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A fast supersymmetry primer

1. The general Lagrangian

L = iψ̄ �Dψ− (mψψ+h.c.)+ |Dµφ|2−m2|φ|2
has a supersymmetry, under which ψ ⇔ φ
which can be extended to include gauge inv. int.s

V α = (Aα
µ ,λα) φ̂a = (ψa,φa)

L = Lgauge +L f

L f = ∑
a

| fa|2 +( fabψaψb + h.c.)

L = Lgauge +L f +L so f t

appropriate “soft” breaking terms
⇒ No     div.s, even after inclusion ofΛ2

(R-symmetry)

(and excluding trace-full U(1) factors)



2. The general MSSM

Standard particles into supermultiplets + Ĥ1, Ĥ2

f = λUQuH2 +λDQdH1 +λELeH1 +µH1H2

L so f t = Σαm2
α|φα|2 +(ΣβA0

β fβ +Σim1/2ig̃ig̃i +h.c.)

3. mSUGRA

LSP ≡ lightest neutralino ≡      stableχ0

universal atAU = AD = AL ≡ Amα = m0, m1/2i = m1/2, MGUT

Aµ = B

(5 extra-par.s, as opposed to μ and λ of the SM)



3. The MSSM Higgs sector reviewed

By minimizing the potential:

1. e.m and CP always unbroken

3 Notation

The scalar fields in the theory are:
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�

h
0
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−

�
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h
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�
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It proves useful, after the EWSB, to parametrize the neutral fields as

h
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) exp(i
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3.1 Scalar fields

The scalar mass matrix is
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Define U to be the unitary matrix whose row are the eigenvectors of the scalar mass matrix
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3.2 Pseudoscalar fields

Would-be Goldstone:
G

0 = sinβπ2 − cos βπ1

Linear combination orthogonal to G
0, θ = cos βπ2 + sin βπ1.

Massive pseudoscalar:

A ∝ π2

v2
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π1
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πs
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∝ v1v2
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f = µ H1H2

2 Review of the MSSM Higgs Sector

2.1 Tree level

The tree-level MSSM Higgs potential with fields Hu and Hd receives contributions from the

Higgs soft masses, the superpotential Higgs mass µ-term
∫

d2θµHuHd, and SU(2)L×U(1)Y

D-term quartic interactions

V = m̃2
Hu

H†
uHu + m̃2

Hd
H†

dHd −
(
m2

udHuHd + h.c.
)

+
g2

8

[
(H†

uHu + H†
dHd)

2 − 4(HuHd)
†(HuHd)

]
+

g′2

8
(H†

uHu − H†
dHd)

2 (5)

where

m̃2
Hu

= |µ|2 + m2
Hu

m̃2
Hd

= |µ|2 + m2
Hd

(6)

and m2
Hu

and m2
Hd

are the Higgs soft masses. Without loss of generality we can take the

soft parameter m2
ud to be real. It follows that the tree-level MSSM Higgs potential is

CP conserving (even though the full MSSM Lagrangian violates CP). The massive Higgs

particles are eigenstates of this approximate CP. The light Higgs h and the heavier Higgs

H are CP even, and the Higgs A is CP odd. In addition there is a massive charged Higgs

H±.

The tree level potential depends on the known SU(2)L × U(1)Y gauge couplings g and

g′ and three unknown real mass squared parameters, m̃2
Hu

, m̃2
Hd

, and m2
ud. It is convenient

to parameterize the observables not in terms of these three real parameters, but in terms

of three other quantities. Two of them are

vu = |〈Hu〉| = v sin β

vd = |〈Hd〉| = v cos β (7)

and the third is the physical mass of the CP odd Higgs, mA. Since the expectation value v

is known, this leaves mA and tan β as the two unknown parameters describing the MSSM

Higgs sector. Also, instead of using the gauge couplings g and g′, we will write expressions

in terms of the gauge boson masses, m2
Z = 1

2(g
2 + g′2)v2, m2

W = 1
2g

2v2.

