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Hot News!

Fresh from The News of the World: The Higgs boson has been
discovered at the LHC!
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Hot News!

Just kidding:))

P. Q. Hung Dynamical Electroweak Symmetry Breaking



Disclaimer

These lectures are not meant to be comprehensive but just enough to
whet your appetite for a good bowl of ....

Bún Bò Huê’

and/or perhaps...

a session of Karaoke?
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Outline of lectures

Part I

A brief review of the Hierarchy Problem of the Standard Model and
its ”standard” solutions.

Dynamical Electroweak Symmetry Breaking (DESB) through
fermion condensates 〈F̄L FR〉 which carry the electroweak quantum
numbers of the SM Higgs. What’s F?

Models of DESB: 〈F̄L FR〉 from Technicolor, a new strong gauge
group at a TeV scale. F : Technifermions. Early promises and deadly
problems. ”Walking Technicolor” as a remedy?

Models of DESB: 〈F̄L FR〉 coming from a heavy 4th generation. F :
4th generation fermions.
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Outline of lectures

Part II

4th generation bound state formation through the exchange of the
Higgs boson: Under what conditions could this occur?

〈F̄L FR〉 from the exchange of the Higgs boson with a critical
Yukawa coupling: An analysis using the Schwinger-Dyson equation.

At what energy scale does this condensation occur? A
renormalization group analysis.

Phenomenological constraints and implications.

Speculation: SM4 merges into a theory with no mass scales →
Conformally invariant theory above the condensation scale.
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The hierarchy problem

We learned from L.F. Li and N. Okada’s lectures that the SM is
spontaneously broken by a Higgs potential of the form
V (φ) = −µ2φ†φ+ λ(φ†φ)2 with µ2 > 0 (Why?) and
〈φ〉 = (0, v/

√
2). φ: an elementary scalar field.

Why is v ∼ 246GeV so much smaller than the Planck scale
MP ∼ 1019 GeV ? Or why is the Higgs mass mH =

√
2λv so much

smaller than the Planck scale?

Even if mH � MP at tree level, one-loop radiative corrections to the
Higgs mass squared give δm2

H ∼ O(m2
H −m2

f )(Λ/v)2 with Λ being a
physical cutoff scale.

If Λ ∼ MP ⇒ precise cancellation between boson and fermion
masses ⇒ Extreme fine tuning such that mH � MP . Higher order
corrections will destroy this ⇒ Back to the same problem.
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The hierarchy problem

Most popular ”cure” of the hierarchy problem: Supersymmetry. See
N. Okada’s lectures for more details.

In a nutshell: In SUSY, bosons and fermions (superpartners) have
equal masses. So technically speaking, the hierarchy problem can be
solved to all orders in perturbation theory because of SUSY.

However, no elementary scalar field has been found ⇒ SUSY has to
be broken, not only broken but broken spontaneously so as to
preserve the stability of the result at higher orders.

It is not yet clear what mechanism is responsible for the spontaneous
breakdown of SUSY: gravity-mediated, gauge-mediated,...? One
thing that most workers in that field agree on is that the
spontaneous breakdown of SUSY is in a Hidden Sector which is then
mediated to the supersymmetric SM.
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The hierarchy problem

ARE THERE SIMPLER ALTERNATIVES? In particular, we are
interested in scenarios in which the electroweak breaking scale of O(TeV)

is DYNAMICAL → Natural physical cutoff scale.
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Dynamical Electroweak Symmetry Breaking

What does one mean by ”dynamical symmetry breaking”?
Spontaneous symmetry breaking in which the Nambu-Goldstone
(NG) boson(s) is (are) composite particles (Weinberg).

The scalar particles are no longer elementary.

For example, in the O(2) sigma model discussed in Ling-Fong Li’s

lecture with Φ =

(
σ
π

)
, the NG boson is π. If the O(2) symmetry

is broken dynamically, π would be a composite particle (and so is σ).

For a NG boson to be a composite particle, strong binding forces are
involved.

Chiral symmetry breaking in Quantum Chromodynamics (QCD) as
an example.
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Dynamical Electroweak Symmetry Breaking

Example: QCD with 2 massless quarks: u, d .

QCD is described by the gauge group SU(3)c with 32 − 1 = 8 gluons
G i
µ with i = 1, .., 8. Quarks carry 3 colors.

