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@ In the original formulation of the SM the flavour sector is defined by the
Yukawa lagrangian given by

—Ly = (Yu)ijQLiuRj‘i> + (Yd)ijQLideq) + (Ye)is L1, er; P+ h.c (1)

The minimality of construction of eq. (1) implies massless neutrinos and the fact
that lepton flavor numbers are individually conserved at any order. J

However, experimental evidence of neu-

trino oscillation = LF numbers are not @ The mixing of three light neutri-

conserved, and claims for an extended nos could be described through

model with tiny neutrino mass. Upmns matrix, which connects
flavour eigenstates with mass eiges-
tates

Ve Uel UeZ U53 vy

Vp| = Ut Up2 Ups va| (2)
E vr Urr Ur2 Uzs| |v3
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Motivation

o SM + neutrino oscillation

@ The Upnns matrix can also give rise,
at one loop level, to charged Lepton
Flavor Violations (cLFV) processes as

BRI £ £oF gE ., pEpt
G =5y, Z = 674, I = 56207

l/J 9
\[Uu Yull = 75)

W e However negligible rates are expected
/,’ s due to a GIM-like mechanism. Fzcept
T | for 7% — pteEeT 222022
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Experimental limits

So far, no evidence of cLFV! )
Reaction Present limit C.L. Experiment Year
[T = e <d2x10° 7 0% MEG at PSI 2016 |
pt o etee™ < 1.0 x 10712 90% SINDRUM 1988
pTise Tif <6.1x107" 90%, SINDRUM I1 1998
pPb— e Pbf <46x1071 90% SINDRUM II 1996
p~Au— e Au't <70x10713 90% SINDRUM II 2006
p"Ti— etCa T < 3.6x1071! 90%, SINDRUM I1 1998
pre” = pet <83x107 !t 90% SINDRUM 1999
T = ey <33x107° 90% BaBar 2010
T =y <44x1078 00% BaBar 2010
T — cee <27 %1078 90% Belle 2010
T = JLf <21x107% 90% Belle 2010
T o 7le <80x107% 90% Belle 2007
r—n'u <1L1x1077 90%, BaBar 2007
= pl <18x1078 90% Belle 2011
= p%u <1.2x1078 90% Belle 2011

Limits for some branching ratio of cLFV processes. Presently the best limit is on
the ut — et decay set by the MEG experiment.
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Experimental limits

So far, no evidence of cLFV! J
Reaction Present limit C.L. Experiment Year
ut — ety < 4.2 x 10713 90% MEG at PSI 2016
ut = ete et < 10x 10712 90% SINDRUM 1988
pTiose Til <61x10 7T 0% SINDRUM II 1998
u"Pb— e Pbt < 4.6 x 10711 90% SINDRUM II 1996
pTAu— e Au < 7.0x10713 90% SINDRUM II 2006
pTTi— etCa | < 3.6x1071! 90% SINDRUM I1 1998
pte™ = pet <83x 107! 90% SINDRUM 1999
T ey <33%x10°8 90% BaBar 2010
T =y <44x1078 90% BaBar 2010
T — ece <27 x107% 90% Belle 2010

T = pupip <21x107% Belle 2010
T — e <80x107° Belle 2007
o <11x107" BaBar 2007
= ple <1.8x1078 Belle 2011
=% <1.2%x1078 90% Belle 2011

Belle-II shall be able to set limits on the 7 — 3y decay at the level of 3 - 1010
with their full data set (50 ab~1 ).

