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to Composite Higgs
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PART I:
BESS

Breaking Electroweak Symmetry Strongly

Acronymous by Ferruccio Feruglio inspired by the Gershwins’  “PORGY and BESS” 
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~1985
Once upon a time...

Casalbuoni
Dominici

De Curtis

Gatto
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We knew

Mass for gauge bosons implies new degrees of freedom  
These are the Goldstone bosons

Important hint:

SU(2)L ⊗ U(1)Y → U(1)Q

SU(2)L ⊗ SU(2)R
SU(2)L+R

ρ =
m2

W

m2
Z cos2 θW

≈ 1

mW ≈ 80GeV mZ ≈ 90GeV
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This, in principle,  did not require the Higgs at all:

A(W+
L W−

L → W+
L W−

L ) =
1

v2
(s+ t)

+ +

W+ W+ W+ W+ W+

W+W− W− W−
W− W−

W−
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This, in principle,  did not require the Higgs at all:

• Technicolor :

New strong dynamics breaks the electro-weak 
symmetry as QCD does:

SU(2)L ⊗ SU(2)R
SU(2)L+R

< Ψ̄i
LΨ

j
R >= Λ3

QCD δij

A(W+
L W−

L → W+
L W−

L ) =
1

v2
(s+ t)

+ +

W+ W+ W+ W+ W+

W+W− W− W−
W− W−

W−
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The EWSB sector can be described at low energy by a    -model σ

Σ → gLΣg
†
R, gL ∈ SU(2)L, gR ∈ SU(2)R

SU(2)L SU(2)R
Σ
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The EWSB sector can be described at low energy by a    -model σ

Σ → gLΣg
†
R, gL ∈ SU(2)L, gR ∈ SU(2)R

SU(2)L SU(2)R
Σ

The breaking is produced by �Σ� = 1

Σ = ei�π·�τ/vL =
v2

4
(∂µΣ∂

µΣ†)

Introduce a covariant derivative DµΣ = ∂µΣ+ igWµΣ− ig�ΣYµ

non linear    -model can be obtained as a formal limit of the 
SM for 

σ
mH → ∞

GBs
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Enlarge the    -model (following CCWZ 1969) σ

•     Introduce vector resonances to improve unitarity properties     
(learn from QCD)
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Enlarge the    -model (following CCWZ 1969) σ

•     Introduce vector resonances to improve unitarity properties     
(learn from QCD)

•     Vector resonances as gauge fields of the new local interaction 

•     The new vectors are massive  due to the  breaking induced
       by the  non-linear realization,  the gauge symmetry is not
       explicitly broken

•    Use the tool of  hidden gauge symmetries (Bando et al 1985):

           a theory formulated in G with a local symmetry H is 
equivalent to the non-linear model formulated over G/H  
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• BESS: 
   General parametrization of strongly coupled physics
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The BESS model 
Simplest enlargement of the non-linear model with            Hlocal = SU(2)
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The BESS model 
Simplest enlargement of the non-linear model with            Hlocal = SU(2)

U = Σ1Σ2 → gLΣ1h
†hΣ2g

†
R = gLΣ1Σ2g

†
Rchiral field

SU(2)L × SU(2)R/SU(2)      
Σ1(x) → gLΣ1(x)h

†(x), Σ2(x) → h(x)Σ2(x)g
†
R, h ∈ H

Based on two cosets               Σ1 Σ2,

blind to Hlocal

 described by              
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The BESS model 

gauge fields of

ω�
µ =

1

2
(Σ†

1DµΣ1 + Σ†
2DµΣ2)

ω⊥
µ =

1

2
(Σ†

1DµΣ1 − Σ†
2DµΣ2)

DµΣ1 = ∂µΣ1 + Σ1Vµ, DµΣ2 = ∂µΣ2 − VµΣ2

L = −v2[Tr(ω⊥
µ )

2 + α Tr(ω�
µ − Vµ)

2]

The most general Lagrangian, symmetric under G⊗H ⊗ PLR

Hlocal

Simplest enlargement of the non-linear model with            Hlocal = SU(2)

