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The Standard Model
A Story of Reality

The standard model of particle
physics is very successful at
explaining low energy physics

One might argue that the standard
model is unreasonably successful
at explaining low energy physics

The Higgs boson is the only
missing element

Without a Higgs, the model predicts its own demise around a TeV

But with a Higgs, the electroweak scale should be dragged up to Mpl
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The Standard Model
The WW Scattering Problem

Sans Higgs contribution there are three WW scattering diagrams:

+ + ~ E2

The cross section rises as E4

M4
W
⇒ unitarity violation at a TeV!

Some new physics must enter to cancel this growth before a TeV

Standard model Higgs s and t channel diagrams will do exactly that
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The Standard Model
The Hierarchy Problem

Higgs boson receives a mass correction from high scale physics loops

New Physics

These corrections give ∆m2 ∼ Λ2
NEW PHYSICS

For Mh near the electroweak scale, one needs m2
0 −∆m2 = M2

h

For ΛNP ∼ O(Mpl) we have O(1038)−O(1038) = O(104),
meaning disagreement only after the 34th decimal place

A very strong suggestion that the SM Higgs is wrong
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Technicolor: The Good

One idea is Technicolor!
I SU(N) gauge theories can

introduce a completely natural
hierarchy from the coupling
constant running strong –

scale = Λstrong ∼ Λcutoff e
− 8π2

bg2(Λcutoff )

I Electroweak Symmetry Breaking: SU(2)W ⊗ U(1)Y → U(1)em

I Correct W and Z Mass Ratio (tree level): ρ = MW/MZ cos θW =1
I Rich Phenomenology: new strong resonances near scale Λstrong

I No Dangerous Mass Scales: chiral symmetry protects masses
I Example Already Exists (sort of): the Standard Model without a

Higgs should give a mass to the W and Z bosons (QCD)
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Technicolor: The Bad

Technicolor sounds great, but . . .

Although it has its merits,
technicolor is definitely not without
problems. The worst of which:

Fits to Precision Electroweak Data are awful in technicolor models

NDA QCD
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Fig. 1. Expected range of S and T parameters in a general theory of electroweak

symmetry breaking that is strongly coupled at the TeV scale. The reference Higgs

mass is taken to be 1 TeV. The region denoted by NDA (“näıve dimensional analy-

sis”) is what is expected in a general theory of strong electroweak symmetry breaking

[4]. The region denoted by QCD is what is expected in a theory of scaled-up QCD.

[8]. The present model is similar in spirit to the early composite Higgs models, but it

is based on a conformal rather than an asymptotically free gauge theory. The large

coupling to the top quark is another important new ingredient in the present model.

Asymptotically free SU(2) gauge theories that give rise to the symmetry breaking

pattern SU(4) → Sp(4) were considered as composite Higgs theories in the second

paper in Ref. [7]. Ref. [9] analyzes a version of this theory where the top quark is

included and top partners are introduced to raise the scale of compositeness above

the TeV scale. Ref. [10] analyzes a 5D model with the same coset, but considers a

different stabilizing potential with different phenomenology. In the 5D models, the

top loop contribution to the Higgs mass are also off by top partners. In the present

model, the top quark contribution to the composite Higgs mass is cut off entirely by

compositeness of the Higgs sector, and there is strong dynamics near the TeV scale.

The experimental signature of the top quark coupling to the symmetry breaking sector

4

The S parameter is too large!
(S ∼ NTC/3π)

Even the most generous estimates,
put the theory outside of the S-T
plane ellipse
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sis”) is what is expected in a general theory of strong electroweak symmetry breaking

[4]. The region denoted by QCD is what is expected in a theory of scaled-up QCD.

[8]. The present model is similar in spirit to the early composite Higgs models, but it

is based on a conformal rather than an asymptotically free gauge theory. The large

coupling to the top quark is another important new ingredient in the present model.

