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1 [1.77686(12)]

Decay spectrum

T — (P,PP,...) v,

P = Pseudoscalar meson
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Process Estimate Experiment
B. = Br(r — emv) ! (17.82 4+ 0.04)%
2+ N (|Vual? + [ Vius|?)
B, = Br(r — uvv) ~ 920 % (17.39 + 0.04)%
Ne|Vial?
Br(r — non-strange hadrons) 2+ No (|Vudl® + [Vus|?) (62 4+ 4)%
~ 58 %
NC|Vus|2
Br(r — strange hadrons) 2+ Ne (|Vual? + [Vus|?) (2.6 £ 0.7)%
~ 2%
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Lepton universality
Charged lepton flavour violation
Lepton or baryon numbers violation
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Lepton Universality

The largest group of global unitary field transformations commuting with the SM
electroweak gauge group, consisting of three families.

[Chivukula, 1987]

Standard Model Group

U(B)Q X U(S)u X U(S)d X U(3)g X U(B)e

Yukawa
couplings =0
One family break 5
unr}\?e?sr;]llit{/ A [U<2) X U<1)]
Yuk
C:)Jus;;\;\agsaéO U(1) xU(1)p xU(1)y
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W%ﬁV@

[PDG, 2020]
w/e 0.996 + 0.008
T/e 1.043 £ 0.024

T/ 1 1.070 £ 0.026

[Han, 2006] [Filipuzzi, 2012]
D = 6 operators with symmetry

[U@)pe x U1), ]

|

Violation of lepton
universality not due to

A > Agw

F(W — 61 I/gl)

61/62 - F(W — fg Vgg) =1 (SM)
Woly
«  Our fit (all measurements below)
s Ty (Z total width)
A%
—— oL, = 12aT(Z—~e* e ) (Z—had)/M2%

- Re=T{Z-had)T(Z-1417)
—a— | A‘r
———=——  Pionic T decay

—=—  Leptonic T decays

LEFII

—0.01 0.00 0.01 0.02 0.03 0.04
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W%ﬁw

[PDG, 2020]

61/62 =

F(W — 61 I/gl)

F(W — fg Vgg) =1 (SM)

ATLAS
[ATLAS, 2021]

s =13 TeV, 139 1"

L R S T T TR R R U T
—m— LEP (Phys.Rept. 532 119)
ATLAS -this result

Statistical Uncertainty
[ Systematic Uncenainty
g Total Uncenainty

1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
102 1.04 1.06 1.08 1.1
R(t/p)=B(W —1v)/ B{W—pv)

p/e 0.996 + 0.008
T/e 1.043 & 0.024 E
T/ 1 1.070 & 0.026  0.992 +0.013 gkt
[Han, 2006] [Filipuzzi, 2012] W_’_h’
D = 6 operators with symmetry _; :I(;tidm)"“ o
5 Adr
(U(2),e x U1),] N R

|

Violation of lepton
universality not due to

A > Agw

- Re=T{Z-had)T(Z-1417)
—a— A‘r
———=——  Pionic T decay

—=—  Leptonic T decays

LEFII

4

—0.01 0.00 0.01 0.02 0.03 0.04

2ai; = (gr—5-)3.
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Charged current universality

G%.M?
N'ir—/lryv.) = M?/M?) r
* [ ( ) = Togs 4 ME/M7) o
> r  flx)=1-8zx+8z% —2* —122°Inx
M, 2 M2
f ( VE ) = 0.999999, f ( VE ) = 0.972559
5 3 M2 alMy) (25 ,\]

, TEW—(HgMQ)[H = (4 —w)]_o.g%o

Charged current universality 9r — Ju — Je (1~ — e Tery,) ~ 100%

BRI T

L /Thume 1.0028(15) Troe/Thume 1.0011(14) Trmy/Trse 1.0017(16)

oo /Tse 1.022(12) Ty /Tossy 1.004(16) T, /Tye 0.998(4)
[PiCh, 2020] IFIC - Instituto de Fisica C

arpuscular



Charged current universality

G%.M?
N'ir—/lryv.) = M?/M?) r
) { ( evr) = Tog s | f (MG [MZ) rewy
> r  flx)=1-8zx+8z% —2* —122°Inx
M2 M2
f ( VE ) = 0.999999, f ( ]\;3 ) = 0.972559
5 3 M2 alMy) (25 L\
, TEW—(HgMQ)[H = (4—7r)]—0.9960
Charged curgent universality ~ 9r = Ju = Je (W~ = e Tewy,) = 100%