U = Σ1Σ2 → gLΣ1h
†hΣ2g

†
R = gLΣ1Σ2g

†
Rchiral field

SU(2)L × SU(2)R/SU(2)      
Σ1(x) → gLΣ1(x)h

†(x), Σ2(x) → h(x)Σ2(x)g
†
R, h ∈ H

Based on two cosets               Σ1 Σ2,

blind to Hlocal

 described by              
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SU(2)L × U(1)To get the complete BESS Lagrangian we gauge the    
SM gauge group by the covariant derivatives and include kinetic term 
for the gauge fields Wµ, Yµ, Vµ

SU(2)L
SU(2)R

SU(2)V

Σ1 Σ2

U = Σ1Σ2

moose diagram for the BESS model

U(1)
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SU(2)L × U(1)To get the complete BESS Lagrangian we gauge the    
SM gauge group by the covariant derivatives and include kinetic term 
for the gauge fields Wµ, Yµ, Vµ

SU(2)L
SU(2)R

SU(2)V

Σ1 Σ2

U = Σ1Σ2

moose diagram for the BESS model

U(1)

3-site model  corresponds to α = 1

linear moose

new parameters:  g”, α M2
V =

v2

4
αg”2
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Linear Moose Models
Breaking the EW symmetry without a Higgs

•  Generalize the moose construction: many copies of the gauge group G 
intertwined by link variables     . Simplest example                  .    Σ Gi = SU(2)
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Linear Moose Models
Breaking the EW symmetry without a Higgs

•  Generalize the moose construction: many copies of the gauge group G 
intertwined by link variables     . Simplest example                  .    Σ Gi = SU(2)

•                            global symmetry at the beginning (end) of the moose 
gauged to the standard    

GL(R) = SU(2)L(R)

SU(2)W (U(1)Y )
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Linear Moose Models
Breaking the EW symmetry without a Higgs

•  Generalize the moose construction: many copies of the gauge group G 
intertwined by link variables     . Simplest example                  .    Σ Gi = SU(2)

L =
K+1�

i=1

f2
i Tr[DµΣ

†
iD

µΣi]−
1

2

K+1�

i=0

Tr[(F i
µν)

2]

A0 = W, AK+1 = Y Ai i = 1, · · · ,K

• Particle content:             , the massless photon and 3K massive vectors                   W±, Z

gauge fields of gauge fields ofSU(2)W × U(1)Y Gi = SU(2)

•                            global symmetry at the beginning (end) of the moose 
gauged to the standard    

GL(R) = SU(2)L(R)

SU(2)W (U(1)Y )
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The continuum limit

a

Ai
µ Ai+1

µ

e−iaAi
5

i i+ 1

For large K the moose picture is 
interpreted as a discretization of a 
5D gauge theory along the 5th dim. 

K → ∞, a → 0, Ka → πR

lim
a→0

ag2i = g25 , lim
a→0

af2
i = f2(z)

flat metric corresponds to equal f ’s and g’s

geometrical Higgs mechanism:  gauge field is a 
connection  discretization      link variable

Georgi ‘86, Hill, Pokorsky,Wang; Arkani-Hamed; Cohen,Georgi ‘01
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July 31, 2012    Phys. Lett. B716
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July 31, 2012    Phys. Lett. B716

Observation of a New Particle in the Search for the Standard Model Higgs 
Boson with the ATLAS and the CMS Detector at the LHC
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Technicolor :
Higgsless models:

July 31, 2012    Phys. Lett. B716

Observation of a New Particle in the Search for the Standard Model Higgs 
Boson with the ATLAS and the CMS Detector at the LHC
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Is this New Particle the Standard Model Higgs Boson ?

Only precise measurements of its physical properties 
(mainly its Branching Ratios) will answer the question .... 
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Possibility: 

       Higgs doublet is a light remnant of strong dynamics

Strong  sector:
resonances + Higgs 
bound state

spin1

spin 1/2

spin 0....    

Is this New Particle the Standard Model Higgs Boson ?

