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Hierarchy Problem
Standard Model:

Technicolor:

Conformal/Walking Technicolor:

Want
Requires strong conformal (scale invariant) dynamics!



LEP vs. SUSY & Technicolor
SUSY Technicolor

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. 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 is the presence of strong spin-0 resonances coupling

to the top quark [10].
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tuning



Outline

• Conformal technicolor is a plausible solution
to the hierarchy problem

Precision electroweak: composite Higgs
(or dumb luck?)

Flavor: high scale SUSY

• LHC signals

Resonant production of



QCD Conformal Window
QCD is scale invariant (conformal) for

5

ficients A, b, and c in Eq. (8), all of which vanish in the
limit T/k → ∞.

In Fig. 2, we show the running coupling αs and its
critical value αcr for T = 130 MeV and T = 220 MeV
as a function of the regulator scale k. The intersection
point kcr between both marks the scale where the quark
dynamics become critical. Below the scale kcr, the sys-
tem runs quickly into the χSB regime. We estimate the
critical temperature Tcr as the lowest temperature for
which no intersection point between αs and αcr occurs.4

Compared to [8], we have further resolved the finite-T
Lorentz structure of the four-fermion couplings [30], re-
sulting in a slightly improved estimate for Tcr: we find
Tcr ≈ 172+40

−34 MeV for Nf = 2 and Tcr ≈ 148+32
−31 MeV for

Nf = 3 massless quark flavors in good agreement with
lattice simulations [33]. The errors arise from the ex-
perimental uncertainties on αs [16]. Dimensionless ratios
of observables are less contaminated by this uncertainty
of αs. For instance, the relative difference for Tcr for

Nf=2 and 3 flavors is T
Nf=2

cr −T
Nf=3

cr

(T
Nf=2

cr +T
Nf=3

cr )/2
= 0.150 . . .0.165

in reasonable agreement with the lattice value5 of ∼
0.121 ± 0.069.

Furthermore, we compute the critical temperature for
the case of many massless quark flavors Nf, see Fig. 3.
We observe an almost linear decrease of the critical
temperature for increasing Nf with a slope of ∆Tcr =
T (Nf) − T (Nf + 1) ≈ 24 MeV for small Nf. In addition,
we find a critical number of quark flavors, N cr

f = 12,
above which no chiral phase transition occurs. This re-
sult for N cr

f agrees with other studies based on the 2-loop
β function [29]; however, the precise value of N cr

f is ex-
ceptionally sensitive to the 3-loop coefficient which can
bring N cr

f down to N cr
f & 10+1.6

−0.7 [27]. Since we do not
consider our truncation to be sufficiently accurate for a
precise estimate of this coefficient, our study does not
contribute to a reduction of the current error on N cr

f .
Instead, we would like to emphasize that the flatten-
ing shape of the phase boundary near N cr

f is a generic
prediction of the IR fixed-point scenario: here, the sym-
metry status of the system is governed by the fixed-point
regime where dimensionful scales such as ΛQCD lose their
importance [8]. In any case, since N cr

f is smaller than
Na.f.

f = 11
2 Nc = 16.5, our study provides further evi-

dence for the existence of a regime where QCD is chiral
symmetric but is still asymptotically free.

4 Strictly speaking, this is a sufficient but not a necessary criterion
for chiral-symmetry restoration. In this sense, our estimate for
Tcr is an upper bound for the true Tcr. Small corrections to this
estimate could arise, if the quark dynamics becomes uncritical
again by a strong decrease of the gauge coupling towards the IR.

5 The large uncertainty on the lattice value arises from the fact
that the statistical errors on the Nf = 2 and Nf = 3 results for
Tcr are uncorrelated.
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FIG. 3: Chiral-phase-transition temperature Tcr versus the
number of massless quark flavors Nf. In the dashed-line re-
gion, we expect UA(1)-violating operators to become quan-
titatively important. The flattening at Nf ! 10 is a conse-
quence of the IR fixed-point structure [8].

IV. CONCLUSION

In summary, we have determined the χSB phase
boundary in QCD in the plane of temperature and flavor
number. Our quantitative results are in accord with lat-
tice simulations for Nf = 2, 3. For larger Nf, we observe
a linear decrease of Tcr, leveling off near N cr

f owing to the
IR fixed-point structure of QCD. Our results are based
on a consistent operator expansion of the QCD effective
action that can systematically be generalized to higher
orders.

The qualitative validity and the quantitative conver-
gence of this expansion are naturally difficult to analyze
in this strongly-coupled gauge system, particularly for
the gluonic sector. The fact that our truncation results in
a stable RG flow at strong interactions is already a highly
non-trivial check that any ansatz which misses the true
degrees of freedom generically fails. A more quantitative
evaluation of the validity of our expansion will require
the inclusion of higher-order operators in the covariant
gradient expansion as well as higher-order ghost terms.
An inclusion of operators that distinguish between elec-
tric and magnetic sectors at finite T , e.g., (uµFµν)2 with
the heat-bath four-velocity uµ, should facilitate to dis-
tinguish between differing coupling strengths in the two
sectors, as done in [25] using an ansatz inspired by hard
thermal loop computations.