Asymptotically free SU(2) gauge theories that give rise to the symmetry breaking

pattern SU(4) → Sp(4) were considered as composite Higgs theories in the second

paper in Ref. [7]. Ref. [9] analyzes a version of this theory where the top quark is

included and top partners are introduced to raise the scale of compositeness above

the TeV scale. Ref. [10] analyzes a 5D model with the same coset, but considers a

different stabilizing potential with different phenomenology. In the 5D models, the

top loop contribution to the Higgs mass are also off by top partners. In the present

model, the top quark contribution to the composite Higgs mass is cut off entirely by

compositeness of the Higgs sector, and there is strong dynamics near the TeV scale.

The experimental signature of the top quark coupling to the symmetry breaking sector

4

The S parameter is too large!
(S ∼ NTC/3π)

Even the most generous estimates,
put the theory outside of the S-T
plane ellipse

Evans (UCD) MCTC: Flavor October 11, 2010 7 / 24



Technicolor: The Bad

Technicolor sounds great, but . . .

Although it has its merits,
technicolor is definitely not without
problems. The worst of which:

Fits to Precision Electroweak Data are awful in technicolor models

NDA QCD

!0.6 !0.4 !0.2 0 0.2 0.4 0.6
!0.3

!0.2

!0.1

0

0.1

0.2

0.3

0.4

0.5

S

T

Fig. 1. Expected range of S and T parameters in a general theory of electroweak

symmetry breaking that is strongly coupled at the TeV scale. The reference Higgs

mass is taken to be 1 TeV. The region denoted by NDA (“näıve dimensional analy-
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Technicolor: The Ugly

Fermion Masses:
I Generically, no simple mass

mechanism for fermions
I Extended Technicolor (ETC)

can be introduced

Low Mass Particles:
I Generic ETC models have myriad low mass PNGBs
I About as problematic as explaining absence of SUSY partners

Flavor Changing Neutral Currents (FCNCs):
I Generically ETC adds FCNCs that require extreme fine tuning
I Adding Walking TC ameliorates these

Clearly the story is at best very ugly
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Minimal Conformal Technicolor:
A New Hope

Minimal Conformal Technicolor (MCTC) can avoid all these problems

I An SU(2)CTC coupling approaches a strong conformal fixed point
I Sterile technifermions get mass terms, force the coupling strong
I Confinement breaks the SU(4) global symmetry down to Sp(4)
I VEV-less SUSY “Higgs” at high scale mediates fermion masses

I i.e. This is a Bosonic TC model (Dine, Kagan, Samuel 1990)
I S-parameter is suppressed by a mixing angle (which can be small)
I Large scale separation keeps the FCNCs small

Conformal dynamics:
I Need d ≡ d (H) . 1.5 to separate EW scale from flavor scale
I While ∆ ≡ d

(H†H) ≥ 4 to evade the hierarchy problem
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Dimensions in Conformal Theories
In the good ol’ days, all dimensions were integer – half integer if things got really crazy!

The arguments of CTC rely on large anomalous dimensions, there
exists support from both:

Theory:

(Rattazzi, Rychkov, Tonni, Vichi 2008; Rychkov, Vichi 2009;
Rattazzi, Rychkov, Vichi 2010; Poland, Simmons-Duffin 2010)

I ∆M≡Min
{
d
(H†τaH),d(H†H)} bound

is very strong (∆M > 4⇒ d & 1.6)
I Bounds on singlet H†H are weak

Lattice:

(Appelquist, Fleming, Neil 2009; Hasenfratz 2010;
Del Debbio, Lucin, Keegan, Pica, Pickup 2010; others. . . )

∆ = 2d

∆

d

max(∆Φ†Φ)

1.025 1.05 1.075 1.1 1.125 1.151
2

2.25

2.5

2.75

3

3.25

3.5

3.75

4

Figure 4: An upper bound on the dimension of Φ†Φ (the lowest-dimension scalar appearing in
the Φ × Φ† OPE), as a function of d = dimΦ. Here, we have taken k = 6. The bound appears
to approach 2 as d → 1, as expected. On the other hand, we do not find a dimension bound for
d ! 1.16. It is possible that pushing the numerics beyond k = 6 could lead to bounds in this region.

For dimensions larger than this value, the resulting bounds on |λO0|2 become stronger and
stronger as ∆0 becomes large, but never lead to a violation of unitarity. We also note that
at k < 6 we do not find a dimension bound at any value of d, so that one can only see these
bounds when a large number of derivatives are considered.10 It would be very interesting to
see if pushing the numerics further and incorporating even more derivatives could lead to
bounds at larger values of d.