Only precise measurements of its physical properties 
(mainly its Branching Ratios) will answer the question .... 
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Include also a scalar particle S as bound state of the strong dynamics
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Include also a scalar particle S as bound state of the strong dynamics
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Enlarge the BESS model to include vector and axial-vector resonances
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Enlarge the BESS model to include vector and axial-vector resonances

a+
cd

c+ d
= 1

when decoupling the 
new resonances the 
SM is recovered forgauge fields 

associated to H

4 independent 
invariants
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Enlarge the BESS model to include vector and axial-vector resonances

this is not the most 
general interaction

 allowed by the 
symmetry

Include also a scalar particle S as bound state of the strong dynamics

k=1 corresponds to 
the SM Higgs

a+
cd

c+ d
= 1

when decoupling the 
new resonances the 
SM is recovered forgauge fields 

associated to H

4 independent 
invariants
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The Higgs as a composite scalar is still a very topical subject
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Csaki talk at Blois ’12 

The Higgs as a composite scalar is still a very topical subject
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Csaki talk at Blois ’12 

The Higgs as a composite scalar is still a very topical subject
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Higgs+Vector Bellazzini talk Planck ’12

Modification of the Higgs BRs will be measured at the LHC 

π ∼ WL, ZL
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Natural questions:

• If the Higgs is a bound state from an 
unknown strong dynamics, why is it so light ?

 
• Is there any symmetry protecting its mass 

to become large ?
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PART II:
Higgs as a Goldstone
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~2011

De Curtis

Redi

Tesi
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SU(2)L ⊗ SU(2)R
SU(2)L+R

Only delivers the longitudinal polarization of  W & Z
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SU(2)L ⊗ SU(2)R
SU(2)L+R

Only delivers the longitudinal polarization of  W & Z

A logical possibility is that the Higgs itself is a GB

Ex: GB = (2, 2) Agashe , Contino,Pomarol ’04SO(5)

SU(2)L ⊗ SU(2)R

Low energy lagrangian:

L = f2 DµΣ
iDµΣi + . . .

SU(2)L ⊗ SU(2)R
ρ =

m2
W

m2
Z cos θW

≈ 1

Contino, da Rold,  Pomarol, ’06

Georgi, Kaplan ‘80s
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Particularly compelling because the Higgs is massless at 
leading order.
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Particularly compelling because the Higgs is massless at 
leading order.

SO(6)

SO(5)

SO(6)

SO(4)⊗ U(1)
+ . . .

Extended Higgs sectors:

Ex:
SU(5)

SU(4)⊗ U(1)

Gripaios, Pomarol, Riva, Serra ’09

Mrazek, Pomarol, Rattazzi, MR, Serra, Wulzer ’11

Now also axions:

Ex: SU(6)L × SU(6)R
SU(6)L+R

Redi, Strumia ’12
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Increasing f CH approximates SM.

DEVIATIONS ∼ v2

f2
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Increasing f CH approximates SM.

DEVIATIONS ∼ v2

f2

mW = 80GeV

mρ ∼ 3TeV

0

Spectrum:

Reasonable phenomenology can be obtained for mρ ∼ 3TeV

mh = 125GeV
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(Randall-Sundrum ’99)

Possible to realize it in Randall-Sundrum scenarios.

u,d,c,s, tR, 

Higgs

0 5 10 15 20 25 30 35

KK modes

UV IR

ds2 = e−2kry(−dt2 + dx2) + dy2

Through AdS/CFT correspondence dual to 4D CFTs.
Relevant physics dominated by the lowest modes.
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• theoretical: 
   - only very few resonances (1?) weakly coupled 
   - relevant physics largely independent of 5D or AdS
   - what are the most general models?

Necessary a useful 4D description:

• practical: 
   - LHC will at best produce the lightest resonances   
   - Simplified model useful for LHC
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• theoretical: 
   - only very few resonances (1?) weakly coupled 
   - relevant physics largely independent of 5D or AdS
   - what are the most general models?

Necessary a useful 4D description:

• practical: 
   - LHC will at best produce the lightest resonances   
   - Simplified model useful for LHC

VERY SIMILAR TO BESS!!
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G

H

We start from G/H

Introducing resonances works as in BESS
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G

H
Ω → gLΩg

†
R

GL ⊗GR

GL+R
+

We start from G/H

Introducing resonances works as in BESS
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L2−site =
f2
1

4
Tr |DµΩ|2 +

f2
2

2
D�a

µDµ�a − 1

4g2ρ
ρAµνρ

Aµν

DµΩ = ∂µΩ− iAµΩ+ iΩρµ

and gauge GR +G

G

H
Ω → gLΩg

†
R

GL ⊗GR

GL+R
+

We start from G/H

Introducing resonances works as in BESS
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L2−site =
f2
1