Belle-II Physics Book, Belle-II Collaboration and B2TIP-Community
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Theoretical predictions

Lepton‘flavor‘violating (LF\/) decays of T

Model Reference Ty T UpH
'Y SM+ v oscillations EPJ C8(1999) 513 104 10
W SM+ heavy Maj v PRD 66 (2002) 034008 10° 1010
N Non-universal Z' PLB 547 (2002) 252 109 108
T ; \ SUSY sO(10) PRD 68 (2003) 033012 108 1010
i T mSUGRA+sessaw PRD 66 (2002) 115013 107 10°
V v, u(e) “' (C) SUSY Higgs PLB 566 (2003) 217 100 107
@ Probabiliity of LFV decays of charged leptons is extremely small
3" * 3 ) —53 —49
in the Standard Model, B(r — 17) = > | Z U l’m A2 <107 ~ 10

@ Many models beyond the SM predlct LFV decays W|th the
branching fractions up to < 10-8. As a result observation of LFV
is a clear signature of New Physics (NP).

@ 7 lepton is an excellent laboratory to search for the LFV decays
due to the enhanced couplings to the new particles as well as
large number of LFV decay modes

@ Study of the different 7 LFV decay modes allows us to test
various NP models.

® [l — ey T. P

Cheng and L. F. Li, 2

. T(p—e 3a UpuUgy _

Gauge Theory Of BR( — e) ~ 1_‘(“7’7_) = “7 ~ 1074, ?
Elementary Particle (“ - ew/) e k=1,3 mW

tav
Physics




At this point it is very important to note that:

@ There is an unexpected difference of more than 30 orders of magnitude
between the predictions for the 75 — pi'*,r decay and T — uiui;ﬁ
channel.
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Contributions to L™ — £~ ¢~¢'* LFV decays

U (p2) L (P) v (p)
Z((]) Vi (pl) W -
— 1z - Y
L v ) 7l

w

Feynman diagrams for the L~ — £~ ¢/~ ¢'% decays, in the presence of lepton
mixing.
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Some relevant aspects of this calculation are

@ Masses and momenta of the external particles
were neglected for the penguin with two
o ut — eteteT neutrino propagators and box diagrams

@ Getting analytical expressions for the loop

% S. T. Petcov, Sov. J. Nucl. Phys. integrals is possible
25, 340 (1977).

@ The dominant amplitudes come from the
penguin with two neutrino propagators and box
diagrams, and both are proportional to
Ay = m? - mf

Some relevant aspects of this calculation are

° ++ £k pF @ The momentum transfer g2 by the Z boson is
TCTH neglected in the denominator of the Feynman
t X. Y. Pham, Eur. Phys. J. C 8, parameters integrals

513 (1999). . .
@ The dominant amplitude comes from the

penguin diagram proportional to log (rr,'v

2
m* ).
]>

point out that in these neutrinoless modes, the GIM cancelation is much milder with only a logarithmic
behavior log(m;/my) where my ) are the neutrino masses. This is in sharp contrast with the vanishingly
small amplitude 7% — 4 ++ strongly suppressed by the quadratic power (m? —m#)/MZ:. In comparison
with the hopelessly small branching ratio B(7% — pu® ++) = 107%°, the “(Ti — i 4 0% +07) could be
larger than 101, The latter mode, if measurable, could give one more constraint to the lepton mixing
anecle sin 20, and the neutrino mass ratio m.- /mgs. and therefore is complementary to neutrino oscillation
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It is worth to note that:

e In the limit of massless neutrino the behavior for the pt — eteteT
prediction respects exactly the GIM mechanism, such as it is expected.
This is not the case for 7 — prptp® channel.

@ Fwven worse, if the prediction for the T — ui /I,i wt channel were right,
there would be no way to cure such infrared behavior.
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Penguin Contribution

" (p2)
_ The amplitude is given by
Zlg) S P ‘
i
M~ _Wli\,égl/l’)n (3)
L~ (P) Vj T (p) z
W
where the effective ZL{ vertex is defined by
A —ig —ig\2 & . _ A
o= (22) (22) 3V UL ar ) o)

and the loop integral is given by

. / Ak vp (L —v5)i [(p+K) + mi] v A — v5)i [(P + §) + m;] 7o (1 — 75)(—ig”)
’ (2m) [+ 82 = m3] [(P+ k)2 — m2] [k2 - m3,]
(5)
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Penguin Contribution

@ After making the loop integration

Ig?m2) = Fay 1 —9°)+ By (1 +7°) + Fe(P+p) (1 +4°)
+ Fa(P+p)*A—7")+Feq*(1+9°) + Fra*(1—1°), (6)

We have obtained the Fy (k = a,b...f) using both Feynman parametrization

and Passarino-Veltman method.