Interactions of quarks and gluons: g3 q̄ γ
µ (λi

2 )G i
µ q. (λi are

Gell-Mann lambda matrices.)

The Lagrangian has a global chiral symmetry: SU(2)L × SU(2)R

with qL =

(
u
d

)
L

and qR =

(
u
d

)
R

transforming as doublets

under SU(2)L and SU(2)R respectively.

The running coupling g3 grows strong at low energy and become
large at roughly E ∼ 300MeV ⇒ chiral symmetry breaking and
quark confinement.
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Dynamical Electroweak Symmetry Breaking

Chiral symmetry breaking occurs when
〈0|ūL uR |0〉=〈0|d̄L dR |0〉=−O(f 3

π ) with fπ ∼ 93MeV .

SU(2)L × SU(2)R → SU(2)V . The scale of symmetry breaking is fπ.

The (massless) NG bosons are ~π ∼ q̄γ5
~τ
2 q and the massive scalar is

σ ∼ q̄ q.

How do we get rid of the massless NG bosons (not seen in nature)?
The Higgs mechanism. But then we need to gauge one of the
SU(2). We have the SM SU(2)L × U(1)Y !

Notice that the composite scalars have exactly the same EW

quantum numbers as the SM Higgs: φ =

(
π+

σ + i π3

)
.
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Dynamical Electroweak Symmetry Breaking

SU(2)L × U(1)Y → U(1)em at a scale ∼ fπ.

It is straightforward to see that the W and Z boson masses are
found to be: M2

W = 1
4g

2f 2
π and M2

Z = 1
4 (g2 + g

′ 2)f 2
π .

QCD itself can break the electroweak symmetry!

It looks good right, just as you learned in the previous lectures?
What’s wrong with this picture?

fπ ∼ 93MeV ⇒ MW ∼ 30MeV ! Experimentally: MW ∼ 80GeV !
This experimental number should come from another scale
Fπ ∼ 246GeV so that MW = 1

2gFπ ∼ 80GeV .

Enormous scale difference: Fπ

fπ
∼ 2645!

QCD cannot do it! Something else!
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Technicolor

We need a new strong dynamics at a O(TeV) scale.

What are the options?

Most obvious option: SU(NTC ). Technicolor gauge group: a
scaled-up version of QCD.

SU(3)c × SU(2)L × U(1)Y × SU(NTC ): New gauge group. Life is
not so simple anymore!

Technifermions transform as fundamentals of SU(NTC ) i.e. they
have NTC number of ”colors”.

Massless Technifermions: QL =

(
U
D

)
L

and QR =

(
U
D

)
R

⇒

Chiral symmetry SU(2)L × SU(2)R .

SU(2)L is gauged.
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Technicolor

Technicolor becomes strong at ΛTC ∼
√

3
NTC

Fπ

fπ
ΛQCD ∼ O(TeV )

Near ΛTC , the technicolor interactions become strong and one has
technicolor chiral (χ) symmetry breaking (χSB) and technicolor
confinement.

χSB: 〈0|ŪL UR |0〉=〈0|D̄L DR |0〉=−O(F 3
π)

SU(2)L × U(1)Y → U(1)em at a scale ∼ Fπ with Fπ ∼ 246GeV .

M2
W = 1

4g
2F 2
π and M2

Z = 1
4 (g2 + g

′ 2)F 2
π . X

It looks real good!! What could go wrong with this picture?

Problems with Electroweak Precision Parameters!

P. Q. Hung Dynamical Electroweak Symmetry Breaking



Technicolor

Technicolor becomes strong at ΛTC ∼
√

3
NTC

Fπ

fπ
ΛQCD ∼ O(TeV )

Near ΛTC , the technicolor interactions become strong and one has
technicolor chiral (χ) symmetry breaking (χSB) and technicolor
confinement.
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χSB: 〈0|ŪL UR |0〉=〈0|D̄L DR |0〉=−O(F 3
π)

SU(2)L × U(1)Y → U(1)em at a scale ∼ Fπ with Fπ ∼ 246GeV .

M2
W = 1

4g
2F 2
π and M2

Z = 1
4 (g2 + g

′ 2)F 2
π . X

It looks real good!! What could go wrong with this picture?

Problems with Electroweak Precision Parameters!

