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Two Important Questions

Source of Electroweak

Symmetry Breaking?

• Technicolor

Dynamical

Why?

m1 m2 m3

ui ∼ 4 ∼ 1300 ∼ 178000

di ∼ 8 ∼ 100 ∼ 4300

ei ∼ 0.5 ∼ 106 ∼ 1800
(MeV)

• SM: g
mψ
MW

ψ̄ψh

• Most models put

flavor in by hand.

• ETC attempts a dynamical

explanation of flavor.
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Technicolor

〈

ŪaU
a〉 ,

〈

D̄aD
a〉 ,

〈

N̄aN
a〉 ,

〈

ĒaE
a〉 ∼ Λ3

tc

m2
W = g2F2

tc

W W
TC

m2
Z = (g2 + g′2)F2

tc

Z Z
TC

Leff ∼ F2
tcTr

(

DµUD
µU†

)

U = eiτ ·πtc/Ftc

Ftc ∼ 130 GeV

Λtc ∼ 300 GeV
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Walking TC

α

E

β

α

Important for:

• Sufficiently large Top quark

mass

• Enabling use of larger ETC

scales,

suppressing FCNC’s

SU(2)tc:

• Plausibly yields IR fixed point

→ walking.

• Reduces tc contribution to S

parameter.

• Enables generation of light

neutrino masses.

• Enables t-b splitting.
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Extended Technicolor

SU(3)Gen × SU(2)tc ⊂ SU(5)etc

V itc

ψiL ψtcL ψtcR ψiR

mi ∼ κη
Λ3
tc

Λ2
i

• κ ∼ 10 :

Integration factor.

• η ∼ 10 :

Scaling factor from walking.

SU(5)etc

↓ Λ1 ∼ 1000TeV

SU(4)etc

↓ Λ2 ∼ 100TeV

SU(3)etc

↓ Λ3 ∼ 4TeV

SU(2)tc
Λtc ∼ 300GeV
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Motivation

ψi

ψj ψk

ψ`
∼

1

Λ2
etc

• Early investigations:

No UV complete model.

All coefficients were naively 1/Λ2
etc.

• Modern ETC:

UV complete model X.

New analysis of these coefficients.
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Fermion Representations

Vectorial:

• ψiL, ψ
i
R

Fundamental

• ψLi, ψRi
Conjugate Fundamental

Relatively Conjugate:

• ψiL, ψRi
• ψLi, ψ

i
R

VSM
(

uiL
diL

)

uiR diR

CSM
(

uiL
diL

)

uiR dRi

• t-b splitting?

• FCNC’s not a problem X

• t-b splitting X

keeping ρ ∼ 1

Phys.Rev.D69, 015002 (2004)

• FCNC’s a problem.
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FCNC’s I

VSM CSM

KK̄ Mixing

s

d

d

s

V 2
1 V 1

2 sL

dL

V 2
1

sR

dR

KL → µ±e∓

Vetc

γµ

s

d

〈

0|d̄γµs|KL
〉

= 0

Vetc

γµγ5

s

d

〈

0|d̄γµγ5s|KL
〉

6= 0
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CSM FCNC’s

KK̄ Mixing

(∆mK)etc

(∆mK)SM
∼

64π2

G2
Fm

2
cΛ

2
1<(V ∗

csVcd)
2
∼ 102

sL

dL

V 2
1

sR

dR

KL → µ−e+

Γ(KL → µ−e+)etc

Γ(K− → µ−ν̄µ)SM
∼

256

G2
FΛ4

1|Vus|
2
∼ 5 × 10−11

>

BR(KL→µ−e+)etc
τ
(KL→µ−e+)

BR(K−→µ−ν̄µ)SM
τ
(K−→µ−ν̄µ)

.2 × 10−12

V 2
1s

d

µ

e
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Mass Basis

ψtcR ψ
j
R

V itc

i
tcΠ

j
tc

V
j
tc

ψiL ψtcL

mij ∼ 102Λ3
tc
i
tcΠ

j
tc(0)

Λ2
i Λ

2
j

Transform to Mass Basis:

mdiag = ULmU
−1
R

UL = eiφUR

ψLm = ULψL
ψRm = URψR

Lint = getcψ̄χV/ ψχ

= getcψ̄χmUχV/ U
−1

χ ψχm

Uχ = eiφχPαR23(θ23)P
∗
δR13(θ13)PδR12(θ12)Pβ

Pα = diag(eiα1, eiα2, e−i(α1+α2))

Pβ = diag(eiβ1, eiβ2, e−i(β1+β2))

Pδ = diag(eiδ,1,1)

θij ∼
Λnl
Λnh

� 1

DPF 2004 Neil Christensen 10/19



KK̄ Mixing (VSM)

(∆mK)etc

(∆mK)SM
∼

128π2Λ2
3

G2
Fm

2
cΛ

4
1<(V ∗

csVcd)
2
∼ 10−3

s

d

d

sV 2
1 V 1

2

2
1Π

1
2

(∆mK)etc

(∆mK)SM
∼

256π2(θd13θ
d
23)

2

3G2
Fm

2
cΛ

2
3<(V ∗

csVcd)
2

. 1

⇒ |θd13θ
d
23| . 4 × 10−4

s

d

d

s

Vd3

θd13θ
d
23 θd13θ

d
23

(∆mK)etc

(∆mK)SM
∼

96π2(θd12)
2

G2
Fm

2
cΛ

2
2<(V ∗

csVcd)
2

. 1

⇒ |θd12| . 10−2

s

d

d

s

Vd2

θd12 θd12
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BdB̄d Mixing (VSM)