Then, a straightforward computation leads to the masses

m2
h,H =

1

2

[
m2

Z + m2
A ∓

√
(m2

A − m2
Z)2 + 4m2

Am2
Z sin2 2β

]

m2
H± = m2

A + m2
W . (8)
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2. In a range of the par.s:

H1 =
�

v1
0

�
, H2 =

�
0
v2

�
tanβ≡ v2

v1
v =

�
v2

1 + v2
2 = 175 GeV

Parameter counting:

m̃2
1, m̃2

2, m2
12⇒ v, tanβ + 1 extra (+     generation)3rd

(d,u) ⇔ (1,2)



The physical Higgs bosons
A simple counting:

Tree level

Including top-loop corrections

2x4 - (2+1) = 5 = 2 + 1 + 1 + 1
H
± h H A
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⇒

Higgs Mass in MSSM
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Effect of large mixing:
[FeynHiggs-2.5.1: tan β = 10, mt̃ = 400 GeV]
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The key equations

see Dimopoulos, Giudice for SUGRA-mediation

to be made more precise in any given SB-mediation scheme

m2
h

2
≈ −|µ|2 + m2

u + . . .

δm2
u ≈ −

3y2
t

8π2
(m2

t̃L
+ m2

t̃R
+ A2

t ) log M/mt̃

δm2
t̃ ≈

8αs

3π
m2

g̃ log M/mt̃

mb̃L



EWSB in MSSM

tan β = 10: m2
t̃
(MG) ! m2

t̃L
(MG) ! m2

t̃R
(MG)

M2
Z ! −1.9 µ2(MG) + 5.9 M2

3 (MG) + 1.5 m2

t̃
(MG)

−1.2 m2
Hu

(MG) − 0.8 M3(MG)At(MG) + . . .

m2
t̃
(MZ) ! 5.0M2

3 (MG) + 0.6m2
t̃
(MG) + 0.2At(MG)M3(MG) + . . .

mg̃ ! M3(MZ) ! 3.0M3(MG) + . . .

At(MZ) ! −2.3M3(MG) + 0.2At(MG) + . . .

Without specific relations between SSB parameters and/or µ:

MZ ∼ mχ̃± , mg̃, mt̃

natural EWSB → light chargino, gluino and stop!
Generic Higgs and SUSY Scenarios with Natural EWSB – p.2/20
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tanβ = 10E.g., take simple supergravity and Higgs Mass in MSSM
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by running from        down to MG MZ

with also



 The Higgs boson mass and the fine-tuning

V = −µ
2
H

2 + λH
4 m2

h = 2µ2 =
λ

2
√

2
G−1

F

From loops:   δµ2 ∝ (λ2
t , g

2)m2
s

which sets the naturalness upper bounds on   m2
s

for fixed Higgs boson mass, or fixed λ

IF λ→ a2λ then
mh → amh

mmax
s → ammax

s

1
∆
→ a2 1

∆



No Higgs boson (LEP)

No s-particle (LEP + TEVATRON + LHC)

Flavour and CPV as in CKM picture (almost?)
(the most important development of the past decade)

When shall I give up on SUSY?

A hard and embarrassing question,
but a clearly inescapable one



            heavy enough (≥   )to be ∼ irrelevantq̃1, q̃2, b̃R g̃

“s-particles” at their naturalness limit

0

500

1000

GeV

g
�

t
�
2

b
�

t
�
1

W
�
B
�

Χ2
Χ�
Χ1

(μ ⇔     at tree level)MZ

⇔ strongest coupling to the Higgs systemt̃1, t̃2, b̃L

(where the s-leptons are almost doesn’t matter)

B, Pappadopulo

The crucial configuration



3 semi-inclusive decays (up to < few % in any case)

pp→ g̃g̃ → ttt̄t̄ + χχ
pp→ g̃g̃ → ttt̄b̄(t̄t̄tb) + χχ
pp→ g̃g̃ → ttb̄b̄(t̄t̄bb) + χχ
pp→ g̃g̃ → tt̄bb̄ + χχ