P. Q. Hung Dynamical Electroweak Symmetry Breaking



Technicolor

Technicolor becomes strong at ΛTC ∼
√

3
NTC

Fπ

fπ
ΛQCD ∼ O(TeV )

Near ΛTC , the technicolor interactions become strong and one has
technicolor chiral (χ) symmetry breaking (χSB) and technicolor
confinement.
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Technicolor

SM parameters have been measured with increasing accuracies,
allowing for powerful constraints on new physics beyond the SM or
BSM. For example, sin2 θ̂W (MZ ) = 0.23116± 0.00013,...

These constraints can be incorporated a set of parameters called
oblique parameters, S, T and U.

S = 16π(Π
′

33(0)− Π
′

3Q(0)), T = 4π
M2

Z cos2 θW sin2 θW
(Π11(0)− Π33(0)),

U = 16π(Π
′

11(0)− Π
′

33(0)) with ′ ≡ d
dq2 . Π: gauge boson vacuum

polarization.

S, T and U enter electroweak measurables as
M2

Z = M2
Z0

1−α̂(MZ )T

1−GFM2
Z0S/2

√
2π

, etc...
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Technicolor

A fit to the data → S = 0.01± 0.10, T = 0.03± 0.11 and
U = 0.06± 0.10.

The simplest QCD-like one-family of Technifermions gives
S ∼ 0.25ND

NTC

3 ∼ 1 for ND = 4 and for example NTC = 3 (number
of SU(2)L doublets: 3 for techniquarks and 1 for technileptons).
Clearly in contradiction with the data!

More problems to come when one looks at how fermions get masses.

In the SM, fermions get masses by coupling to the Higss (see
Ling-Fong Li’s lecture). In TC models, The Higgs is a composite of
Technifermions. Question: For standard fermions (t, b, c, s, u, d,...)
to get masses in TC, they should somehow couple to TC fermions.
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Extended Technicolor

GETC → GTC at some scale METC .

TC fermions, SM fermions belong to the same multiplet of GETC ⇒
ETC gauge bosons connecting TC and SM fermions.

These ETC gauge bosons have masses ∼ METC when GETC → GTC .
SM quark and lepton masses are obtained at METC by the exchange

of ETC gauge bosons e.g. mq ∼ g2
ETC

M2
ETC
〈T̄T 〉ETC , where T stands for

a Technifermion and

〈T̄T 〉ETC = 〈T̄T 〉TC exp(
∫METC

ΛTC

dµ
µ γm(µ))

So what are the problems with this?
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Extended Technicolor

TC: scaled-up version of QCD ⇒ Anomalous dimension γm(µ)� 1
⇒ 〈T̄T 〉ETC ≈ 〈T̄T 〉TC ∼ O(F 3

π).

ETC interactions of the type q → T → q
′

induce Flavor

changing-neutral current interactions e.g.
g2
ETCθ

2
sd

M2
ETC

s̄Γµd d̄Γ
′

µ s.

Constraints on KL − KS mass difference ⇒ METC > 1000TeV ⇒
mq < 100MeV !

What to do next is a Big Question for the ETC community!
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What to do next is a Big Question for the ETC community!
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Extended Technicolor

Enhance 〈T̄T 〉ETC . How? Making γm(µ) large. How? By bringing
αTC (µ) close to a critical coupling αC such that

γm(µ) = 1−
√

1− αTC (µ)
αC

→ γm(ΛTC ) ≈ 1 → β(αTC (µ)) ≈ 0 for

µ > ΛTC .

Since dαTC (µ)
dt = β(αTC (µ)) (t = ln(µ/µ0)), β(αTC (µ)) ≈ 0 implies

that the coupling is walking (very slowly varying). Approximate scale
invariance.

With γm(ΛTC ) ≈ 1 for µ > ΛTC , one obtains

〈T̄T 〉ETC ≈ 〈T̄T 〉TC METC

ΛTC
⇒mq ∼ g2

ETC

M2
ETC
〈T̄T 〉TC METC

ΛTC
. A big

enhancement!

It is however quite complicated to find a model which can do all
these things! In particular the aforementioned phenomena occur in a
nonperturbative regime.
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Extended Technicolor

Is there a simpler alternative to Extended Technicolor?

