
p — &~ ?5\ g J
(" Mediators of flavour triality )
_ B transform under Z3 as:
Z: - M e e” k1 ~ W,
k2 ~ wz.
ks ~1,
\_ J
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Lepton Triality

Models T =1, 2, 3 for the doubly charged singlet k;

Ly
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(ZﬁWMR - fz(TWGR)

(2g1(TR)CeR + &2(1R) 1R

<2h1(uR)CeR + hz(TR)CTR

/(1 + h.c.
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CLFV Tau decays at Belle Il



Bigaran, He, Schmidt, Valencia, Volkas, (2022) 2212.09760.
¥ - &
Tau CLFV decays: T / Z__.,,_/
T — e/:u +7 M'—:\\J/Ch Zl" \f//u
e” .
[
Present constraint  Projected sensitivity

BR(r— — pu~p~et) 1.7 x 1078 * 2.6 x 10710 **
BR(r~ — pte e) 15 x 1078 * 2.3 x 10710 **

T —e/u+ 1T~ where | = e/p.

Observable

* Belle Collaboration (2010) 1001.3221
** Belle Il (2022) 2203.14919
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SMEFT

C Le1rv = C(Ly,L)(Ly* L) 4 C*(8ryuer)(Eryer) + C®(Ly,L)(Erv"eR) )

CYRR  _ fif
eel312 — 4m1<12
BR(++ T 4 4\ _ _fiB BR(+~ -
(7 = pTeter) = 6aGim (17 = p~oury)
CVRR _ _ &&
ee2321 — 4mk%

2,20 ~ 2
BR(r* — ptpteT) = 5 l(%‘) BR(T™ — p~ouvy)

- 64G’,2_- n’Jk;1
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SMEFT

( )

Present bounds from Belle:

VX <0177

VB X & < 01772
\_ © )

Prediction for future sensitivity from Belle II:

VA X f2 < 0.061%

VB X & < 0.0672
\_ © _J
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Belle Il sensitivity on CLFV tau decays from Triality T=1

10! 10!

DELPHI

10° N 10°

N ]
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il bl

Bigaran, He, Schmidt, Valencia, Volkas, (2022) 2212.09760.

n/27



Next-to-leading order Constraints




Next-to-leading order Constraints

Ly =3 <2f1(TR) pR + f2(er)* eR) ki + h.c.
Ly, = % <2g1(TR) er + &2(1r)¢ MR) k> 4+ h.c.
Lis = 5 (2m(ur)en + m(mR)°ma) ks + hc.,

Potential: £ D |D#I<,-|2 +kidTo k?/q where
D,=0,+i2e(A, —tanbywZ,)

Z— It~

H— vy
H— Z~

,withl=e pu, 7




Z— 117, withl=epu, 1

gv
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—0,0_4&

me in TeV for f=5
me in TeVv for f=3

- 68% C.

L.

+ BF assuming lepton universality
LEP + SLD combined results
504 -0.503 -0.502 -0.501 -0.500

9a

-0.499

1/2
== 2]/4(3;/ Mz Yy [(re + 8rg)Pr + (Ig + 61¢)PL.

ga = (gL —gr)/2and gy = (g + &r)/2

PRELIMINARY
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PRELIMINARY

800
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My (GeV)

R — [(H=9)
" I (H—=Y7)sm

Blue: R, = 1.0887005°

(ATLAS arXiv:2207.00092 [hep-ex])
Red: Projected sensitivity with
3000 fb~" at the HL-LHC,

Ay =1.8%

(Snowmass arXiv:1902.10229
[hep-ex])
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0.8 <Rz, <115
Rz, = 2.2 4+ 0.7 (ATLAS and CMS arXiv:2309.03501 [hep-ex])
Akz, = 9.8% (Snowmass ATL-PHYS-PUB-2022-018, 2022.)

Ak =5%
Ak =3%
Ak =1%
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Phenomenology at TRISTAN
(arXiv:2307.11369)




,TRISTAN

Hamada, Kitano, Matsudo, Takaura and Yoshida, (2022) 2201.06664
Ultracold muon technology from g-2 at J-PARC

-

putuT proposal /s =2 TeV;
1TeV ut beams;

expected luminosity of 12 fb~" per year.