χ = χ±,χ1,χ2

Btb ≡ BR(g̃ → tb̄χ−) = BR(g̃ → t̄bχ+) ≈ 1
2
(1−BR(g̃ → tt̄χ))

with rates determined by a single BR

BR

A synthetic description of the LHC phenomenology

g̃ → tt̄χ g̃ → tb̄χ−(t̄bχ+) g̃ → bb̄χ

direct or by cascade

forget cascades inside χ’s

⇒ 4 semi-inclusive final states 

almost irrelevant   bb̄

µ < M1,M2IF then

χ→ G̃ + Z(Kim:                )



g̃ → tt̃→ tb̄ + χ−

current bounds on g̃, t̃, b̃
g̃ → bb̃→ bb̄ + χ

g̃ → tt̃→ tt̄ + χ

mt̃ >? mb̃ � 200 GeV

mg̃ � 500 GeV



Two issues (logically almost independent)

g̃

Pomarol, Tommasini
B, Dvali, Hall
Cohen, Kaplan, Nelson
Dimopoulos, Giudice
B, Hall, Romanino

f̃1,2

Flavour and CP
problems “improved”

mh
mh → amh

mmax
s → ammax

s
↑         ↑mS

h

H
±

,H, A

χ

t̃1,2, b̃L

λtQ3Ht

⇔     

1/∆→ a21/∆⇒

200 GeV

500 GeV

?

1 TeV

B, Hall, Nomura, Rychkov



How heavy can the lightest Higgs boson be?

⇒ The “NMSSM” motivated

f = µH1H2⇒ f = λSH1H2

∆V = | fS|2 = λ2|H1H2|2

⇒

Higgs Mass in MSSM
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The “μ” problem: µe f f = λ < S >

(Other ways less effective, in my view)



parameters: λ and κ from the superpotential and Aλ, Aκ, mHd , mHu and mS from the soft

supersymmetry breaking terms. The field values at the minimum of the potential, vu, vd and vs,

are fixed by these parameters according to Eqns.(11–13). The structure of electroweak symmetry

breaking allows us to remove one (combination) of these VEVs in favour of the known electroweak

scale v ≡
√

v2
u + v2

d = 246 GeV (or equivalently, the Z boson mass, MZ), defining the overall

mass scale. Finally, after introducing tan β ≡ vu/vd and writing Aλ in terms of the heavy Higgs

mass scale MA, we are therefore left with the six free parameters, λ, κ, vs, tan β, MA, and Aκ

(vs may be expressed in some places in terms of the effective µ parameter, vs =
√

2µ/λ). The

spectrum of the NMSSM is expected to show a strong dependence on these six free parameters,

which we shall now analyze in detail.

Including higher orders introduces extra parameters such as the top and stop (s)quark masses.

We choose to fix these extra parameters at reasonable values and not vary them.

λ and κ

Requiring a weak coupling of the fundamental fields, i.e. field-theoretic perturbativity, in

the entire range between the electroweak and GUT scales restricts the range of values for the

couplings λ and κ at the electroweak scale. The renormalization group equations for λ, κ and

the top Yukawa coupling ht form a closed set together with those of the gauge couplings. They

are given by [6, 11, 25]

16π2 dg2
i

dt
= big

2
i , (56)

16π2 dh2
t

dt
= h2

t

[

λ2 + 6h2
t −

16

3
g2
3 − 3g2

2 −
13

15
g2
1

]

, (57)

16π2 dλ2

dt
= λ2

[

4λ2 + 2κ2 + 3h2
t − 3g2

2 −
3

5
g2
1

]

, (58)

16π2 dκ2

dt
= 6κ2

[

λ2 + κ2
]

, (59)

where b1 = 33/5, b2 = 1, g1 =
√

5/3 g′, g2 = g and t = log(Q2/M2
GUT).

