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Motivation I

* [t is well known that the neutral part of the lepton family,

neutrinos, mix among themselves giving rise to lepton flavor

violation (LFV).

 Similar phenomena in the charged lepton sector, known as

charged Lepton Flavor Violation (cLFV) has not been observed.
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Motivation I
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* We focused on LFV processes from B meson decays (LFVBD)

19-Dec-23

Motivation I

Observables of ¢cLEFV modes.

Present bounds

Expected future limits

BR{j — ev) 4.2 % 1013 MEG(2016) [12] 6 x 10— MEGII[13]
BR{p — eee) 1.0 x 10—12 SINDRUM(1988) [14] 10-16 Mu3e[94)
CR(pt — e, An) 7.0 x 10—13 SINDRUMII{2006) [15] - -
- - 6 x 10—17 COMET /Mu2e[17], [95]

CRApt — e, Al)

10—1% (Phase I) & 10—17 (Phase II)

J-PARK][18]

BR(T — e7) 3.3 x 107% BaBar(2010) [22] 3 = 107 Belle-11[24]
BR(T — eee) 2.7 x 107% BaBar(2010) [96] 5 % 1010 Belle[97]

BR{T — ep) 2.7 x 107% BaBar(2010) [96] 5 x 10710 Belle-11[24)]
BR(T — uv) 4.2 x 10—*% Belle(2021) [23] - Belle-11[24]
BR(T — pepeps) 2.1 x 10—% BaBar(2010) [96] 4 x 1010 Belle-11[24]
BR{T — pee) 1.8 x 107 BaBar(2010) [96] 3 x 1010 Belle-11[24)]
BR{T — wu) 1.1 % 107 BaBar(2006) [98] 5 x 10— Belle-11[24]
BR(T — pp) 1.2 x 10— BaBar(2011) [99] 2 x 10— Belle-TI[24)]
BR(Z — pe) 1.7 % 10~% LEP (95% CL) [100] 7.5 % 10~ LHC (95% CL)[101] 10~%—107%0 CEPC/FCC-ee
BR(Z — Te) 9.8 x 107%  [100] 5.0 x 107% [101], [102] = CEPC/FCC-ee
BR(Z —» Tu 1.2 > 10—> [103 6.5 > 105 [101]. [102 10—* CEPC/FCC-ee

BR(B* — Ktu—e™)
BR(B+ — Ktute )
BR(B" — K*yt+e—)
BR(B" — K*u—et)
BR(BY — K*0u*e¥)
BR(B” — gu*eT)

7.0(9.5) x 10—*
6.4(8.8) x 10—
5.7(6.9) < 10—
6.8(7.9) = 10—
10.1(11.7) x 1079
16(19.8) x 10~*

LHCb(2019) [33]
LHCDH(2019) [33]
LHCDL(2022) [34
LHCbH(2022) [34
LHCH(2022) [34
LHCH(2022) [34

]
]
]
]

BR(B+ — Ktu—71+)
BR(B* — K+tr=eT)
BR(B* — Ktr=uT)
BR(B® — K*Or+pu—)
BR(B" — K™%+~ ut)

3.9 x 105

3.0 = 1077

4.8 % 1077
1.0(1.2) = 10— %
8.2(0.8) = 1078

LHCDH(2020) [104]
(2022)
(2022)
LHCDH(2022) [105]
LHCD(2022) [105]

2.1 = 10—%
3.3 » 10~%

Belle-IT [24]
Belle-IT [24]

BR(B" — uFe¥)
BR(B" — p*e¥)
BR(B? — r*F)
BR(B"” — v*F)
BR(BY TEuF)
BR({B"Y TEuF)

5.4(6.3) = 10~
1.0(1.3) = 10~%
7.3 x 107(05%)
2.1 % 1075(95%)
4.2 % 10—5(95%)
1.4 % 10—5%(95%)

LHCDH(2018) [31]
LHCbH(2018) [31]
LHCbH(2019) [32]
LHCbH(2019) [32]
LHCH(2019) [32]
LHCbH(2019) [32]

19—t

1.3 = 10—%

LHCb-II [35]

Belle-IT [24]
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Motivation Il

* To identify the most relevant operators responsible for Lepton Flavor Violating B-

meson Decays (LFVBDs).

* To analyze their effect on other LFV processes in a model-independent way.

« We want to comment on the constraints on such operators coefficients.