We can also consider bounds on the OPE coefficients of operators without making any
assumptions about the spectrum. In this case we simply require that α(F∆,0) ≥ 0 for all
∆ ≥ 2, which is the SUSY unitarity bound for scalar operators with vanishing U(1)R charge.
In Figure 5 we show the resulting bounds on |λO0| for scalar operators appearing in this
OPE as a function of their dimension, at various values of d. This is a supersymmetric
generalization of the bounds considered in [35] in non-supersymmetric theories. Here we
see that the bounds become very strong as ∆0 is increased, and appear to approach zero
asymptotically. On the other hand, there are still finite bounds at ∆0 = 2, which tells us
that even the coefficients appearing in front of flavor symmetry currents cannot be too large.
We will explore this in more detail in the next subsection.

10As discussed in Appendix B, Wk has dimension k(k+1)
2 , so that k = 6 corresponds to 21 derivatives. It

may be that not all of these derivatives are important for obtaining a dimension bound, and one possible
numerical optimization might involve using a subspace of W6 other than Wk for k < 6.
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FIG. 6: Continuum running for Nf = 12. Results shown for running from below the infrared fixed

point (purple triangles) are based on g2(L0) ≡ 1.6. Also shown is continuum backwards running

from above the fixed point (light blue squares), based on g2(L0) ≡ 9.0. Error bars are again purely

statistical, although strongly correlated due to the underlying interpolating functions. Two-loop

and three-loop perturbation theory curves are shown for comparison.

small enough not to trigger a bulk phase transition. Since we use a constant extrapolation,

this procedure can be taken to define, within our errors, a g2(L) at a small but finite a/L.

The step-scaling procedure then leads to the continuum running from above to the fixed

point, also shown in Fig. 6. The statistical-error band is derived as in the approach from

below.

Finally we note that the exponent γ governing the approach to the infrared fixed point

in the SF scheme can also be extracted from the simulation data. Taking the log of Eq. (6),

we see that the quantity log [g2
! − g2(L)] should have a linear dependence on L with slope

−γ near the fixed point. Computing this quantity from our data, running from either above

or below the fixed point, we find γ = 0.13± 0.03, somewhat smaller than the three-loop SF

perturbative estimate of 0.286.
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small enough not to trigger a bulk phase transition. Since we use a constant extrapolation,

this procedure can be taken to define, within our errors, a g2(L) at a small but finite a/L.

The step-scaling procedure then leads to the continuum running from above to the fixed

point, also shown in Fig. 6. The statistical-error band is derived as in the approach from

below.

Finally we note that the exponent γ governing the approach to the infrared fixed point

in the SF scheme can also be extracted from the simulation data. Taking the log of Eq. (6),

we see that the quantity log [g2
! − g2(L)] should have a linear dependence on L with slope

−γ near the fixed point. Computing this quantity from our data, running from either above

or below the fixed point, we find γ = 0.13± 0.03, somewhat smaller than the three-loop SF

perturbative estimate of 0.286.
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Minimal Conformal Technicolor
The Model

Field Content: (SU(2)CTC ,SU(2)W )U(1)Y

ψ ∼ (2,2)0; χ ∼ (2,1)− 1
2
; χ′ ∼ (2,1) 1

2
; ξ ∼ (2,1)0 ×N ∼ 8

L 3 −κψψ − κ̃χχ′ − K ξξ

+
g2

t

Λd−1
t

(Qtc)
†

(ψχ) + h.c.