4
Tr |DµΩ|2 +

f2
2

2
D�a

µDµ�a − 1

4g2ρ
ρAµνρ

Aµν

DµΩ = ∂µΩ− iAµΩ+ iΩρµ

and gauge GR +G

G

H
Ω → gLΩg

†
R

GL ⊗GR

GL+R
+

We start from G/H

Introducing resonances works as in BESS

Fermions introduced in a similar way.
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Ω1 Ω2
ΩN−1

gρ1, ρ1
gρN−1, ρN−1gρN−2, ρN−2

G G G

G

H

U

In general:

LN−sites =
N−1�

n=1

f2
n

4
Tr |DµΩn|2 +

f2
N

2
D�a

µDµ�a −
N−1�

n=1

1

4 g2ρn

ρAn,µνρ
Aµν
n

DµΩn = ∂µΩn − iρµn−1Ωn + iΩnρ
µ
n, n = 1, .., N − 1
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Ω1 Ω2
ΩN−1

gρ1, ρ1
gρN−1, ρN−1gρN−2, ρN−2

G G G

G

H

U

In general:

LN−sites =
N−1�

n=1

f2
n

4
Tr |DµΩn|2 +

f2
N

2
D�a

µDµ�a −
N−1�

n=1

1

4 g2ρn

ρAn,µνρ
Aµν
n

DµΩn = ∂µΩn − iρµn−1Ωn + iΩnρ
µ
n, n = 1, .., N − 1

Ωn = exp i
f

f2
n

Π, n = 1, ..., N
N�

n=1

1

f2
n

=
1

f2

GBs are

For N large we recover the 5D theory. 

U � ≡
�
ΠN−1

n=1 Ωn

�
U
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MINIMAL 4D COMPOSITE HIGGS

- One resonance for each SM field
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Elementary:
SM Fermions 
+ Gauge Fields

General picture:

Strong  sector:
Higgs + (top)

mρ gρ
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Elementary:
SM Fermions 
+ Gauge Fields

General picture:

Strong  sector:
Higgs + (top)

mρ gρ

λL λR g

Lgauge = g AµJ
µ

Higgs potential generated at 1-loop:

Lmixing = λLf̄LOR + λRf̄ROR

Gauging SU(3)xSU(2)xU(1)
mixing to fermionic operators

They talk through linear couplings: 

ySM = �L · Y · �R
� ∼ λ

Y

V (h) ∼ Nc

16π2
�2L,Rm

4
ρV̂

�
h

f

�
+ . . .
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Ω1

gρ, ρ

SO(5)⊗ U(1)X

SO(4)⊗ U(1)X

Φ2

SO(5)⊗ U(1)X

g0, A0

SU(2)L ⊗ U(1)Y

Explicit breaking
of global symmetry

Composite sector
SO(5)/SO(4)

Composite spin-1 lagrangian:

Ω =
SO(5)L × SO(5)R

SO(5)L+R
Φ =

SO(5)

SO(4)

• SO(5)/SO(4)
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Ω1

gρ, ρ

SO(5)⊗ U(1)X

SO(4)⊗ U(1)X

Φ2

SO(5)⊗ U(1)X

g0, A0

SU(2)L ⊗ U(1)Y

Explicit breaking
of global symmetry

Composite sector
SO(5)/SO(4)

Composite spin-1 lagrangian:

Ω =
SO(5)L × SO(5)R

SO(5)L+R
Φ =

SO(5)

SO(4)

• SO(5)/SO(4)

DµΩ = ∂µΩ− iAµΩ+ iΩρµ DµΦ = ∂µΦ− iρµΦ

SO(4) and SO(5)/SO(4) spin-1 resonances.

f2
1

4
Tr |DµΩ|2 +

f2
2

2
(DµΦ)

T (DµΦ)− 1

4g2ρ
ρaµνρ

aµν
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Each SM fermion couples to Dirac fermion in a rep of SO(5).
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Each SM fermion couples to Dirac fermion in a rep of SO(5).

Third generation:

Explicit SO(5) breaking

Composite physics
SO(5)/SO(4)

LCHM5 = Lel
fermions

+∆tL q̄elLΩ1ΨT +∆tR t̄elRΩ1Ψ�T + h.c.

+ Ψ̄T (i � Dρ −mT )ΨT + Ψ̄�T (i � D
ρ −m�T )Ψ�T

− YT Ψ̄T,LΦ
T
2
Φ2Ψ�T ,R −mYT Ψ̄T,LΨ�T ,R + h.c.