Large values of λ and/or κ at the GUT scale are greatly reduced when run down to the

electroweak scale. This behaviour is caused by the dependence on λ4 and κ4 on the right-hand

side of Eqns.(58–59) respectively, indicating that large values of these parameters will evolve

strongly, while small values evolve only slightly. This can be seen in Fig.(1), which shows the

dependence of λ and κ on renormalization scale. Values of λ and κ in the perturbative regime

at the GUT scale, i.e. λ, κ ! 2π, are uniformly reduced to small values at the electroweak scale,

which may be combined to give the approximate bound, c.f. Fig.(2/left),

λ2 + κ2 ! 0.5. (60)

13

parameters: λ and κ from the superpotential and Aλ, Aκ, mHd , mHu and mS from the soft

supersymmetry breaking terms. The field values at the minimum of the potential, vu, vd and vs,

are fixed by these parameters according to Eqns.(11–13). The structure of electroweak symmetry

breaking allows us to remove one (combination) of these VEVs in favour of the known electroweak

scale v ≡
√

v2
u + v2

d = 246 GeV (or equivalently, the Z boson mass, MZ), defining the overall

mass scale. Finally, after introducing tan β ≡ vu/vd and writing Aλ in terms of the heavy Higgs

mass scale MA, we are therefore left with the six free parameters, λ, κ, vs, tan β, MA, and Aκ

(vs may be expressed in some places in terms of the effective µ parameter, vs =
√

2µ/λ). The

spectrum of the NMSSM is expected to show a strong dependence on these six free parameters,

which we shall now analyze in detail.

Including higher orders introduces extra parameters such as the top and stop (s)quark masses.

We choose to fix these extra parameters at reasonable values and not vary them.

λ and κ

Requiring a weak coupling of the fundamental fields, i.e. field-theoretic perturbativity, in

the entire range between the electroweak and GUT scales restricts the range of values for the

couplings λ and κ at the electroweak scale. The renormalization group equations for λ, κ and

the top Yukawa coupling ht form a closed set together with those of the gauge couplings. They

are given by [6, 11, 25]

16π2 dg2
i

dt
= big

2
i , (56)

16π2 dh2
t

dt
= h2

t

[

λ2 + 6h2
t −

16

3
g2
3 − 3g2

2 −
13

15
g2
1

]

, (57)

16π2 dλ2

dt
= λ2

[

4λ2 + 2κ2 + 3h2
t − 3g2

2 −
3

5
g2
1

]

, (58)

16π2 dκ2

dt
= 6κ2

[

λ2 + κ2
]

, (59)

where b1 = 33/5, b2 = 1, g1 =
√

5/3 g′, g2 = g and t = log(Q2/M2
GUT).

Large values of λ and/or κ at the GUT scale are greatly reduced when run down to the

electroweak scale. This behaviour is caused by the dependence on λ4 and κ4 on the right-hand

side of Eqns.(58–59) respectively, indicating that large values of these parameters will evolve

strongly, while small values evolve only slightly. This can be seen in Fig.(1), which shows the

dependence of λ and κ on renormalization scale. Values of λ and κ in the perturbative regime

at the GUT scale, i.e. λ, κ ! 2π, are uniformly reduced to small values at the electroweak scale,

which may be combined to give the approximate bound, c.f. Fig.(2/left),

λ2 + κ2 ! 0.5. (60)

13

parameters: λ and κ from the superpotential and Aλ, Aκ, mHd , mHu and mS from the soft

supersymmetry breaking terms. The field values at the minimum of the potential, vu, vd and vs,

are fixed by these parameters according to Eqns.(11–13). The structure of electroweak symmetry

breaking allows us to remove one (combination) of these VEVs in favour of the known electroweak

scale v ≡
√

v2
u + v2

d = 246 GeV (or equivalently, the Z boson mass, MZ), defining the overall

mass scale. Finally, after introducing tan β ≡ vu/vd and writing Aλ in terms of the heavy Higgs

mass scale MA, we are therefore left with the six free parameters, λ, κ, vs, tan β, MA, and Aκ

(vs may be expressed in some places in terms of the effective µ parameter, vs =
√

2µ/λ). The

spectrum of the NMSSM is expected to show a strong dependence on these six free parameters,

which we shall now analyze in detail.

Including higher orders introduces extra parameters such as the top and stop (s)quark masses.

We choose to fix these extra parameters at reasonable values and not vary them.

