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Analysis in terms of e�e
tive higherdimension operators
� . Physi
al observables 
al
ulation:

◮ radiative lepton de
ays l → l′γ′.
◮ 
harged lepton EDMs and g − 2 anomaly.
◮ 3-body LFV 
harged lepton de
ays l → l′l′′l′′′.
◮ Z0 → ll′ de
ays.
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Neutrino os
illation
� Pν̄α→ν̄β 6= 0 only if neutrino is massive
� SM: neutrino is massless, No LFV - leptoni
 �avor stri
tly
onserved.

⇒ need new physi
s
◮ Seasaw me
hanism
◮ R-Parity violation
◮ Extra dimensions

� Neutrino os
illation → neutral lepton �avor violationCharged lepton �avor violation(
LFV)?!-Clear eviden
e of physi
s at a higher s
ale-Understand the origin of �avors more deeply 2 / 21Saereh Najjari � UW Flavorful Ways to New Physi
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LFV in the ν SMThe ν SM give rise to radiative 
harged lepton de
ay and 3-body
harged leptons,Still very small - always GIM-suppressed by m2
ν/M

2
W ∼ 10−25.e.g.(Cheng-Lee textbook)µ → eγ de
ay(U is PMNS matrix):

BR(µ → eγ) =
3αem

32π

3
∑

i=1

U∗
eiUµi(

m2
νi

M2
W

) ∼= (2.5− 3.9)× 10−55
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E�e
tive approa
h:Parameterize New Physi
s e�e
ts in terms of higher dimensionoperators. Express LFV observables in terms of Wilson
oe�
ients. Need to be done just on
e - model independentanalysis.Then, only the values Wilson 
oe�
ients of new operators needto be 
al
ulated within a model of NP-This part of analysis isalways model dependent.
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LSM = L
(4)
SM +

1

Λ

∑

k

C
(5)
k Q

(5)
k +

1

Λ2

∑

k

C
(6)
k Q

(6)
k +O

(

1

Λ3

)

.

� 59 independent operators
� Only few are important in a spe
i�
 
ase.Full list of dimension 5- an 6-operators given inBu
hmiller-Wyler 1986, redu
ed in Grzadkowski, Iskrzynski,Misiak and Rosiek, JHEP 1010 5 / 21Saereh Najjari � UW Flavorful Ways to New Physi
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Unique dimension-5 term
The Weinberg operator:

Qνν = εabεcdϕ
aϕc(ℓbi)

TCℓdj .Generates neutrino masses and mixing angles, does not
ontribute dire
tly to 
LFV pro
esses - 
an be negle
ted.
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ℓℓℓℓ ℓℓXϕ ℓℓϕ2D and ℓℓϕ3

Qℓℓ (ℓ̄iγµℓj)(ℓ̄kγµℓl) QeW (ℓ̄oσµνej)τ
IϕWI

µν Q
(1)
ϕℓ

(ϕ†i

↔

Dµ ϕ)(ℓ̄iγ
µℓj)

Qee (ēiγµej)(ēkγµel) QeB (ℓ̄iσ
µνej)ϕBµν Q

(3)
ϕℓ

(ϕ†i

↔

D I
µ ϕ)(ℓ̄iτ

Iγµℓj)

Qℓe (ℓ̄iγµℓj)(ēkγµel) Qϕe (ϕ†i

↔

Dµ ϕ)(ēiγ
µej)

Qeϕ3 (ϕ†ϕ)(ℓ̄iejϕ)

ℓℓqq

Q
(1)
ℓq

(ℓ̄iγµℓj)(q̄kγµql) Qℓd (ℓ̄iγµℓj)(d̄kγµdl) Qℓu (ℓ̄iγµlj)(ūkγµul)

Q
(3)
ℓq

(ℓ̄iγµτI ℓj)(q̄kγµτIql) Qed (ēiγµej)(d̄kγµdl) Qeu (ēiγµej)(ūkγµul)

Qeq (ēiγ
µej)(q̄kγµql) Qℓedq (ℓ̄ai ej)(d̄kqal ) Q

(1)
ℓequ

(ℓ̄ai ej)εab(q̄
b
kul)

Q
(3)
ℓequ

(ℓ̄ai σµνea)εab(q̄
b
kσµνul)
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After simpli�
ations: only 9 operators remain in LFV:1 2 (ℓℓϕX) operators: (ℓ̄iσ
µνej)τ

IϕW I
µν , (ℓ̄iσµνej)ϕBµν2 3 (ℓℓ)(ϕDϕ) operators:

(ϕ†i
↔

Dµ ϕ)(ℓ̄iγ
µℓj), (ϕ†i

↔

D I
µ ϕ)(ℓ̄iτ

Iγµℓj), (ϕ†i
↔

Dµ ϕ)(ēiγ
µej)3 3 four-lepton 
onta
t 
ouplings:

(ℓ̄iγµℓj)(ℓ̄kγ
µℓl), (ēiγµej)(ēkγµel), (ℓ̄iγµℓj)(ēkγµel)4 1 two-lepton two-quark 
oupling: (ℓ̄ai ej)(d̄kq

a
l )
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ℓi → ℓjγ de
ay rateThe general form of lepton-photon vertex 
an be written as:
V IJ µ
ℓℓγ =

i

Λ2
[γµ(F IJ

V LPL + F IJ
V RPR) + (F IJ

SLPL + F IJ
SRPR)q

µ

+ i(F IJ
TLσ

µνPL + F IJ
TRσ

µνPR)qν ]The general form of the bran
hing ratio 
an be expressed interms of F IJ
TL and F IJ

TR as follows:
B
(

ℓJ → ℓIγ
)

=
m3

ℓJ

16πΛ4 ΓℓJ

(

∣

∣F IJ
TR

∣

∣

2
+
∣

∣F IJ
TL

∣

∣

2
)

,where ΓℓJ is the total de
ay width of de
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E�e
tive lepton-photon 
oupling
Tree level LFV 
ontribution exist:
γµ

q →

ℓf

ℓi

i
(

eγ
µ
δ
fi + iσ

µν
[

C
fi
γL

PL + C
fi
γR

PR

]

qν

)

C
γR
fi

= C
γL⋆
fi

=
v
√

2

Λ2

(

cW C
fi
eB

− sW C
fi
eW

)
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If they are dominated by tree-level 
ontributions from QeB and
QeW , one gets:
√

∣

∣C12
γ

∣

∣

2
+
∣

∣C21
γ

∣

∣

2
≤ 2.45× 10−10

(

Λ

1 TeV

)2
√

Br [µ → eγ]

5.7× 10−13
,

√

∣

∣C13
γ

∣

∣

2
+
∣

∣C31
γ

∣

∣

2
≤ 2.35× 10−6

(

Λ

1 TeV

)2
√

Br [τ → eγ]

3.3× 10−8
,

√

∣

∣C23
γ

∣

∣

2
+
∣

∣C32
γ

∣

∣

2
≤ 2.71× 10−6

(

Λ

1 TeV

)2
√

Br [τ → µγ]

4.4× 10−8
.
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Lepton self-energy diagrams
l

Z

li lj
l

G0

li lj
ν

W−

li lj

ν

G−

li lj

G−

li lj
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γµ

ℓi ℓf

ℓj ℓj

Z0

γµ

ℓi ℓf

ℓj ℓj

G0

γµ

ℓi ℓf

W− W−

νj

a) b) c)

γµ

ℓi ℓf

W− G−

νj

γµ

ℓi ℓf

G− W−

νj

γµ

ℓi ℓf

G− G−

νj

d) e) f)

γµ

ℓi ℓf

G−

νj

γµ

ℓi ℓf

G−

νj

γµ

ℓi ℓf

G−

g) h) i)

γµ

ℓi ℓf

W− G−

γµ

ℓi ℓf

G− W−

γµ

ℓi ℓf

G− G−

j) k) l)

ℓi ℓf

γµ

ℓj(dj, uj)

ℓi ℓf

γµ

ℓj
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1-loop results for FTL, FTR form-fa
tors
F IJ
TL =

4e
(4π)2

[

C
(1)IJ
φl

mI (1+s2W )−(C
(3)IJ
φl

mI+CIJ
φemJ )(

3
2
−s2W )

3
+
∑3

K=1C
IKKJ
ℓe mK

]

F IJ
TR =

4e
(4π)2

[

C
(1)IJ
φl mJ (1+s2W )−(C

(3)IJ
φl mJ+CIJ

φemI )(
3
2
−s2W )

3
+
∑3

K=1C
KJIK
ℓe mK

]
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general expression for EDM 
an be obtained from e�e
tivelepton-photon intera
tion:
dℓi =

−1

Λ2
Im

[

F ii
TR

]

, (1)numeri
al expressions for the bounds on Wilson 
oe�
ients:
de = −2.08× 10−18 Im

[

2× 10−5 C3113
ℓe + C11

γ

]

(

1 TeV

Λ

)2

e cm ,

dµ = −2.08× 10−18 Im
[

2× 10−5 C3223
ℓe + C22

γ

]

(

1 TeV

Λ

)2

e cm ,

dτ = −2.08× 10−18 Im
[

C33
γ

]

(

1 TeV

Λ

)2
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anomalous magneti
 moments of 
harged leptons:
aℓi =

2mℓi

eΛ2
Re

[

F ii
TR

]

.numeri
al expressions for the bounds on Wilson 
oe�
ients:
ae = 1.17× 10−6 Re

[

2× 10−5 C3113
ℓe + C11

γ

]

(

1 TeV

Λ

)2

,

aµ = 2.43× 10−4 Re
[

2× 10−5 C3223
ℓe + C22

γ

]