+ (T → B)

qL

tR

bR

∆tR

∆bR

∆bL

∆tL

Composite sector
SO(5)/SO(4)

Explicit breaking
of global symmetry

YT

YB

5−1/3

5−1/3

52/3

52/3

CHM5:

Friday, September 21, 2012



V (h)fermions = −2Nc

�
d4p

(2π)4
�
lnΠbL + ln

�
p2ΠtLΠtR −Π2

tLtR

��

Coleman-Weinberg effective potential:

Contino, da Rold, Pomarol, ’06

Form factors are simple functions:

�Π[m1,m2,m3] =

�
m2

2 +m2
3 − p2

�

p4 − p2(m2
1 +m2

2 +m2
3) +m2

1m
2
2

�M [m1,m2,m3] = − m1m2m3

p4 − p2(m2
1 +m2

2 +m2
3) +m2

1m
2
2
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V (h)fermions = −2Nc

�
d4p

(2π)4
�
lnΠbL + ln

�
p2ΠtLΠtR −Π2

tLtR

��

Coleman-Weinberg effective potential:

Contino, da Rold, Pomarol, ’06

Form factors are simple functions:

�Π[m1,m2,m3] =

�
m2

2 +m2
3 − p2

�

p4 − p2(m2
1 +m2

2 +m2
3) +m2

1m
2
2

�M [m1,m2,m3] = − m1m2m3

p4 − p2(m2
1 +m2

2 +m2
3) +m2

1m
2
2

Potential is finite with a single SO(5) multiplet per SM field!
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What is the Higgs mass?
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f = 500GeVGeneral scan:
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For mH=125 GeV, fermionic partners VERY close.      
Should be visible at LHC7!
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f = 800GeV

Partners above experimental bound ~ TeV

Low mass:
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MASS ESTIMATE

LY uk = ytf
shch

h
(q̄LH

c
tR + h.c.) V (h)Y uk ∼ Nc

y2t
16π2

m2
ff

2s2hc
2
h

Quartic is determined by top Yukawa,

mh ∼
�

Nc

2

yt
π

mf

f
v

sh ≡ sin
h

f
=

v

f
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NON LOCAL TERMS

Most general 2-site lagrangian contains

f2
0

2
(DµΦ)(D

µΦ)T Φ = Φ2Ω
T
1

f2 = f2
0 +

f2
1 f

2
2

f2
1 + f2

2

Ω1

gρ, ρ

SO(5)⊗ U(1)X

SO(4)⊗ U(1)X

Φ2

SO(5)⊗ U(1)X

g0, A0

SU(2)L ⊗ U(1)Y

Explicit breaking
of global symmetry

Composite sector
SO(5)/SO(4)

Analog of      in BESS.

ΦΩT
1

α
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New term modifies interactions

m2
ρ = 2

f2

f2 − f2
0

g2ρππ f
2 (ma1 → ∞)

Phenomenology modified

Γ(ρ3 → Zh) = Γ(ρ3 → W+W−) =
g2ρππ
192π

mρ

ρ
WL

WL

ρ

π

π

=

Coset resonance could give further modifications.
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New term modifies S-parameter:

S = 4πv2
�

1

m2
ρ

+
1

m2
a1

�
f2 − f2

0

f2

S can vanish
f0 = f

H and G/H resonances degenerate and do not participate
to unitarization.
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New term modifies S-parameter:

S = 4πv2
�

1

m2
ρ

+
1

m2
a1

�
f2 − f2

0

f2

S can vanish
f0 = f

H and G/H resonances degenerate and do not participate
to unitarization.

In QCD:

f2
0 ∼ −f2

General?
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BACK TO THE BEGINNING...
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Ω3

ΨL
2 ΨL

3

m1 m2

ΨL
N−1

mN−1

ΨR
2 ΨR

3 ΨR
N−1

ΩN−1

Ω4

m3

Ω2

ΨL
1

ΨR
1

Ω1

ΨL
0

Fermions:

Lfermions =
N−1�

n=1

Ψ̄(r)
n

�
i � Dρn −m(r)

n

�
Ψ(r)

n +
N−1�

n=1

∆(r)
n

�
Ψ̄n−1

r,L ΩnΨ
n
r,R + h.c.