λ and κ

Requiring a weak coupling of the fundamental fields, i.e. field-theoretic perturbativity, in

the entire range between the electroweak and GUT scales restricts the range of values for the

couplings λ and κ at the electroweak scale. The renormalization group equations for λ, κ and

the top Yukawa coupling ht form a closed set together with those of the gauge couplings. They

are given by [6, 11, 25]

16π2 dg2
i

dt
= big

2
i , (56)

16π2 dh2
t

dt
= h2

t

[

λ2 + 6h2
t −

16

3
g2
3 − 3g2

2 −
13

15
g2
1

]

, (57)

16π2 dλ2

dt
= λ2

[

4λ2 + 2κ2 + 3h2
t − 3g2

2 −
3

5
g2
1

]

, (58)

16π2 dκ2

dt
= 6κ2

[

λ2 + κ2
]

, (59)

where b1 = 33/5, b2 = 1, g1 =
√

5/3 g′, g2 = g and t = log(Q2/M2
GUT).

Large values of λ and/or κ at the GUT scale are greatly reduced when run down to the

electroweak scale. This behaviour is caused by the dependence on λ4 and κ4 on the right-hand

side of Eqns.(58–59) respectively, indicating that large values of these parameters will evolve

strongly, while small values evolve only slightly. This can be seen in Fig.(1), which shows the

dependence of λ and κ on renormalization scale. Values of λ and κ in the perturbative regime

at the GUT scale, i.e. λ, κ ! 2π, are uniformly reduced to small values at the electroweak scale,

which may be combined to give the approximate bound, c.f. Fig.(2/left),

λ2 + κ2 ! 0.5. (60)

13

The relevant RGEs

f = λ SH1H2 +
κ
3

S
3The general R-invariant superpotential:

⇒
1. (

λ
4π

)2(10TeV )≤ 0.1 λ(G−1/2
F )≤ 2⇒

2. (
λ
4π

)2(MGUT)≤ 0.1 ⇒ λ(G−1/2
F ) ≤ 0.7

“λSUSY”



h

HA
H
±

Maximal Higgs boson mass* with ∆f = λSHuHd

λGUT

4π
= 0.3

λGUT

4π
= 0.3

λ(G−1/2
F ) = 2

At = 0 At ≈ 1 TeV

mmax
h /GeV

* = before mixing



a grey box

g3

g2

g1

What about gauge-coupling unification if        ?λ ≈ 2

We already know of one gauge coupling that crosses
the threshold of a strong interaction practically unchanged: αem

It depends on what happens
M � 10 TeVat

If                  , then          should be contemplatedλ � 0.8∆f = λSHuHd



Cavicchia, Franceschini, RychkovCavicchia, Franceschini, Rychkov

✶ Dark Matter: relic abundance and detection
affected

✶ gluino pair production and decays

✶ Flavour and CPV signals (at low tanβ)

✶ gluino pair production and decays
into top/bottom-rich final states

(non mSUGRA-like)

✶ a largely unconventional Higgs sector

h→ aa→ (bb̄, τ τ̄ , cc̄)2
h→WW,ZZ (with reduced rate)             

h→ χDMχDM

 Phenomenological consequences

if λ(G−1/2
F ) ≈ 2

✓

✓



(λSUSY with a R-invariant superpotential) Bertuzzo, Farina

ξ(s1tt̄) ξ(s1WW )

BR(s1 → a1a1) BR(s1 → χ1χ1)



Bertuzzo, Farina
Franceschini, Gori



Particle spectrum (naturalness bounds)

with up to 20% tuning (mmax ∝
�
Δ/5)

in λSUSY

Λmess = 100 TeV

λ= 2

mmax
g̃

mmax
t̃

mmax
χ̃±

λSUSY

B, Hall, Nomura, Rychkov



Summary on supersymmetry

1. Crucial to know where                aremg̃,mt̃,mb̃

is to have , in which case beware
2. The simplest way to be consistent with mh > 115 GeV

∆f = λSH1H2

of non-standard phenomenology

(At LHC1  1 easier than 2?)