(

1 TeV

Λ

)2

,

aτ = 4.1× 10−3 Re
[

10−5 ×
(

1.6 C
(1)33
ϕℓ + 2.0 C3333

ℓe

− 1.7
(

C
(3)33
ϕℓ + C33

ϕe

))

+ C33
γ

]

(

1 TeV

Λ

)2
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Zµ ℓf

ℓi

i(γµ
[

ΓZL
fi PL + ΓZR

fi PR

]

+ iσµν [CZL
fi PL + CZR

fi PR]qν )

ΓZL
fi = e

2sW cW
( v2

Λ2 (C
(1)fi

φl
+ C

(3)fi

φl
) + (1 − 2s2W )δfi

ΓZR
fi = e

2sW cW
( v2

Λ2 C
fi
φe

− 2s2W δfi)

CZR
fi = CZL∗

if = −v
√

2

Λ2 (sW C
fi
eB

+ cWC
fi
eW

) ≡
−v

√
2

Λ2 C
fi
Z
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√

√

√

√

∣

∣

∣

∣

∣

C
(1)12
ϕℓ

+ C
(3)12
ϕℓ

∣

∣

∣

∣

∣

2
+
∣

∣

∣

∣

C12
ϕe

∣

∣

∣

∣

2
+
∣

∣

∣C12
Z

∣

∣

∣

2
+
∣

∣

∣C21
Z

∣

∣

∣

2 ≤ 0.06





Λ

1 TeV





2

√

√

√

√

√

√

Br
[

Z0 → µ±e∓
]

1.7 × 10−6
,

√

√

√

√

∣

∣

∣

∣

∣

C
(1)13
ϕℓ

+ C
(3)13
ϕℓ

∣

∣

∣

∣

∣

2
+
∣

∣

∣

∣

C13
ϕe

∣

∣

∣

∣

2
+
∣

∣

∣C13
Z

∣

∣

∣

2
+
∣

∣

∣C31
Z

∣

∣

∣

2 ≤ 0.14





Λ

1 TeV





2

√

√

√

√

√

√

Br
[

Z0 → τ±e∓
]

9.8 × 10−6
, (2)

√

√

√

√

∣

∣

∣

∣

∣

C
(1)23
ϕℓ

+ C
(3)23
ϕℓ

∣

∣

∣

∣

∣

2
+
∣

∣

∣

∣

C23
ϕe

∣

∣

∣

∣

2
+
∣

∣

∣C23
Z

∣

∣

∣

2 +
∣

∣

∣C32
Z

∣

∣

∣

2 ≤ 0.16





Λ

1 TeV





2

√

√

√

√

√

√

Br
[

Z0 → τ±µ∓]

1.2 × 10−5
.
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Three-body l → l′l′′l′′′ de
ays3 groups of de
ays, depending on 
omposition of the �nal stateleptons:
� Three leptons of the same �avor: µ± → e±e+e−, τ± → e±e+e−and τ± → µ±µ+µ−.
� Three distinguishable leptons: τ± → e±µ+µ− and τ± → µ±e+e−.
� Two lepton of the same �avor and 
harge and one with di�erent�avor and opposite 
harge: τ± → e∓µ±µ± and τ± → µ∓e±e±.
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Cµeee ≤ 3.29× 10−5
(

Λ
1 TeV

)2
√

Br[µ→eee]
1×10−12 ,

Cτeee ≤ 1.28× 10−2
(

Λ
1 TeV

)2
√

Br[τ→eee]
2.7×10−8 ,

Cτµµµ ≤ 1.13× 10−2
(

Λ
1 TeV

)2
√

Br[τ→µµµ]
2.1×10−8 ,with Cℓiℓf ℓf ℓf given by

Cℓiℓf ℓf ℓf
=







∣

∣

∣

∣

∣

0.46

(

C
(1)fi
φℓ

+ C
(3)fi
φℓ

)

+ C
fiff
ℓe

∣

∣

∣

∣

∣

2
+ 2

∣

∣

∣

∣

∣

C
fiff
ℓe

− 0.54

(

C
(1)fi
φℓ

+ C
(3)fi
φℓ

)∣

∣

∣

∣

∣

2

+
∣

∣

∣

∣

C
fffi
ℓe

− 0.54C
fi
φe

∣

∣

∣

∣

2
+ 2

∣

∣

∣

∣

Cfiff
ee + 0.46C

fi
φe

∣

∣

∣

∣

2
}

.
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Con
lusions
� We 
al
ulated the expresion for several theoreti
ally importantand experimentally well 
onstrained lepton �avor observables,giving for them the impa
t results in term of Wilson 
oe�
ientsof all e�e
tive operators whi
h 
ould give 
ontribution to su
hpro
esses.
� Clear eviden
e of physi
s at higher s
ale
� Understand the origin of �avors more deeply
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