+
g2

4TC

Λ∆−4
t

|ψχ|2 + . . .

q qqqqqqq qqqqqq qqqqq qqqq qqqqqqqqqqqqqqqqqqqqqqqqq
qqqqqqqqqqqqqqqqqq

qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq qqqq
qqqqq qqqqqq qqqqqqq

This mass term knocks SU(2)CTC
running out of its conformal fixed
point q qqqqqqqqqqqqq qqqqqqqqqqqq qqqqqqqqqqq qqqqqqqqqq qqqqqqqqq qqqqqqqq qqqqqq qqqqq qqqq qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq

qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq qqqq qqqqq qqqqqq qqqqqqqq qqqqqqqqq qqqqqqqqqq qqqqqqqqqqq qqqqqqqqqqqq qqqqqqqqqqqqq q qqqqqqqqqqqqqqq qqqqqqqqqqqqqq qqqqqqqqqqqq qqqqqqqqqqq qqqqqqqqqq qqqqqqqqq qqqqqqqq qqqqqqq qqqqqq qqqq qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq
qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq qqqq qqqqqq qqqqqqq qqqqqqqq qqqqqqqqq qqqqqqqqqq qqqqqqqqqqq qqqqqqqqqqqq qqqqqqqqqqqqqq qqqqqqqqqqqqqqqq qqqqqqqqqq qqqqqqqqq qqqqqqqq qqqqqqq qqqqqq qqqqq qqqq qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq qqqq qqqqq qqqqqq qqqqqqq qqqqqqqq qqqqqqqqq qqqqqqqqqq

Vacuum alignment

Fermion mass ∝ − cos θ
Top loop, gauge, Higgs ∝ sin2 θ

EW vacuum is θ = 0 TC vacuum is θ = π
2

The mixing angle, θ, can be small (∼ 0.1)
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Minimal Conformal Technicolor
Return of the TC Model

Fermion Masses?

Low Mass Particles?

FCNCs?

S-Parameter?

Natural! (through MSSM-like Higgs messenger)

A Higgs-like PNGB, h, and a “hidden” PNGB, a

Suppressed by high scale!

Small θ ⇒ small S-parameter!

Small enough to fit EW data?

I Top loop contribution
gives: mh ∼

√
3ctMtop

I For ct & sin θ . 1
4 , model

in inside the S-T EW
ellipse

!
!

!

!

0.25
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Fig. 4. Precision electroweak fit in the model described in the text for mh =

120 GeV.

by 2/3 to extrapolate from Nc = 3 to Nc = 2. We use the recent electroweak fit of

Ref. [27]. Like the standard model, the present model has a single parameter (in this

case sin θ) that controls the precision electroweak fit, and has a good fit for a small

range of this parameter.

However, the limit θ ! 1 is fine tuned, and we must be close to this limit to

get a good electroweak fit. To quantify this tuning, we evaluate the sensitivity of

the electroweak VEV to the technifermion mass κ, a parameter in the fundamental

theory that controls the vacuum angle θ. We have

sensitivity =
d ln v2

d ln κ
= − 2

tan2 θ
. (4.16)

As expected, this goes as f 2/v2 ∼ θ−2 for small θ. For θ ∼ 0.25 the sensitivity

is ∼ −30. The fine tuning is further reduced for smaller mh. Fine tuning may be

completely absent if there are additional positive contributions to the T parameter.

In this case, we can allow sin θ <∼ 0.5, which gives a sensitivity parameter ∼ 5.
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range of this parameter.

However, the limit θ ! 1 is fine tuned, and we must be close to this limit to

get a good electroweak fit. To quantify this tuning, we evaluate the sensitivity of

the electroweak VEV to the technifermion mass κ, a parameter in the fundamental

theory that controls the vacuum angle θ. We have

sensitivity =
d ln v2

d ln κ
= − 2

tan2 θ
. (4.16)

As expected, this goes as f 2/v2 ∼ θ−2 for small θ. For θ ∼ 0.25 the sensitivity

is ∼ −30. The fine tuning is further reduced for smaller mh. Fine tuning may be

completely absent if there are additional positive contributions to the T parameter.

In this case, we can allow sin θ <∼ 0.5, which gives a sensitivity parameter ∼ 5.
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Superconformal Technicolor
Adventures in the UV!!!