\_

pte” proposal with asymmetric beam energies;
put beams up to 1to 3 TeV;
e~ beams from Tristan at 30 to 50 GeV;

expected luminosity of 100 fb~' per year.




Future lepton Colliders

Model Process Lepton Collider
=l ute™ — etr™ UTRISTAN
T=1 ete  —eTe ete”

T=1 e e e e -
T=1 e e =T U -

T=2piube= e TRISTAN
T=2 ptpt — ptpt uTRISTAN

T=2 utem —atu> L TRISTAN
T=2 ptp™ —putp~ utp~
T=3 ute —pute uTRISTAN

T=3 ptet - rtrt -

G.L, Schmidt, Valencia, Volkas (2023) 2307.11369



CLFV s-channel at ;" pu™
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CLFV u-channel at y7e™

e T(r=1) K(1=2)
1.OF 02
0.81 N N N

i €r=1T(1=2)

~ 0.6 Belle
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Resonances in elastic scattering p ™ — pupt

10°f
g A T AT Standard Model
ié: 101 N\ i = 81 nt pt
S my, = 2 TeV --
Ir N‘hihi""-~. ______ mg, = 3 TeV [L47 2 [L+
9 4 6 8 -“.1-0 my, =4 TeV
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Resonances in elastic scattering p ™ — pupt

1.0F ™\
f 90% C.L. contour;
0.8F SM contributions as
background;
LHC
0.6 — 164
é\; Vs =1TeV 5 6
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Elastic scattering u"e™ — ute”
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Summary Table

M

T st

Experiment Process 90% C.L. limit Assumptions
Belle ™ > pteme VAR S007 % | 782 b
Belle T metup | JEg S 017 782 fb!
Belle Il T > pteTe” ViR S 0.061—;\" 50 ab~!
Belle Il ety 7S T | 50 ab~!
DELPHI ete” - efe f <1408

DELPHI ete™ — ptpu~ 1 < 0.72.0%

DELPHI ete” 5 1t1™ & S 0. 661\

uhpt collider
putpt collider
ute collider
ute collider

uTe™ collider

utut — rtet
whpt — ptpt
ptem —efr
pte” = 7tu~

ute™ — ute

M,

/8182 § 0.071‘”\,
& S 0.097%
Vi $01B 1%

VE& < 0B30%
1 < 0070

27, /s =2TeV
27, /s =2TeV
100 fb~", (., E,) = (30,1000) GeV
100 fb~, (., £,) = (30,1000) GeV

100 fb=", (E., E,) = (30,1000) GeV
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Summary

Lepton Flavour Triality avoids CLFV bounds from muon decays while allowing tau
CLFV interactions;
Belle Il predictions of tau CLFV.
Next-to-leading order results from Z — 717, H — vy, H — Zvy
uTRISTAN
w ™ collider
Resonances searches
UTRISTAN pte™ collider
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Neutrino Masses

Include 3 RH sterile Neutrinos

T =1, 2, 3 triality charges vg — wl g
—LD yl,,-Z,-yR,-l:l + %M,'/'(l/,;,')CVR/' + h.c.
M;; is a Majorana mass matrix
Incompatible with neutrino oscillations.

Break Triality with soft-breaking operators or introducing a Singlet complex scalar
S (T=1), with non-zero VEV for S.

Type | see-saw, or Type lll (triplet).

Bigaran, He, Schmidt, Valencia, Volkas, (2022) 2212.09760.
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Observables

Direct Searches of doubly charged scalar with CLFV:
my, > 0.6 TeV (ATLAS).

Lepton scattering (DELPHI):
[ > 074 TeV;
B> 15TeV.

Flavour-violating Z decays:
BR(Z — kiky — eT e~ ™) is highly suppressed;
BR(Z = vt~ — etetp ™).

anomalous magnetic moment — too small.
Bigaran, He, Schmidt, Valencia, Volkas, (2022) 2212.09760.
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