(∆mBd
)exp ∼ (∆mBd

)SM

(∆mBd
)etc

(∆mBd
)SM

∼
128π2Λ2

3

G2
Fm

2
t Λ

4
1<(V ∗

tbVtd)
2
∼ 10−4

b

d

d

bV 3
1 V 1

3

3
1Π

1
3

(∆mBd
)etc

(∆mBd
)SM

∼
256π2(θd13)

2

3G2
Fm

2
t Λ

2
3<(V ∗

tbVtd)
2

.
1

10

⇒ |θd13| . 10−3

b

d

d

b

Vd3

θd13 θd13

(∆mBd
)etc

(∆mBd
)SM

∼
128π2|θd12θ

d
13θ

d
23|

G2
Fm

2
t Λ

2
2<(V ∗

tbVtd)
2

.
1

10

⇒ |θd12θ
d
13θ

d
23| . 4 × 10−5

b

d

d

b

V 3
2

θd12 θd13θ
d
23
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BsB̄s Mixing (VSM)

(∆mBs)exp & (∆mBs)SM

(∆mBs)etc

(∆mBs)SM
∼

128π2Λ2
3

G2
Fm

2
t Λ

4
2<(V ∗

tbVts)
2
∼ 10−2

b

s

s

bV 3
2 V 2

3

3
2Π

2
3

(∆mBs)etc

(∆mBs)SM
∼

256π2(θd23)
2

3G2
Fm

2
t Λ

2
3<(V ∗

tbVts)
2

. 1

⇒ |θd23| . 10−2

b

s

s

b

Vd3

θd23 θd23

(∆mBs)etc

(∆mBs)SM
∼

128π2|θd23|
2

G2
Fm

2
t Λ

2
2<(V ∗

tbVts)
2

. 1

⇒ |θd23| . 0.2

b

s

s

b

V 3
2

1 (θd23)
2
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DD̄ Mixing (VSM)

(∆mD)exp < 104(∆mD)SM

(∆mD)etc

(∆mD)SM
∼

128π2Λ2
3

G2
Fm

2
sΛ

4
1<(V ∗

csVus)
2
∼ 0.4

c

u

u

cV 2
1 V 1

2

2
1Π

1
2

(∆mD)etc

(∆mD)SM
∼

256π2(θu13θ
u
23)

2

3G2
Fm

2
sΛ

2
3<(V ∗

csVus)
2

. 104

⇒ |θu13θ
u
23| . 3 × 10−2

c

u

u

c

Vd3

θu13θ
u
23 θu13θ

u
23

(∆mD)etc

(∆mD)SM
∼

96π2(θu12)
2

G2
Fm

2
sΛ

2
2<(V ∗

csVus)
2

. 104

⇒ |θu12| . 0.7

c

u

u

c

Vd2

θu12 θu12
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Leptons

VSM

(

uiL
diL

)

uiR diR

DES
(

νiL
eiL

)

νiR eiR

DEC
(

νLi
eLi

)

νRi eRi
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K+ → π+µ±e∓

BR
(K+→π+µ+e−)exp

< 2.8 × 10−11 BR
(K+→π+µ−e+)exp

< 5.2 × 10−10

BR
(K+→π+µ+e−)

BR
(K+→π0µ+νµ)

∼

(

16

GFΛ2
1

)2

∼10−12

<
BR

(K+→π+µ+e−)exp

BR
(K+→π0µ+νµ)exp

. 10−9 s d

V 1
2

e

µ

BR
(K+→π+µ+e−)

BR
(K+→π0µ+νµ)

∼

(

16θd13θ
d
23θ

e
13θ

e
23

GFΛ2
3

)2

. 10−9

⇒ |θd13θ
d
23θ

e
13θ

e
23| . 3 × 10−4 s d

Vd3

e

µ
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µ+ → e+e+e−

BR
(µ+→e+e+e−)

< 10−12

BR
(µ+→e+e+e−)

BR
(µ+→e+νµνe)

∼

(

16θe12

GFΛ2
1

)2

< 10−12

⇒ |θe12| < 0.6
µ e

e

eV 2
1

BR
(µ+→e+e+e−)

BR
(µ+→e+νµνe)

∼

(

16(θe13)
3θe23

GFΛ2
1

)2

< 10−12

⇒ |(θe13)
3θe23| < 0.6

µ e

e

eVd3
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Constraints

Constraint Process

|θd13θ
d
23| . 4 × 10−4 ∆mK

|θd12| . 10−2 ∆mK

|θd13| . 10−3 ∆mBd

|θu13θ
u
23| . 3 × 10−2 ∆mD

|θd13θ
d
23θ

e
13θ

e
23| . 3 × 10−4 K+ → π+µ+e−
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Conclusions

• Recent ultraviolet complete ETC models have been constructed.

• We have reanalyzed constraints on these from FCNC’s.

• We show that there is a natural mechanism for suppressing these

FCNC’s in VSM type models.

• Bounds on mixing angles that we obtain can plausibly be satisfied

in VSM ETC models.

• More work is necessary to build fully realistic models.

• We look forward to the future LHC results which should tell us

whether new strong dynamics breaks the EWS.
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