The Standard
Model with 4 generations.
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Bound States of heavy 4th Generation

Can a pair of heavy fermions in the SM form a bound state by the
exchange of the Higgs boson?

One can first study this system using the non-relativistic Schrödinger
equation with a Higgs-exchange Yukawa potential

V (r) = −αY (r) e−mH (r)r

r

where mH is the Higgs mass and αY = m1m2

4πv2 with v = 246 GeV,
with m1,m2 being masses of the 2 fermions. Reduced mass:
M = m1m2/(m1 + m2).

Rayleigh-Ritz variational method with the trial wave function
u(y , r) = 2y

3
2 e−yr . y : variational parameter.
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Bound States of heavy 4th Generation

Redefining variables z = 2y/mH ,Kf = 2MαY /(mH) and applying
dE/dz = 0 yield Kf = (1 + z)3/z(z + 3).

Optimum energy:

E = −αYmH
z3(z−1)
4(z+1)3

Bound state condition: z > 1 ⇒

Kf > 2

Numerical integration of the Schrödinger equation gives

Kf > 1.68
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Bound States of heavy 4th Generation

Example: m1 = m2 = mf ⇒ Kf =
m3

f

4πv2mH
.

1st remark: mt = 173GeV and mH > 115GeV gives Kt < 0.06 ⇒
The top quark cannot form a bound state by exchanging the Higgs
boson! (Remember the condition Kf > 1.68)
To satisfy Kf > 1.68, we need heavy fermions! This is where the 4th
generation comes in. It was found by Hung and Xiong that the
bound states are loose (the binding energy is small compared with
the mass) when the the fermion mass is comparable with the Higgs
mass.
Relativistic corrections to the Yukawa potential by Ishiwata and
Wise came to similar conclusions that, for mq′ > 350GeV , the
Higgs Yukawa coupling plays a crucial role in the formation of bound
states. The bound state is loose when the 4th generation quark mass
is comparable to the Higgs mass and the binding energy increases as
the Higgs mass becomes smaller than the 4th generation mass.

P. Q. Hung Dynamical Electroweak Symmetry Breaking



Bound States of heavy 4th Generation

Example: m1 = m2 = mf ⇒ Kf =
m3

f

4πv2mH
.

1st remark: mt = 173GeV and mH > 115GeV gives Kt < 0.06 ⇒
The top quark cannot form a bound state by exchanging the Higgs
boson! (Remember the condition Kf > 1.68)

To satisfy Kf > 1.68, we need heavy fermions! This is where the 4th
generation comes in. It was found by Hung and Xiong that the
bound states are loose (the binding energy is small compared with
the mass) when the the fermion mass is comparable with the Higgs
mass.
Relativistic corrections to the Yukawa potential by Ishiwata and
Wise came to similar conclusions that, for mq′ > 350GeV , the
Higgs Yukawa coupling plays a crucial role in the formation of bound
states. The bound state is loose when the 4th generation quark mass
is comparable to the Higgs mass and the binding energy increases as
the Higgs mass becomes smaller than the 4th generation mass.

P. Q. Hung Dynamical Electroweak Symmetry Breaking



Bound States of heavy 4th Generation

Example: m1 = m2 = mf ⇒ Kf =
m3

f

4πv2mH
.

1st remark: mt = 173GeV and mH > 115GeV gives Kt < 0.06 ⇒
The top quark cannot form a bound state by exchanging the Higgs
boson! (Remember the condition Kf > 1.68)
To satisfy Kf > 1.68, we need heavy fermions! This is where the 4th
generation comes in. It was found by Hung and Xiong that the
bound states are loose (the binding energy is small compared with
the mass) when the the fermion mass is comparable with the Higgs
mass.

Relativistic corrections to the Yukawa potential by Ishiwata and
Wise came to similar conclusions that, for mq′ > 350GeV , the
Higgs Yukawa coupling plays a crucial role in the formation of bound
states. The bound state is loose when the 4th generation quark mass
is comparable to the Higgs mass and the binding energy increases as
the Higgs mass becomes smaller than the 4th generation mass.

P. Q. Hung Dynamical Electroweak Symmetry Breaking



Bound States of heavy 4th Generation

Example: m1 = m2 = mf ⇒ Kf =
m3

f

4πv2mH
.