1 1 1—x
Fk(q%m%:ﬁfofo fi(¢?, m2)dedy, (7)J

@ Feynman

parametrization
where
2 2 2 2
¢ —mz(y—1)+ Mz(z+y)+q¢°y(ly —1
fa:2+log(Dj(q2)/u2)+( Jz(y —1) ol ( ) ( )7 (8)
J
and

Dj(¢*) = —(z = ym§ — m*zy + amiy + M?z(z +y —1) = ¢*y(1 -z —y) (9)
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Penguin Contribution

1 N
@ Passarino-Veltman F (qz,m?) = o2 Dl:‘i: ) (10)J
with
DPVa = 2DPV[7 = 7)‘(m27M25q2)7
M m
Dpv. = Dpv., = EDJQDVQ Dpv, = Dpv; = ?D%Va’ (11)
Nev, = &, Bo(m?,mj,miy) + &, Bo(M?, mj, miy) + &y Bo(g?, mj, m3)

+§k4BO(07 m?am%/v) + §k500(m27M27 q2,m§,m%,7m?) + Eko-
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4.6374 7
q2 =4m2
— PaVe
4.6373F --- Feynman 1
<
]
&
';k. 4.6372 7
4.6371 7
i
"

0.0 0.1 0.2 0.3 04 0.5
m; (GeV)

Comparison for the F, of the effective Z7u vertex as function of m; considering a
fixed value of ¢2 = 4mi. Black dashed line stands for the numerical evaluation of
the Feynman parameters integrals, whereas the red line corresponds to the
evaluation of the PaVe functions. Good agreement is found for m; > 0,8 GeV,
while the Feynman parameters integrals do not converge well for lower values of
m]'.
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@ Owing to the fact that the ¢2 minimum in the L~ — £~ ¢/t ¢~ decay is given
by 4m?,, a better approximation for the Fj functions in the physical region
for the neutrinos masses can be obtained fitting the curves for the real and
imaginary parts of the Fj, functions evaluated in terms of the PaVe functions.
We have found a reasonably good fit (excellent for the real parts) of the form

1 mj2
Re[Fy] = > | Qry + =3 Br, |-
2m4u my,
1 m3
Im[Fy] = 5 | Q. + —-Ri,, |, (12)
2wy myy,
where u =1 for k =a,b and u = M for k =c¢,d,e, f.
Zrp (g2 = am?2) Q R Q R
2 Ry Ry Ty Tk
Fa 4,63706 11,5451 —7,14896 x 10O 3,4098
Fy 1,38093 x 10 ° —3,31777 x 10 % 9,85094 x 10 11 —6,76208 x 10D
Fe —1,49047 X 109 3,62348 x 105 —7,884 x 1010 5,4035 x 10 %
Fy —9,20638 X 100 1,2469 x 10— 2 —4,9267 x 10 1T 3,38191 x 10~ 0
Fe 2,04592 X 10~ 191,959 4,69628 x 10—+ —126,096
Fy ~1,26365 x 10 11,8554 2,95163 x 10D 8,05527

Values for the Qr, (Qr,) and Rg, (Ry,) coefficients of the Z7u vertex for
2 2
q* = 4mg,.
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Penguin contribution

Decay channel | Our result | Petcov’s approximation
uw —eele | 7,3-107°° 1,1-107°3
T~ o e ete 5,4-10°° 1,8-10°°%
T = uete [ 79-107°° 2,6-10°°
T e putp |32-107°° 1,1-107°%
T s pptps [ 1,1-107F 3,8-107°3