B T

Fron/Thuse 1.0028(15) Reoe/Tume 1.0011(14) I'ry/Trse 1.0017(16)

Lo /ToN1.022(12) T4 /Ty 1.004(16) T, /T se 0.998(4)
[PiCh, 2020] IFIC - Instituto de Fisica C

arpuscular



Charged lepton flavour violation

SM

m, = 0

} [U(l)B & U(l)e & U(l),u & U(l)T - U(l)e-I—M—I—T

global




Charged lepton flavour violation

SM

m, = 0

} [U(l)B & U(l)e & U(l),u & U(l)T - U(1)€‘|‘N‘|"T
(

global

Oscillations
6,~30°, 6,=45, 6,=0"

LFV is large in the neutrino sector :

Solar neutrinos

vV, = %(Ve +Vﬂ+Vr)

SM + v |pirac \

Vm“
2

W %W Bz > pvy,) 1287\ m}
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some SUSY models can bring up to

Beo>py 0(10°-107)

T U —
B(t > puv,yv,)
ATLAS PN Theoretical predictions of the branching ratio for
- .T_>t,?,r] T — wy and T — ppp.
2016 A A Touu Model T =y T g
o SM + v mixing 10~ 10~
T BéfaclOéieBs SM + heavy vg 10~ 1010
; .ie oot Non-universal Z’ 107" 1078
LHCb A Agm 01s]  SUSY SO(10) 1078 10-10
10 L © mSUGRA + 1077 107
: +seesaw o @ ] m seesaw
2015 A : mSUGRAx ‘k./ (? | SUSY Higgs 10~10 10~7
L SUSY+S0O(10) A i
107 A L1 [inami, 2008]
SM+seesaw \E\fk m
| SUSY+Higgs Super B-actory
2(():2|\:|SA 10 }j) 7107 10! 10 Belle
Luminosity (ab')
Y. Kwon, SUSY08 2010 A
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2
§ 10-55 n® ..III.I LI . |- ?
a2 = m B B 2] HE = | =
E L i .....l B g = -

10° - wE =
ﬂ - Q) v¥, ¥ v 7 ¥ i E
T LS AR N g .t W = | &l
:E ¥ v ¥ aal’ '~!T v 4 ﬁ ' o T' TE
E I & ¥ ¥ !’1' . & ‘, . L ; 4 F P :
= : LEO
[ 10‘5 = u C
D 5 v BaBar
=1 5 » Belle
L @
% ° o ® * s 1 . Botian
_j 10%F * & a%_lon s s ™ °® %" 52" 00" 0" ;ATL:S()
d .. a L . .......- e E
B‘e 10—1[] I TR T I I I O I ITI I 1 1 N RO N N T T O N O I | L
g PR FFEERRR LR KR89 88 do o n ke RelARR e Wiy i <]

TN 1 "’ e e

'2'a® 201 oy 03 02 e hh b bRl Ao n dob plipl i We
dp=aad :-Im Ii‘wls.'n'in |=-Hl= lﬁh.ﬁ

[Belle-Il, 2019]

-1
(*) Integrated luminosity of 50 ab

IFIC - Instituto de Fisica Corpuscular



> F :
§ 10-55 " g EEEgm L _ - E
E g =™ - ) @ Ju . L =
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2 107" "r”" i 'vr v X " M =
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E . 4 ¥ X !!" ¥ Ay A
] 10° S vggﬁar
i - Belle
o .
3 TR s - 5 LH?h
= 10—9 . " L - . Y - a_® ..I.I ..? * Belle I (*)
'S e® & WL . " ......I. " a *e : @ ATLAS
B‘e 10—10 RN !?! o e e e A EEEmEEs, '-
= PR FFERIRAALULL k6088 ‘Do 'x'xo i kil K MAAR P e v <l

O yu® Lo o'y ® 2o’y i ou® Zo=zhehhhn Ehﬁhﬁwaba s % e e

'!ll":L"I:II lﬂ:ﬂ‘lﬂ..m.ilm Ii‘wls.'n'in |=-lgl= lﬂlﬂlﬁ

K—H

[Belle-Il, 2019] s BP

-1
(*) Integrated luminosity of 50 ab
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Dynamics of CLFV

v' The mass scale of New Physics } SMEFT

v' Symmetries and flavour structure of New Physics [Buchmuller, 1986]

Q

A ~ New symmetries?
New flavour structure?

-1 ACLFV Lyv = L(your model) =< New degrees of
freedom?