1st remark: mt = 173GeV and mH > 115GeV gives Kt < 0.06 ⇒
The top quark cannot form a bound state by exchanging the Higgs
boson! (Remember the condition Kf > 1.68)
To satisfy Kf > 1.68, we need heavy fermions! This is where the 4th
generation comes in. It was found by Hung and Xiong that the
bound states are loose (the binding energy is small compared with
the mass) when the the fermion mass is comparable with the Higgs
mass.
Relativistic corrections to the Yukawa potential by Ishiwata and
Wise came to similar conclusions that, for mq′ > 350GeV , the
Higgs Yukawa coupling plays a crucial role in the formation of bound
states. The bound state is loose when the 4th generation quark mass
is comparable to the Higgs mass and the binding energy increases as
the Higgs mass becomes smaller than the 4th generation mass.

P. Q. Hung Dynamical Electroweak Symmetry Breaking



Dynamical Symmetry Breaking: Another look at QCD

One classic example: Dynamical Chiral Symmetry Breaking in QCD.

Pagels and Stokar: Step 1: No current quark mass; Step 2:
Dynamically generated quark mass from the self-energy Σ(p); Step
3: Pion decay constant fπ computed in terms of Σ(p).

The information about Dynamical Chiral Symmetry Breaking
encoded in Σ(p) and fπ .
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4th generation condensates: Dynamical Electroweak
Symmetry Breaking

Assumption: SM4 with a massless fundamental scalar doublet ⇒ No
VEV at tree level.

Dynamical Electroweak Symmetry Breaking through heavy 4th
generation condensates formed by the exchange of the SM
fundamental scalars from gf ψ̄LφψR + H.c .. (See Bardeen, Hill and
Lindner for another approach especially with the top quark
condensate.)
Explicitly, take e.g. the 4th generation quarks (t ′, b′) and assuming
gt′ = gb′ = g4Q →

gf ψ̄LφψR + H.c . = g4Q{q̄L
(
φ+

φ0

)
b
′

R + q̄L

(
φ0∗

−φ−
)
t
′

R + H.c .}

Schwinger-Dyson equation for the fermion self-energy Σ(p) in the
ladder approximation for such a Higgs-Yukawa sector. (See Fukuda
and Kugo; Leung, Love and Bardeen;..)
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4th generation condensates: Dynamical Electroweak
Symmetry Breaking

Contribution to Σ(p) in the ladder approximation:

Σ(p) =
+2g2

4Q

(2π)4

∫
d4q 1

(p−q)2
Σ(q)

q2+Σ2(q)
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4th generation condensates: Dynamical Electroweak
Symmetry Breaking

Integral equation converted into differential equation:

u
′′

+ 4u
′

+ 3u + (α4Q

αc
4

) u
1+u2 = 0

where Σ(p) = etu(t + t0), t0 = ln(Σ(0)), t = ln(p), α4Q =
g2

4Q

4π , and
αc

4 = π
2 ≈ 1.57 is the critical coupling.

Boundary conditions: u′ + 3u = 0 as t → tΛ;
u′ + u = 0 as t → −∞
Above differential equation + Boundary conditions ≡ Integral
equation
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4th generation condensates: Dynamical Electroweak
Symmetry Breaking

α4Q < αc
4: No solution. Does not satisfy the boundary conditions.
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t
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u
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4th generation condensates: Dynamical Electroweak
Symmetry Breaking

α4Q > αc
4: Non trivial solution satisfying the boundary conditions

0 0.5 1 1.5 2 2.5 3
t

-0.02

0

0.02

0.04

0.06

0.08

0.1

u
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4th generation condensates: Dynamical Electroweak
Symmetry Breaking

Asymptotic solution:

Σ4Q(p) ∼ p−1 sin[
√

α4Q

αc
4
− 1(ln p + δ)], for α4Q > αc

4

For the strong Yukawa coupling solution to satisfy the boundary

condition, we must have Σ(0)4Q = Λe
1−nπ/

√
α4Q
αc

4
−1+δ

; Vacuum
solution with n = 1.