The (many) reactions to the FT problem

1. Cure it by symmetries: SUSY, Higgs as PGB, little Higgs
2. A new strong interaction nearby

3. A new strong interaction not so nearby: quasi-CFT
4. Warp space-time: RS
5. Saturate the UV nearby: ADD, classicalons
6. Accept it: the multiverse

Every theorist should decide where to put his/her money

Overall Conclusions

Aaahhh!! The happy experimentalists!

Back to lecture 1



Some (approximate) flavour symmetry 
must be operative

↕U(2)

q3

q1,2

with little communication between        and q1,2 q3

U(2)→ U(2)Q × U(2)u × U(2)d

only weakly broken along minimal directions

Tomassini, Pomarol  1996
B, Dvali, Hall 1996

V = (2, 1, 1) Γu = (2, 2̄, 1) Γd = (2, 1, 2̄) all � O(λ2)
with λ = 0.2254

L ≈ Σi=1,2,3(Q̄i
LD/ Q

i
L + ū

i
RD/ u

i
R + d̄

i
RD/ d

i
R) + λtHut̄LtR + λbHdb̄LbR

U(2) in the data on quark masses and mixings

and perhaps also in the SUSY non-data
flavour, EDMs, direct s-particle searches

(If          V = (1, 2, 1) V = (1, 1, 2)or then ≈ O(1) )



A relevant example: supersymmetry
Particle spectrum

Flavour changing interactions

TeV’s, not controlled by symmetry breaking

q3
q1,2

q̃1,2

q̃3

dL,R
i d̃L,R

j

g̃

WL,R
ij

V CKM
ij

uL
i dL

j

W

WL

WR ≈ 1

nor by naturalness

standard parametrization, in non standard notation

1 new angle       and 1 new phasesL γ

(MFV:         quasi degenerate)q̃1,2,3



ΔF = 2  -  Our own SM fit

|�K |× 103

SBd→ΨKS

No     -inputBs

Tree level +

∆Md

∆Ms

�K

SBd→ΨKS

Tree level +

∆Md

∆Ms

details subject to discussion
a hint of a potential problem for the SM



Supersymmetric fit
including:

g̃

g̃

b̃Lb̃L

where F0 = F0(mb̃L
,mg̃) x =

s2
Lc2

d

|V 2
ts|and

SBd→ΨKS

Tree level +

∆Md

∆Ms

�K



Constraints on extra parameters:

Prediction: F0x

γ

π

SBd→ΨKS

SBs→Ψφ

←SM  

mg̃/TeV

mb̃L
/TeV

F0

F0

x

|ad,s
SL| < 2 · 10−3



An approximate U(2):           in the quark masses/mixingsf1 ↔ f2An approximate U(2):           in the quark masses/mixingsf1 ↔ f2

Input 
data

SBs→Ψφ = 0.12± 0.5

U(2)3 prediction



Electric Dipole Moments with flavour blind phases only



CP asymmetries in B-physics



fine-tuning or not fine-tuning
mSUGRA

m0/GeV

M1/2/GeVM1/2/GeV

68%

95%
99.7%

m0/GeV “naturalness scan”
darker pink: excluded by LEP

 pink: excluded by early LHC

Strumia
Farina et al

global fit
LHC, ΩDM , δgµ, ∆B = 1

(too much weight on      !?)δgµ

mSUGRA still a benchmark, but...

Which best fit point if
mSUGRA assumed true? Is mSUGRA true?



Flavour and CPV in charged leptons

A sensible extension of U(2)3q to leptons
although with a main unknown Mijν

R
i νR

j

with no analogue in the quark sector

µ→ eγ

τ → µγ

de

BR(µ→ eγ) ≈ 10−11÷14|
V l

τµ

Vts
|2|V

l
τe

Vtd
|2

Educated guesses:

de ≈ sinφ 10−27e cm
�

BR(µ→ eγ)/10−12

BR(τ → µγ)
BR(µ→ eγ)

≈ |V
l
ττ

V l
τe

|2BR(τ → µνν̄) ≈ 2× 103|V
l
ττ

Vtb
|2| Vtd

V l
τe

|2