* Also, in view of several proposed experiments to study charged LFV processes, we

want to comment on the indirect constraints on such LFVBD processes.
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Procedure

- Effective Hamiltonian for b — sl;l; fransifions process is given by

VipVis
n=910
n=3S,P

Crn» On
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lil; 4‘GF N , ,
= ———V,, Vi + Crn(u)O0n(u) + € (W)0Oy
ey =~ Vel 9205[ (WO, + €, ()0} ()]
= Fermi Constant
= Cabbibo-Kobayashi-Maskwa (CKM) matrix elements
—> “Semi-leptonic” operators
—>

|

Scalar and Pseudo-scalar operators

Chiral Counterparts
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Procedure
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Procedure

Feynman Diagrams
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Procedure
THEORY
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Procedure

THEORY
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Procedure
THEORY \

* The decay rates (tree-level) of such LFVBD processes depend on

4-fermion Operator Chirality
Q) | vty @ta) | (TL)(IL)

r(;) (7."-,1'7',1 ) @y T ) (LL)(LL)
Qye (@ivua;) (ExyHer) (LL)(RR)

Qed (Civuls)(dirydy) (LL)(RR)
Qe | (Eiyue;)(dpy'd) | (RR)(RR)
Qredq (€; ¢5) (draf’) (LR)(RL)
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Procedure

ANALYSIS

 In order to Impose experimental consfraints on the
coefficients of higher dimensional operators, one
needs to evaluate the Renormalization Group (RG)
running from the scale A 1o the energy scale

relevant for a given experiment.
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Procedure

ANALYSIS
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Procedure

C (H) MATCHING & RUNNING
A Standard \
L y Model EFT
S (SMEFT)
m, RGE
mpy
mT
B \ Y,
’ WILSON
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Procedure

MATCHING & RUNNING

Standard \

Model EFT
(SMEFT)
RGE

[ Matching ]

N /

WILSON
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Procedure

C (u) MATCHING & RUNNING
A / Standard \
Model EFT
) ’ (SMEFT)
( ) RGE
mz
L ) [ Matching ]
mp
) ’ Low-
p \ energy EFT
m, (LEFT) RGE

my, k /

WILSON
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Procedure

C (u MATCHING & RUNNING OBSERVABLES
A / Standard \ / \
Model EFT
- ’ (SMEFT)
( A RGE
myz
) [ Matching ] Gummm | LFVID
mpy  — LFVBD
N y Low-energy
f . EFT (LEFT) LFV ¢
m RGE ——= decays
T
) . LFV u
¢ decays
s " / \ _/
WILSON FLAVIO
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Results (1-D Analvsis
RGE Effects

Processes Most. relevant operators
B — Kt;t; Q4. Q. Ques Qeas Qeds Qeedy
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l; — L:0.0. (L o) & . 04,04, O
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Z =% fapj Qv-’" ) Q( 3 Q(,-;‘(." (2(11)’3 Q(fH"
¢ f C (1) (3) C O, ( w (1) A(3)
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Results (1-D Analysis)

RGE Effects

| WCs [Ggl}]_lzz:s [{?}"ﬂ] 1223 | [Clhelezi12 [Ceglizza | [Cealizos | [Creedglizas [C‘f,?] 12 | [f:':’;:-}] 12 | [Cpe]1z |
[{'—rfl{qlll] I~ 10—6 10—2 10—17 10—24 10—14 10—16 10—10 10—11 10—20
[{-—vfl[;)] Lo 10—8 10—8 10—1% 10—25 10—186 10—16 10—12 10—2 10—23
[(Cgel2312 10—t 10—1= 108 1012 1024 10— 18 10—=90 102 10—1°
[Ced]122a 10—23 10—23 10—13 10—6 1017 10—16 1027 1027 10—17
[(Ced] 1223 10— 107t | 107 10— 10— 1014 10—17 10—1® 1027 -
[Cleecaglizas 1015 10—14 10—17 1015 10— 13 10—% 10—18 1018 10—21 o)
[C 12 10—9 10—11 10—20 10—26 10—16 10—18 10—6 10—12 1017 ,‘l,.T
[CiP a2 10— 11 10—2° 10—22 10—27 1p—19 1018 10—12 10—° 10—23 =
[Cpeliz 1019 10—=21 10-—929 1016 1025 10 —>0 10—17 10—22 10—%8 2
[Ceeliriz 10— 10—1% 10—22 i 1022 10—=1 10—10 10— 10—20 by
[Ceeli112 1020 10—1* 10— 1® 1024 1027 1020 10—=0 1020 10—1@ g
[Ceeliz11 10—15 10—14 10—20 10—27 10—24 10—21 10—° 1012 10—20 0
[Cee]l1112 1022 1022 10— 14 10—23 10—30 10— 23 10— 20 1022 102 =3
[Ceuliz11 10—=22 10—22 - 1015 1024 10—31 1p—=24 10—20 10—22 109—10 8
[C'fu]lzu 10—15 10—15 10—22 10—30 10—24 10—21 10—10 10—12 10—20 l_—h
[ 11211 10—18 10—15 10—23 10—30 10—22 10—21 10—10 10—11 10—21 2
[C_Ej’] 1511 10— 1015 10—23 10—30 10—22 10—21 10—13 10—° 10—23 o
[(Cge]1112 10—23 10— | 107t 10—2= 10— 1024 1020 10—31 10—10 '8
[Ceali211 10—23 10—=2 10—1s 10—19 10—=9 10—=4 10—=20 1023 1p0—10 Y
[Ceali211 1p—1s 10—1s 1023 10—29 10—19 10—=1 10—10 10—12 1020 8‘
[Cecaglizia 1019 10—1% 1021 1025 1023 10—16 10—1% 1018 10—22 A
[Ceedqlizz2 10—19 10—17 10—23 10—19 10—1% 109 10—17 1017 1021
[ -}.:;u]lzu 10— 10— | 107 10—=% 1026 10—1*® 10— 10—1*® 10—==
[CeB]lz 10—15 10—14 10—17 10—25 10—23 10—17 10—16 10—15 10—18
[Cerla 1017 1017 10—1% 1023 1025 10—26 10—1#8 1018 10—1€
[Cew]1z 10—1= 10— 14 10—17 1026 10—22 10—17 10—18 10—18 10—18
[Cewar]2a 10—17 10—17 10—1= 10—22 1025 1026 10—1%8 1018 10—1¢
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Results (1-D Analysis)