�

DµΨ(r)
n = ∂µΨ(r)

n − iρµnΨ
(r)
n

LG

H

= mΨ

�
Ψ̄(r),N−1

L U(Π)P rs
A U(Π)†Ψ(s),N−1

R + h.c

LR structure

Inspired by 5D.
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SO(6)/SO(5):

5 GBs: 

5 = (2, 2) + 1

Fermions can be coupled to the 6=(2,2)+2 x 1

qL → 1√
2





bL
−ibL
tL
itL
0
0





Gripaios, Pomarol, Riva, Serra ’09
Redi, Tesi ’12

tR →





0
0
0
0

i cos θ tR
sin θ tR





For         singlet becomes exact GB.θ =
π

4
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f = 800GeV

�

�

�

�
�

�

�

�

�

�
�

�

�
�

�

�

�

�

�

�

�
�

�

�

�

�

�

� �

� �

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

� �

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

� �

�

�

�

��

�

�
�

�

�
�
�
�

�

�

�

�

�

�
�

�
�

�

�

�

�

�
�

�
�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�
�

� �

�

�

�

�

�

�

�

�

�

�
�

�

�
�

�

�

��

�

�
�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�
�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�
�

�

�
�

�

� �

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

��

�

��

�

�

�
�

�

��

�
�

�
�

�

�

�

� �

� �

�

�

�
�

�

��

�

�
�

�

�

�

� �

�

�

�

�

�

�

�

�

�

�

�

��

�

�

�

�

�

�

�

�

�

�

�

100 120 140 160 180 200 220
500

1000

1500

2000

2500

3000

mH�GeV�

m
T
�GeV

�

Friday, September 21, 2012



f = 800GeV
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Same correlation Higgs-fermions. 
Singlet typically heavier than Higgs unless θ ≈ π
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Particularly compelling because the Higgs is massless at 
leading order.

V (H) ∼ g
2
SM

16π2
m

2
ρf

2
V̂

�
H

f

�
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Particularly compelling because the Higgs is massless at 
leading order.

SO(6)

SO(5)

SO(6)

SO(4)⊗ U(1)
+ . . .

Extended Higgs sectors:

Ex: SU(5)

SU(4)⊗ U(1)

Gripaios, Pomarol, Riva, Serra ’09

Mrazek, Pomarol, Rattazzi, MR, Serra, Wulzer ’11

V (H) ∼ g
2
SM

16π2
m

2
ρf

2
V̂

�
H

f

�
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BACKUP SLIDES
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Fermionic Sector

Left- and right- handed fermions are SM like and coupled to the ends 
of the moose, but they can couple to any site by using a Wilson line

extra new parameters

Fermion 
delocalization 
in 5D language 

correction to SM 
couplings

new couplings of the extra 
gauge bosons
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EX.  4-site model + scalar

a = 0, b = c =
2f2

1

v2
, d =

4f2
2

v2
, g” =

g1√
2

Σ1 Σ2 Σ3

z =
f1�

f2
1 + 2f2

2

=
M1

M2

E. Accomando et al. (2012)

ah = ch = k

SU(2)1 SU(2)2SU(2)L SU(2)R

in the unitary gauge 
π ∼ WL, ZL

deviation in hWW coupling
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two scale breaking
one light scalar and 

two heavy

light and heavy sector

decoupling
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CHM5 ESTIMATES

LY uk = ytf
shch

h
(q̄LH

c
tR + h.c.) V (h)Y uk ∼ Nc

y2t
16π2

m2
ff

2s2hc
2
h

Lkin = �2L s2h t̄L � DtL + 2 �2R s2h t̄R � DtR V (h)kin ∼ Nc
2�2R − �2L
32π2

m4
f s

2
h
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CHM5 ESTIMATES

LY uk = ytf
shch

h
(q̄LH

c
tR + h.c.) V (h)Y uk ∼ Nc

y2t
16π2

m2
ff

2s2hc
2
h

Lkin = �2L s2h t̄L � DtL + 2 �2R s2h t̄R � DtR V (h)kin ∼ Nc
2�2R − �2L
32π2

m4
f s

2
h

V (h) ≈ α s2h − β s2hc
2
h

Potential:

Quartic is determined by top Yukawa,

mh ∼
�

Nc

2

yt
π

mf

f
v

sh ≡ sin
h

f
=

v

f
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