Branching ratios for the L~ — £~ ¢/~ ¢'* decays (neglecting the box contribution),
which are obtained using the current knowledge of the PMNS matrix.
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contribution

L= (P) vj Vi (p) After a lot Dirac algebra, the amplitude for
> > > the box diagram is given by
zg ’
M= Ur;UsUp Uy, 1°°
W W ) Z 2 ViU T
Vi
i (P1 ) o (p2)

where we have defined

Tpor = 4P Ye Y (1 = 75)u(P)a(p1) 176 Yu(1 = 75)v(p2)
and the relevant loop integral is

oot _ [ 4k (P + K)” (k + p1)” |
=) @t 2 —m2) (1 + p2 + £)? — mZ)(P + k)2 — m2)((k + p1)? —m?J‘
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Box contributions

Now, since the amplitude depends only on P, p1 and ps2 the integral must
be take to the form

1°°° = ¢°"'Hu+ P°P° Hy + P°p{ H. + P°p3 Hy+ p]P° He
! ’ ’ ’ ’
+ pip] Hy +pip5 Hg +p3P° Hy +p3pf H; +p3p5 Hj.  (13)

Just like the penguin contribution, we have obtained the Hy (k = a,b...j)
functions in terms of both Feynman parameters integrals and PaVe functions.

o It is clear that in the simple case, where masses an momenta of the
external particles are neglected the only contribution is given by the H,
function.

@ Besides, the H, (k =,b,c...j) are associated to dimension 6 operator,
thus they are naturally suppresed.
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Box contributions

i 1 11—z l—xz—y % %
e Feynman Hy = 167/0 dx/o dy/o hi(s12, 513, mj, m3)d
(14)
where
1 z(z—1) (z—=1)(z+2) y(z—1)
ha = Y R b= "> hc:_izl, ]’1/0{274
2M2 ME M3 ME
2(z+2-1) (z+2z—1)(z+2) ylx+2z-1) yz
v S 7 E b 77 3
F F F F
2
My, M,
and
Mg = —mi(z+y—1)+mi(z+y—1)(z+y)+miy(e+y) - sizy

z (m2 m? +(z+y) (3m12 — 812 — 313) —2ml2 +m2(z -1) +M2(y— 1 5192

i =

+ +

2 2 2 2
z (2ml +m* 4+ M* — s12 — 513) .
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Box contributions

1647 Re[ Ho(mj.m3)]

—0.000038675 frmrr=mr e mr e
~0.00003868
—0.000038685

~0.00003869
~0.000038695 — PaVe

—0.0000387 --- Feynman

i ---- Petkov
—0.000038705 X
e - I o e m m; (GCV)
10714 1071 10712 1071 10710 10~
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Summary and Conclusions

We have revisited the L™ — £~ ¢~ ¢t decays in the SM with massive neutri-
nos. We obtained expressions for the relevant loop integrals in terms of both
Feynman parameters and Pasarino-Veltman functions without any approxi-
mation. Opposed to the previous calculation reported in f, we found that all
the possible amplitudes for these processes are strongly suppressed (propor-
tional to the neutrino mass square). In the particular case of the penguin
contribution with two neutrino propagators, we highlighted that it is cru-
cial to maintain the dependence on the momentum transfer in the Feynman
integrals in order to evaluate the amplitude in the physical region for the
neutrino masses. This fact avoids the incorrect divergent logarithm behavior
in the amplitude.

As far as the box contribution concerned, we found that the dominant term
comes from H, function that is associated with a (V-A)x(V-A) operator,
and it is in a good agreement with the approximation done in ref .

We conclude that any signal at Belle-II (or forthcoming facilities) of these
modes would be an irrefutable new physics manifestation.

* S. T. Petcov, Sov. J. Nucl. Phys. 25, 340 (1977).
t X. Y. Pham, Eur. Phys. J. C 8, 513 (1999).
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Thank you!