(1)
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Results

1-D Analvsis

Ohservable WC UL from BR{p —+ eee) | UL from CR(p —» e, Al), Phase 1 | UL from CR(p —+ ¢, Al), Phase 11
/
) 190 29 %10 11 2.2 % 1010 15 % 1012
Fiy
BR(B* - K*ye¥) C) 122 19x 101 1.5 x 10710 0.8 x 10 1
[Cel a1z 3.2 10 1 1L&x 10 1 1.2 x 10 12
|Cledq1223 - - 1.9 x 10"
Ch 122 6.3 x 101! 4.7 x 10710 34 x 10712
73) 12 % 101 3.3 %1010 2.3 % 10 12

BR(B" —» K*'y et)

Cyy 1223

a9 6.9 % 10 1 3.8x 1010 2.0 %10 12
1
1Cledq|1223 - - 7.0% 10 12
C) 90 6.7 % 10 1 1.9 %1010 3.4 % 1012
Fiy
BR(B, —» dp e") Ciy hezs 45 x 101 3.5 % 1010 2.3 x 1012
’ Coela12 75 x 1071 11 x 10710 28 % 1012
1
|Cledq|1223 - - 8.6 x 1012
') 10ps 8.0 % 10 14 5.9 x 1013 10 x 10715
]
BR(B, »p et) (Cig hazs 5.3 %101 12x 101 2.7x 10715
’ [Cye) 2312 8.9 x 10 M 19 x 10 1 3.4 x 101
|Cledq|1223 - - 1.4 1010

Indirect upper limits on LFVBDs from other LFV processes in u sector
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Results (1-D Analysis
(Openator | BR(Z - pr) | BR(r <> py) | BRIr -+ ) | BR(r ~vece) | BR(r > p) | BR{7 -+ py
Qg"” RO X 101 [ 229 10 1T 0™ | 9061 x 109 | 2570 x10°* | Laghx 0+
0 |70 2210 L0 LI | 35810 Tl
O | 5010 2007 | L0 | 48910 | 2260 10°% | 164102

Indirect upper limits on other LFV processes in T sector
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Results(2-D Analysis)

Processes Most relevant operators
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Results(2-D Analysis)
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Currently allowed by CR (4 — e) experiments
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Future possible reach by CR (1 — e) experiments
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Results (2-D Analysis)
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Flat directions between the
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Results (2-D Analvsis
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Flat directions for other LFVs are non-trivial.

These cancellations occur between C&,} and

C(f,i,) and is a direct consequence of the RGE

effects

[Cly 1223
m? - - ~ - ~ 2 2
Lyse conv = ﬁ:}f‘ |CoLD + CHSP + s + S v® + EFvm|” + ’L < R)| }
V) = QQEHJ,RV + gg?",RV ; V) = QEH%RV + ggidb)’,RV ;
with
g{ffg = (Cé;} — Cg) + CEu) e + (1 — g.‘_—,a) (C’SJ —+ C"(‘j) . s
91(;?,% _ (C’é;} 4 Cég) n CEd)c;{.dd _(1— %-Si) (Cfolg} 4 C:Easz) ep 1
G = Ct 4 Gt 4 (1= Ss2)C
g = Ot Cgen — (1 — Ss2)Cg,
O () + O ()] ~ 253 10g(2) [CED(A) = CL2(A)]
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Results(2-D Analysis)