Consider a supersymmetric theory with the following field content:

SU(3)SCTC × SU(2)L × SU(2)R ⊃ U(1)Y

Ψ ∼ (3,2,1)

Ψc ∼ (
3̄,1,2

)
Σa ∼ (3,1,1)

Σc
a ∼ (

3̄,1,1
)

P ∼ (1,2,1)

Pc ∼ (1,1,2)

H ∼ (1,2,2)

a = 1, . . . ,4

→

→

→

→

technifermions (ultimately cause EWSB)

sterile technifermions (break SU(3)SCTC ,
get Nf = 6 for conformal running)

fields in place to cancel anomalies

messengers of flavor

At SUSY breaking scale Σ4 gets a
VEV – SU(3)SCTC → SU(2)CTC

〈Σ〉 = 〈Σc〉 =

 0 0 0 0
0 0 0 0
0 0 0 vΣ


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Superconformal Technicolor
Superpotential

Superpotential terms W 3 ΣΣc + (ΣΣc)2 break SCTC at the SUSY
scale (and gives mass to 3rd SCTC color of Σ terms)

W 3 ΨHΨc + ΨΣcP + ΨcΣPc + ΣΣΣ + ΣcΣcΣc + ΣΨΨ + ΣcΨcΨc

q qqqqqqq qqqqqq qqqqq qqqq qqqqqqqqqqqqqqqqqqqqqqqqq
qqqqqqqqqqqqqqqqqq

qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq qqqq
qqqqq qqqqqq qqqqqqq

Communicates mass to SM fermions
q qqqqqqqqqqq qqqqqqqqqq qqqqqqqqq qqqqqqqq qqqqqqq qqqqqq qqqq qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq
qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq qqqq qqqqqq qqqqqqq qqqqqqqq qqqqqqqqq qqqqqqqqqq qqqqqqqqqqq

Masses for 3rd SCTC color (and P fields)

q qqqqqqqqqqqqqqqq qqqqqqqqqqqqqqq qqqqqqqqqqqqqq qqqqqqqqqqqqq qqqqqqqqqqqq qqqqqqqqqq qqqqqqqqq qqqqqqqq qqqqqqq qqqqqq qqqq qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq
qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq qqqq qqqqqq qqqqqqq qqqqqqqq qqqqqqqqq qqqqqqqqqq qqqqqqqqqqqq qqqqqqqqqqqqq qqqqqqqqqqqqqq qqqqqqqqqqqqqqq qqqqqqqqqqqqqqqq

Masses for fermions of CTC

After SUSY breaking, we find:

Leff ∼ ξaξb + ψψ + ψcψc + |ψψc |2 + (ψψc)
†

(Qtc)

where Σ1,2,3,Σ
c
1,2,3 → ξa (a = 1, . . . ,6) +λ†aλa

Which is almost the lagrangian for Minimal Conformal Technicolor!
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Masses for fermions of CTC

After SUSY breaking, we find:
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†

(Qtc)

where Σ1,2,3,Σ
c
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a-Maximization

Seiberg argued SUSY QCD with 3
2Nc < Nf < 3Nc will flow to a SCFT

Strong fixed points expected for Nf ≈ 2Nc (Nf ≈ 4Nc for non-SUSY)

Dimensions in SCFTs are known to be: d (X ) = 3
2RSC (X )

Determining dimensions in the theory is done by “a-Maximization”

The superconformal R-symmetry, RSC of any 4d SCFT is set to be that
which maximizes the quantity a(R) = 3

32

(
3 TrR3 − TrR

)
(Intriligator, Wecht 2003)

I Fix large Yukawas marginal
I Neglect other superpotential terms
I Apply a-maximization

This will try to construct the theory with
Yukawa fixed points

......................................... ........ .......... ............ ..............

. ............. ........... .......... ........ ................
.........
...........

...............
.............

.......................................
.....................................................................

y1

y2

Joint fixed point
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Flavor in the UV
That Dastardly Top!

We have: mtop ∼ 4πvew

(yTC

4π

)( yt

4π

)( ΛTC

Mflavor

)d−1

⇒
(yTC

4π

)( yt

4π

)( ΛTC

Mflavor

)d−1

∼ 1
10

We need both yTC and yt strong at the flavor scale!

Coincidence problem? Not if both reach fixed points!