We observe an improved control over the truncation in
the quark sector at least for the chirally symmetric phase,
which suffices to trace out the phase boundary. Quanti-
tatively, this has been confirmed by a stability analysis
of universal quantities such as N cr

f under a variation of
the regulator in [27] which gives strong support to the
point-like truncation of the quark self-interactions. Qual-
itatively, the reliability of the quark truncation can also

Banks-Zaks
fixed point

Lattice,
models

Baun, Gies (2007)

Strong conformal dynamics at end of conformal window



Constraints on Dimensions

•                                                     

•          

(weak coupling limit)

Also applies to RS/AdS/CFT

• Quantitative bounds     
(Rattazzi, Rhychkov, Tonni, Vichi 2007;
 Rhychkov, Tonni, Vichi 2009)

if

(ML, Okui 2004)



Dimensions on the Lattice
(ML 2008)

Study QCD in conformal window

Simulations starting to appear (DeGrand 2009)

(unavoidable on the lattice)

• Breaks conformal symmetry

• All physical mass scales
use scaling with     to measure

•



Minimal Conformal Technicolor

minimal technicolor

Soft breaking of conformal invariance
triggers electroweak symmetry breaking

(ML 2008; Evans, Galloway, ML, Tacchi 2010)



Walking Technicolor
(Holdom 1985; Appelquist, Karabali, Wijewardhana 

1986; Yamawaki, Bando, Matumoto 1986)

Probably requires large



Vacuum Alignment

〈ΨaΨb〉 = ΛdΦab

preserves electroweak symmetry

“technicolor” vacuum
SU(2)L × SU(2)R → SU(2)cust

“electroweak” vacuum
Φ→

(
ε 0
0 −ε

)

Φ→
(

0 1
−1 0

)

of



Vacuum Angle
General vacuum up to EW gauge transformations:

Φ =

(
cos θ ε sin θ

− sin θ − cos θ ε

)

0 ≤ θ ≤ π

Minimal technicolor automatically has PNGB Higgs
Good for precision electroweak fit...



PNGB Potential
breaking from

• Top, electroweak loops

•

V (θ)

θππ
2

m2
h0 = ctNcm

2
t ct ∼ 1



Precision Electroweak Fit
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Fig. 4. Precision electroweak fit in the model described in the text for mh = 120 GeV.

2/3 to extrapolate from Nc = 3 to Nc = 2. 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.

23

tuning



Top Flavor Scale
gets strong at scale

Need UV completion...
How small does    have to be?



UV Completion

• Is there a plausible theory of flavor?

• How small does                 have to be?

• Observable consequences?

(Evans, Galloway, ML, Tacchi, under construction)



Bosonic Technicolor
(Dine, Kagan, Samuel 1990)

Generate 4-femion couplings from heavy Higgs exchange

Requires SUSY broken at high scale with

no SUSY flavor problem

diagonal in mass basis



Superconformal Technicolor

Requires            strong at

Natural in strong superconformal theories



Technicolor Sector

technifermion multiplets

sterile technifermion multiplets

has 6 flavors
strong (self-dual) conformal fixed point



Higgs-Technicolor Couplings

relevant couplings (dimension      )

• Can get strong at            due to analog of 
Giudice-Masiero mechanism:

Occurs naturally in simple hidden sectors

• Strong fixed point for Yukawa couplings
Evidence from    maximization: (Intriligator, Wecht 2003)



SUSY Breaking

some 

• Strong conformal dynamics suppresses
gaugino masses, universal scalar masses

• Scalar masses proportional to symmetry
generators are protected

• Massless technifermions:

has

Consistent with strong conformal dynamics



Strong Top Sector

strong
conformal

weak weak

3rd generation charged under

at strong fixed point



...to the TeV Scale
technifermion masses from

gaugino mass exponentially suppressed
may be essentially massless

additional PNGB



Summary

• SUSY allows Yukawa couplings
origin of flavor can be at Planck scale

• High scale SUSY breaking
no SUSY flavor problem,
simple solution of     problem (Giudice-Masiero)

•            is natural scale of  symmetry breaking

Allows strong SUSY CFT      conformal technicolor

Allows strong Yukawa couplings for technifermions
and 3rd generation quarks



LHC Phenomenology
Two stories for precision electroweak constraints:

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. 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 is the presence of strong spin-0 resonances coupling

to the top quark [10].
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Fig. 4. Precision electroweak fit in the model described in the text for mh = 120 GeV.

2/3 to extrapolate from Nc = 3 to Nc = 2. 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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PNGB Higgs



PNGB Higgs Phenomenology
Smoking gun signal: double Higgs production
(Contino, Grojean, Moretti, Piccinini, Rattazzi, 2010)

Resonances at scale
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Fig. 4. Precision electroweak fit in the model described in the text for mh = 120 GeV.

2/3 to extrapolate from Nc = 3 to Nc = 2. 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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Tuning
suggests 
(             e.g. from 4-fermion couplings)

accessible at LHC?



PNGB Phenomenology

Strong gauge dynamics does not naturally give
minimal breaking pattern

additional PNGBs

E.g. in minimal conformal technicolor,

for (but not      )

Pair production at comparable rate to Higgs,
but decays may give more spectacular signals

suppressed by           custodial symmetry



General Strong Signals
• No theorem that           (even in QCD!)

• Precision electrowdo not probe
the symmetry breaking sector alone

but also

(Evans, ML 2009 + work in progress)



Conclusion

“The rumors of the death of technicolor
have been greatly exaggerated.”



Experiment will Decide...