Processes Most relevant operators
B — Ktit; Q},l,) Qﬁj) Qqe; Qeds Qedy Qeedy
B - K*6it; Q4. Q) Quer Qeas Qeds Qeeds
By — pe Q}';,l,), ng), Ques Qeds Qeds Qtedy
i — iy QeB, Qew

b — Lt

(2{ D 9 Q(j[) ) (2:;;1,' 2[‘&’-. (211'(.'-. (?('(:

£; — fjszk

CR(p — ¢)

+(1 3
e 2(.’:1 3 Q[‘ur (2( }3 Qf’;q) ? Qq(:-. (Jﬂtla (2«(1-. (2!.'«(14;7 Qﬂtfqu

fq
5 2(: B (2(41"'

T = VE(V = p,¢)

3 1 3
2 (Ql‘u-. (.,)c:u, (quque (21133 QL’H’ ) (25‘,1) Qf‘q) thf ' Q:‘.‘«b (2«41

r—PL (P ="K [1Q;
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Results(2-D Analysis)
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« 2q2¢ operators responsible for LFVBDs are best constrained by LFVDs only

* More similar plots in arXiv:2312.05071
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https://arxiv.org/abs/2312.05071

Conclusion

* Out of six operators responsible for LFVBDs, operators with left-handed
quark currents, such as ¢13) and ¢ only contribute to other LFV

L Lq ae>
processes significantly.

* If new physics primarily generates the LFVBD operators between the
scales 100 — 1000 TeV, we expect that LFVBDs and CR(u — e) to be quite
promising in regard to future experiments.

* In u sector, two processes, u = eee dnd CR(u = e) can put indirect
constraints on BRs of several B-decay processes (~1071%) which are within
the future limits.

* The relevant operators of this analysis receives strongest constraints from
LFVBDs only.
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Extra slides



Procedure

Effective Hamiltonian for b — sl;l; transitions process is given by

10,S,P
= VWi 4 Y [6a00u () + G ()0 )
n=1
Gr = Fermi Constant
Vip Vi = Cabbibo-Kobayashi-Maskwa (CKM) matrix elements
n=1,2 = “Current-Current” operators mediated by W boson or gluon
n=3,4,5,6 = “QCD-Penguin” operators
n=7/,8 = “Magnetic-Penguin” operators
n=910 = “Semi-leptonic” operators
n=S,P = Scalar and Pseudo-scalar operators
19-Dec-23
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Analysis with Single operator

- For example, we consider the operator Q4. and the coefficient

fi
Cqbe

* Modified branching ratio formula becomes

_ NcM®
pe  6144m3ATy,

Br[gi — fjfk‘g_l] (ICygrr1* + 1CyRLI? + |Csr )

with
Crrr = 2(25%,C),)

1
Cvry = — > > Csir = (2siy — 1)C]l
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Results (1-D Analysis)

RGE Effects

 C Cﬁ/ Y has significant RGE impacts on

. CC% has significant RGE impact on Cfp];.

* Cify has RGE impact on Cjt

B/Diy  ~Wij (3)ij
Cor ,C(p{, andCM :
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Operators

« Contribution of different operators to different decay types

Decay Types

Operators t; > Lty t ;> Ly
2¢X¥Y (Dipole) Tree-level Tree-level
2444 (4-lepton) Tree-level 1-loop level
?€qq (2-lepton-2-Higgs) 1-loop-level 1-loop level
L0W2D or £4¥Y3 (lepton-Higgs) Tree + loop level Tree + loop level

19-Dec-23
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Results (2-D Analysis)

100 - [} 0 k=] 100
Br(B°—KOue) = 5.7e pu—eee —
—o—os Br(B?—K"™pe) = 1.0e-10 CR{u—e) /—=2 A=1TeV

10t 4 Br(B"—»K™ue) = 1.0e14 101

1072 10-2
n 3 3 n
N 103 - 10 ~
_— _—
== ==
O 107 104 O

10> 105

10°° + 106

1077 | | | | 107

-10-! -102 -103 -10% -10° -10°° -107 107 10°% 10° 10¢% 103 107 107

(1)
[Ciy 1223

« Flat directions between the pairs of LFVBD WCs are frivial

« Flat directions for other LFVs are non-trivial. These cancellations occur

between C&,) and C(f;? and is a direct consequence of the RGE effects

3Y.Ye pr @
S7r2 lﬂg(i) [qu (ﬁ) - qu (ﬂ)] 1223"

C5) () +C ()], ~
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