But d (Hu) > 1⇒We need strong color group!

i.e. SU(N)strong × SU(3)weak → SU(3)C

In SM, Nc = 3 and Nf = 6⇒ No room for fields to do breaking

Two options: Nc > 3 or split the quark flavors!
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Flavor with Nc > 3
Field Content of the Flavor Sector

(SU(6)SC × SU(3)A × SU(3)B × SU(2)L)U(1)Y

W 3 yu
ij QiHuUc

j + yd
ij QiHdDc

j

+ xu
ij q̃iHd ũc

j + xd
ij q̃iHud̃c

j

+ zQ
ij Qi∆

c q̃j + zu
ij Ui∆ũj + zQ

ij Di∆d̃j

Φ ∼ (
6, 3̄,1,1

)
0

Φc ∼ (
6̄,3,1,1

)
0

∆ ∼ (
6,1, 3̄,1

)
0

∆c ∼ (
6̄,1,3,1

)
0

Qi ∼ (6,1,1,2)1/6

Uc
i ∼ (

6̄,1,1,1
)
−2/3

Dc
i ∼ (

6̄,1,1,1
)

1/3

q̃i ∼
(
1,1, 3̄,2

)
−1/6

ũc
i ∼ (1,1,3,1)2/3

d̃c
i ∼ (1,1,3,1)−1/3
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Flavor with Nc > 3
Field Content of the Flavor Sector
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q qqqqqqqqqqqqqqqqq qqqqqqqqqqqqqqqq qqqqqqqqqqqqqq qqqqqqqqqqqqq qqqqqqqqqqqq qqqqqqqqqqq qqqqqqqqq qqqqqqqq qqqqqqq qqqqqq qqqq qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq
qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq qqqq qqqqqq qqqqqqq qqqqqqqq qqqqqqqqq qqqqqqqqqqq qqqqqqqqqqqq qqqqqqqqqqqqq qqqqqqqqqqqqqq qqqqqqqqqqqqqqqq qqqqqqqqqqqqqqqqq

The give an O (MSUSY ) mass to the 12
SU(3)C′ quarks

Φ ∼ (
6, 3̄,1,1

)
0

Φc ∼ (
6̄,3,1,1

)
0

∆ ∼ (
6,1, 3̄,1

)
0

∆c ∼ (
6̄,1,3,1

)
0

Qi ∼ (6,1,1,2)1/6

Uc
i ∼ (

6̄,1,1,1
)
−2/3

Dc
i ∼ (

6̄,1,1,1
)

1/3

q̃i ∼
(
1,1, 3̄,2

)
−1/6

ũc
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j + xd
ij q̃iHud̃c

j

+ zQ
ij Qi∆

c q̃j + zu
ij Ui∆ũj + zQ
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Suppressing Flavor Violation

Flavor

looks

disastrous!

Set MX
ij ≡ zX

ij 〈∆〉
and m̃X

ij ≡ xX
ij v

u′c1 u′c2 u′c3 ũ1 ũ2 ũ3

u′1
u′2
u′3
ũc

1
ũc

2
ũc

3



mu 0 0 MQ
11 MQ

21 MQ
31

0 mc 0 MQ
12 MQ

22 MQ
32

0 0 mt MQ
13 MQ

23 MQ
33

MU
11 MU

21 MU
31 m̃U

11 m̃U
21 m̃U

31
MU

12 MU
22 MU

32 m̃U
12 m̃U

22 m̃U
32

MU
13 MU

23 MU
33 m̃U

13 m̃U
23 m̃U

33


Since M � m, m̃, to suppress FCNCs we need MX

ij = MX δij
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Supersymmetric Conformal Technicolor with Topcolor
The Audience: Okay, now you are just messing with us. . .(

SU(3)tC × SU(3)C̄ × SU(2)L
)

U(1)Y

W 3 ytHuq3tc + ybHdq3bc

+ (yu)ij Huqiuc
j + (yd )ij Hdqidc

j

+ zt ΦtcU + zt ΦbcD
+ (zu)i qiHuUc + (zd )i qiHdDc

+ µuUUc + µdDDc

Φ ∼ (
3, 3̄,1

)
0

Φc ∼ (
3̄,3,1

)
0

q3 ∼ (3,1,2)1/6

tc ∼ (
3̄,1,1

)
−2/3

bc ∼ (
3̄,1,1

)
1/3

qi ∼ (1,3,2)1/6

uc
i ∼ (

1, 3̄,1
)
−2/3

dc
i ∼ (

1, 3̄,1
)