δ = ln( Λ
Σ4Q (0) ) + π√

α
αc

4
−1
− 1
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4th generation condensates: Dynamical Electroweak
Symmetry Breaking

Condensates with electroweak quantum numbers:

〈t̄ ′Lt ′R〉 = 〈b̄′Lb′R〉 = − 3
4π4

∫
d4q Σ4Q (q)

q2+Σ2
4Q (q)

〈t̄ ′Lt ′R〉 ≈ − 3
π2 ( αc

α4Q
) Λ Σ2

4Q(0) sin[
√

α4Q

αc
− 1]

〈L̄LLR〉 = 〈N̄LNR〉 ≈ − 1
π2 ( αc

α4L
) Λ Σ2

4L(0) sin[
√

α4L

αc
− 1]

The condensates break the electroweak symmetry: Requirement
∝ O(−Λ3

EW )
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4th generation condensates: Dynamical Electroweak
Symmetry Breaking

For large cut off Λ: Big fine tuning problem.

Λ (
√

α4Q

αc
− 1) ∼ O(ΛEW ) ⇒

α4Q

αc
∼ 1 + ( ΛEW

Λ )2

α4Q

αc
∼ 1 + 10−28 for Λ ∼ 1016 GeV .

No such fine tuning is required if Λ ∼ O(TeV ) as is the case with a
heavy fourth generation.

Possible solution to the hierarchy problem!
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4th generation condensates: Dynamical Electroweak
Symmetry Breaking

At the electroweak scale, the fundamental scalar also obtains an

induced negative mass squared 1
2{

2g2
4Q

Σ4Q (0) 〈t̄ ′Lt
′
R〉+

2g2
4L

Σ4L(0) 〈L̄LLR〉}|φ
0|2

⇒ It also develops a VEV.

Three Higgs doublets: Two composites and one fundamental. The
Goldstone bosons eaten up by W and Z are three combinations of
these scalars. Rich spectrum of scalars!
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4th generation condensates: Dynamical Electroweak
Symmetry Breaking

So from the SD equation, we know that α4Q > π
2 ∼ 1.57 for condensates

to form. But at what energy scale?
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Heavy 4th generation: Condensate energy scale

Run the 2-loop RG equations:

16π2 dY
dt = βY

from ΛEW on, with Y = λ, g2
t , g

2
q , g

2
l (quartic, top, 4th quark, 4th

lepton couplings).

Start with initial values of the couplings at ΛEW translated into the
naive masses by mf = gf v/

√
2 (v = 246GeV ).
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Heavy 4th generation: Condensate energy scale

5 10 15 20 25 30 35
t!log!E"91.2GeV#

1
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3

4

5

Mq!450 GeV

Ml!350 GeV

Mq!120 GeV

Ml!100 GeV

Αl

Αq

Αt

Λ"4Π

Quasi-fixed point at O(TeV ) for heavy 4th generation. The (ruled out)
light case is shown for comparison.
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Heavy 4th generation: Condensate energy scale
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Quasi-fixed point at O(TeV ) for heavy 4th generation.
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Heavy 4th generation: Condensate energy scale

5 10 15 20 25 30 35
t!log!E"91.2GeV#

2

4
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Mq!500 GeV
Ml!400 GeV

Mq!120 GeV
Ml!100 GeV

Αl
Αq

Αt

Landau Pole vs. Fixed Point

The Landau pole (at one loop) is shown for comparison. ΛFP or a scale
close to it could play the role of a physical cut off scale.

P. Q. Hung Dynamical Electroweak Symmetry Breaking



Heavy 4th generation: Condensate energy scale

2 3 4 5 6 7 8
t!log!E"91.2GeV#

1
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5

Αq

Αl

Λ"4Π

Region I Region II

%FP

Possibilities: Region II is characterized by a scale invariant theory both at
the classical and quantum levels. Near the boundary between Regions I
and II, a fermion-antifermion bound state can get formed by the exchange
of a massless scalar ⇒ Dynamical electroweak symmetry breaking at
O(TeV)! (P. Q. Hung and Chi Xiong, arXiv:1012.4479 [hep-ph], NPB)
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4th generation condensates: Dynamical Electroweak
Symmetry Breaking

A possible scenario:
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4th generation condensates: Dynamical Electroweak
Symmetry Breaking

Region I: SM4, broken scale invariance.

Region II: Restoration of scale invariance. SM4 merges into its
conformal completion

Region I-Region II boundary: Dynamical Electroweak Symmetry
Breaking by 4th-generation condensates at ΛFP ∼ O(TeV ).