- MH > MSM

Energy

Q

EF <K ACLFV

T AEW £SMEFT — SM + Z ( Z O(D> O(D)>

D>4

Q
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[Model—independent analysis with SMEFT]
[Celis1, 2014] [Celis2, 2014] [Gninenko, 2018] [Husek, 2021]

1
ESMEFT — ESM + Z <AD—_4 OZ(D) OZ(D)>

D>4 CLFV
CLFV scale
Hadron decays
T—LP: P=n"K°%nn
T (P D PPy=n1"7" K'K' KTK~ ntK~.K'Tr~
TV V = p°(770),w(782), $(1020), K *°(892), K*"(892)
¢ — 1 conversion in nuclei (NA64 ?) l=e,u

IN(A,Z) = 7X : N(A, Z) = Fe(56, 26), Pb(208, 82)
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[Model—independent analysis with SMEFT]
[Celis1, 2014] [Celis2, 2014] [Gninenko, 2018] [Husek, 2021]

1
ESMEFT — ESM + Z <AD—_4 OZ(D) O@(D)>

D>4 CLFV

CLFV scale
Hadron decays

T—>LP: P=1"K°nn

T (P D PPy=n1"7" K'K' KTK~ ntK~.K'Tr~

TV V = p°(770),w(782), $(1020), K *°(892), K*"(892)
¢ — 1 conversion in nuclei (NA64 ?) l=e,u
EN(A, Z) 71X N(A, Z) = Fe(56, 26), Pb(208, 82)

> | Acrpyv > few-tens TeVs

(see Kevin Monsalvez-Pozo’s talk)
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Lepton and baryon numbers violation

92

OuTs" = OuJ" = ng 3272

et P W W ~ O(h)

U(l) B - L. hon-anomalous Gauge theory (extension of the SM)
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Lepton and baryon numbers violation

2
g v
OuTs! = Ouit = ng o5& PWe, Wi ~ O(h)
U(l) B - L. hon-anomalous Gauge theory (extension of the SM)
SMEFT 1 (D) ,~(D)
»CSMEFT — »CSM + Z (AD4 Z Cz’ Oz‘
New scale ALB D>4 LB i

D=5 — AL=2,AB=0 } [Buchmiiller, 1986]
D =6 . AL — AB [Grzadkowski, 2010]
D=7 — ALF#0orAB#0 [deGouvéa, 2008]

IFIC - Instituto de Fisica Corpuscu

lar



Lepton and baryon numbers violation

2

g vo a a
OuTs! = Ouit = ng o5& WS, Wiy ~ O(h)

U(l) B - I, hon-anomalous

Gauge theory (extension of the SM)

SMEFT 1 DY (D
Loverr = Lsu + Z (AD4 Z Cz( )Oz( )>
New scale ALB D>4 - 0
D=5 — AL=2,AB=0 [Buchmiiller, 1986]
D =6 . AL — AB [Grzadkowski, 2010]
D=7 — ALF#0orAB#0 [deGouvéa, 2008]

D =even — |AB — AL| =0,4,8,12,...
D =o0dd — |AB — AL| = 2,6,10,14,...
[Kobach, 2016]
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[Liao, 2021]
T+_>€_Pi+Pj+ f:e’lu

AL=2—D=25,7

CiTl, V1

1078

Branching ratio

Excluded by the current experimental search
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‘Excluded by the current experimentsl search

1078 -
[Liao, 2021]
+ — p+ p+ 1071 I
T = PP l=e,u t*osantt ot
% e o i
AL=2-— D=5,7 B Siedaiod
’ § N ) meee- o KHiCH
C i T 1, V1 X’ o oKt
i my=1 eV
> :g 2 my=0.1 eV ““-u.&‘
Aew 1 10 100 10° 104
AB = AL = +1 AfTeV]
BR x 108 [Belle, 2020] [LHCDb, 2013]
Br(r~ — putyu) <18 <23
Br(t™ — pu~p") <4.0 <44
Br(t~ — pete) <3.0
Br(t™ — pee”) <3.0
Br(t— — petu™) <20
Br(t~ — pe u™) <18 90% CL
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Outlook

Accidental symmetries of the SM seem to stay on the razor’s edge:

= |f we look for violation of Universality in the lepton families we will have to
pay close attention to the processes that involve the tau lepton in
comparison with those involving the lighter leptons.

= We already have seen neutral lepton flavour violation: neutrinos mix.
There seems to be no reason why charged lepton flavour violation
should not happen in Nature: the quest on the experimental side is a major
task and Belle Il will play a major role. On the theory side | bet for an
interplay between models and SMEFT.

= Charged Lepton Flavour Violation could easily become a window to see

extensions of the Standard Model. For tau involved processes the time
IS now.
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