1/3

U ∼ (1,3,1)2/3

Uc ∼ (
1, 3̄,1

)
−2/3

D ∼ (1,3,1)−1/3

Dc ∼ (
1, 3̄,1

)
1/3
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Flavor in SCTC w/ tC
or Supersymmetric Walking/Conformal Topcolor-assisted Technicolor

We have then a mass matrix of:

Mu =

 u
t
U

T  mu 0 δu
0 mt 0
0 ∆u µu

 uc

tc

Uc



Diagonalization of M†uMu and M†dMd can give the correct CKM matrix
elements for very reasonable parameter choices

FCNCs suppressed since all terms mix through the very heavy U or D

Still, the strongly interacting tC gluon exchange puts the SUSY scale
bound into the 10s of TeV range

Evans (UCD) MCTC: Flavor October 11, 2010 20 / 24



Flavor in SCTC w/ tC
or Supersymmetric Walking/Conformal Topcolor-assisted Technicolor

We have then a mass matrix of:

Mu =

 u
t
U

T  mu 0 δu
0 mt 0
0 ∆u µu

 uc

tc

Uc


Diagonalization of M†uMu and M†dMd can give the correct CKM matrix
elements for very reasonable parameter choices

FCNCs suppressed since all terms mix through the very heavy U or D

Still, the strongly interacting tC gluon exchange puts the SUSY scale
bound into the 10s of TeV range

Evans (UCD) MCTC: Flavor October 11, 2010 20 / 24



Flavor in SCTC w/ tC
or Supersymmetric Walking/Conformal Topcolor-assisted Technicolor

We have then a mass matrix of:

Mu =

 u
t
U

T  mu 0 δu
0 mt 0
0 ∆u µu

 uc

tc

Uc


Diagonalization of M†uMu and M†dMd can give the correct CKM matrix
elements for very reasonable parameter choices

FCNCs suppressed since all terms mix through the very heavy U or D

Still, the strongly interacting tC gluon exchange puts the SUSY scale
bound into the 10s of TeV range

Evans (UCD) MCTC: Flavor October 11, 2010 20 / 24



Flavor in SCTC w/ tC
or Supersymmetric Walking/Conformal Topcolor-assisted Technicolor

We have then a mass matrix of:

Mu =

 u
t
U

T  mu 0 δu
0 mt 0
0 ∆u µu

 uc

tc

Uc


Diagonalization of M†uMu and M†dMd can give the correct CKM matrix
elements for very reasonable parameter choices

FCNCs suppressed since all terms mix through the very heavy U or D

Still, the strongly interacting tC gluon exchange puts the SUSY scale
bound into the 10s of TeV range

Evans (UCD) MCTC: Flavor October 11, 2010 20 / 24



Finding MCTC at the LHC

Detection of this model at the LHC is difficult, but not impossible!

We will have light SU(2)CTC gauginos, our global symmetry structure is

SU(4)× U(1)λ → Sp(4)

⇒ 3 physical PNGBs – h, a and η

h is a composite Higgs
I For good S-parameter, it needs to be light (120 GeV)

I Will look just like a SM Higgs (ILC may be able to distinguish)
a is a new state which is very weakly coupled to the SM

I For a good S-parameter, it will be heavy ma ∼ mh
sin θ

I Decays through anomalies or into tops
I Pair production possibly large enough if σTC is O (TeV)

η is a new state which is also very weakly coupled to the SM
I Similar story to a, but much lighter . . . but unfortunately

Evans (UCD) MCTC: Flavor October 11, 2010 21 / 24



Finding MCTC at the LHC

Detection of this model at the LHC is difficult, but not impossible!