No hierarchy problem.

P. Q. Hung and Chi Xiong,arXiv:0911.3890 [hep-ph],
Nucl.Phys.B847:160-178,2011; P. Q. Hung and Chi Xiong,
arXiv:0911.3892 [hep-ph], Phys.Lett.B694:430-434,2011; P. Q. Hung
and Chi Xiong, arXiv:1012.4479 [hep-ph], NPB 848:288-302, 2011.
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Experimental constraints on the 4th generation

EW precision data: The 4th generation is not ruled out at 6σ by the
S-parameter as claimed by PDG which applies only to degenerate
doublets, e.g. ∆S = 2

3π −
1

3π (ln mt′
mb′
− ln mN

mE
). Adjusting the mass

splitting in both S and T ⇒ OK with EW precision data ⇒ can
accommodate a heavier Higgs. (Gfitter)
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Experimental constraints on the 4th generation

Lower bounds on 4th quark masses (CDF): mb′ > 385GeV from
b′ →Wt and mt′ > 335GeV from t ′ →Wq . Caution: A certain
number of assumptions have been used e.g. 100% branching ratio,...

Most recent data from the LHC! CMS: mb′ ∼ 255− 361GeV
excluded at the 95 % confidence level.

Lower bounds on 4th lepton masses: mL > 101GeV and
mN > 90.3GeV (Dirac) or 80.5GeV (Majorana).

”Anomalies” in B, Bs CP violations at ∼ 2− 3.5σ give some hint of
a 4th generation?
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Conformal completion of SM4: Region II

Region II: Embedding of SM4 into a conformal theory (Chiu-Man
Ho, PQH, Tom Kephart: arXiv:1102.3997 [hep-ph]). How’s so?

Motivations: Possible solution to the hierarchy problem with a
physical cutoff scale ΛFP ∼ O(TeV ); Possibility of restoration of
scale invariance above ΛFP ∼ O(TeV ).

Hints: DEWSB at ΛFP ∼ O(TeV ); Quasi fixed point at
ΛFP ∼ O(TeV ).

Advantage: Conformality at ΛFP ∼ O(TeV ) is as competitive as
SUSY. Much fewer parameters.
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Conclusions

The 4th generation is NOT ruled out by experiment! So why not
look at it? Perhaps we can learn something deep.

”Anomalies” in B, Bs CP violations at ∼ 2− 3.5σ give some hint of
a 4th generation. Need to check it!

Indirect and direct detection of a 4th family will be important for the
LHC and Super-Belle.

A heavy 4th generation could be the origin of the electroweak
symmetry breaking.

Composite Higgs doublets (two!) plus one fundamental ⇒ could
show interesting signals.

SM4 may merge into a conformally invariant theory at the TeV scale.
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Back-up slides: Phenomenology of the 4th generation

Mixings:
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Back-up slides: Experimental constraints on the 4th
generation

Bounds on mixings between the 4th generation and the other three:
Directly measured matrix elements and εK , ∆mu, ∆ms , with
mt′ > 300GeV (Lacker)
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Phenomenology of the 4th generation

Flavour violations in K , Bd and Bs systems coming from SM4 can
be spectacular (Buras and collaborators). ∆F = 2 transitions as well
as rare K and B decays can constrain the new mixing angles: θ14,
θ24, θ34 and the new phases: δ14 and δ24.

Buras et al also investigated the effects of SM4 on mixing and CP
violation in the Charm system: Large effects in K , D and Bs

systems possible, disfavoured in Bd system. Sψ φ(Bs) > 0.2 plus

measured ε′

ε : Significant reduction of SM4 effects in the D system.

Soni et al also studied rare K and B decays: Current data favor
mt′ ∼ 400− 600GeV , |V ∗t′bVt′s | ∼ (0.05− 1.4)× 10−2, large
CP-odd associated phase.
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Back-up slides: Phenomenology of the 4th generation

t ′ mass:
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Back-up slides: Phenomenology of the 4th generation

Phases:
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Back-up slides: Phenomenology of the 4th generation

t̄ ′t ′, b̄′b′ combined assuming t ′ →Wb and b′ →Wt (Holdom)
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Back-up slides : Phenomenology of the 4th generation

LHC studies of Higgs compositeness by Soni and Bar-shalom
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