We will have light SU(2)CTC gauginos, our global symmetry structure is

SU(4)× U(1)λ → Sp(4)

⇒ 3 physical PNGBs – h, a and η

h is a composite Higgs
I For good S-parameter, it needs to be light (120 GeV)

I Will look just like a SM Higgs (ILC may be able to distinguish)
a is a new state which is very weakly coupled to the SM

I For a good S-parameter, it will be heavy ma ∼ mh
sin θ

I Decays through anomalies or into tops
I Pair production possibly large enough if σTC is O (TeV)

η is a new state which is also very weakly coupled to the SM
I Similar story to a, but much lighter . . . but unfortunately

Evans (UCD) MCTC: Flavor October 11, 2010 21 / 24



Finding MCTC at the LHC

Detection of this model at the LHC is difficult, but not impossible!

We will have light SU(2)CTC gauginos, our global symmetry structure is

SU(4)× U(1)λ → Sp(4)

⇒ 3 physical PNGBs – h, a and η

h is a composite Higgs
I For good S-parameter, it needs to be light (120 GeV)

I Will look just like a SM Higgs (ILC may be able to distinguish)

a is a new state which is very weakly coupled to the SM
I For a good S-parameter, it will be heavy ma ∼ mh

sin θ
I Decays through anomalies or into tops
I Pair production possibly large enough if σTC is O (TeV)

η is a new state which is also very weakly coupled to the SM
I Similar story to a, but much lighter . . . but unfortunately

Evans (UCD) MCTC: Flavor October 11, 2010 21 / 24



Finding MCTC at the LHC

Detection of this model at the LHC is difficult, but not impossible!

We will have light SU(2)CTC gauginos, our global symmetry structure is

SU(4)× U(1)λ → Sp(4)

⇒ 3 physical PNGBs – h, a and η

h is a composite Higgs
I For good S-parameter, it needs to be light (120 GeV)

I Will look just like a SM Higgs (ILC may be able to distinguish)
a is a new state which is very weakly coupled to the SM

I For a good S-parameter, it will be heavy ma ∼ mh
sin θ

I Decays through anomalies or into tops
I Pair production possibly large enough if σTC is O (TeV)

η is a new state which is also very weakly coupled to the SM
I Similar story to a, but much lighter . . . but unfortunately

Evans (UCD) MCTC: Flavor October 11, 2010 21 / 24



Finding MCTC at the LHC

Detection of this model at the LHC is difficult, but not impossible!

We will have light SU(2)CTC gauginos, our global symmetry structure is

SU(4)× U(1)λ → Sp(4)

⇒ 3 physical PNGBs – h, a and η

h is a composite Higgs
I For good S-parameter, it needs to be light (120 GeV)

I Will look just like a SM Higgs (ILC may be able to distinguish)
a is a new state which is very weakly coupled to the SM

I For a good S-parameter, it will be heavy ma ∼ mh
sin θ

I Decays through anomalies or into tops
I Pair production possibly large enough if σTC is O (TeV)

η is a new state which is also very weakly coupled to the SM
I Similar story to a, but much lighter . . .

but unfortunately

Evans (UCD) MCTC: Flavor October 11, 2010 21 / 24



Finding MCTC at the LHC

Detection of this model at the LHC is difficult, but not impossible!

We will have light SU(2)CTC gauginos, our global symmetry structure is

SU(4)× U(1)λ → Sp(4)

⇒ 3 physical PNGBs – h, a and η

h is a composite Higgs
I For good S-parameter, it needs to be light (120 GeV)

I Will look just like a SM Higgs (ILC may be able to distinguish)
a is a new state which is very weakly coupled to the SM

I For a good S-parameter, it will be heavy ma ∼ mh
sin θ

I Decays through anomalies or into tops
I Pair production possibly large enough if σTC is O (TeV)

η is a new state which is also very weakly coupled to the SM
I Similar story to a, but much lighter . . . but unfortunately

Evans (UCD) MCTC: Flavor October 11, 2010 21 / 24



This is most likely physics for the 14 TeV LHC
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Conclusion

I We have seen two realistic models of flavor in strong EWSB

I Both are natural, UV-complete models for conformal technicolor

I These models are partially intended as “existence proofs”

I Recent developments from both theory and lattice support CTC,
the superconformal symmetry is essential to the model

I This is a relatively young idea with much need for model building

I The phenomenology needs to be developed more thoroughly,
but there is definitely interesting new physics there

I Much more work is in progress
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The Thank You Slide

Thank you!
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