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Electroweak Symmetry Breaking
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The pNGB Higgs potential
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Little Hierarchy Problem
V (h) = Vg + Vf

<latexit sha1_base64="fDbF2JeETB4uUjaVKNnFR8fVtxk="></latexit>

Gauge 
loop:

Fermion 
loop:

Little Hierarchy Problem: 
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Little Hierarchy Problem
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Many extra pNGBs  
               & 
Complicated set up :
 

Existing solutions still introduce a lot of fine tuning due to 
its complication and unsuppressed Higgs quartic!   

Simplest mechanism with only one Higgs doublet and can    
be implemented in any pNGB Higgs models?  

Little Higgs,

Extra dimension

Fixed!!

Solution: Independent Positive Higgs quartic coupling  



Generating Higgs quartic 
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Simplest Solution: Higgs quartic from singlet (   ) and triplet (   ) 
fermion mixing.

A Higgs quartic can be generated by integrating out the fermions
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Δ
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H†

H
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Case I: Effective Yukawa mixing

Negative!!!

λ
f

λ
f

λ
f

Higgs independant kinetic term 
Realized by maximal symmetry  



Generating Higgs quartic 
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A Higgs quartic can be generated by integrating out the fermions
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H†
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Case II: Effective kinetic mixing

Independant of Higgs  Momentum factor 

H

H†

Δ

η

λp
f

λp
f
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f

Positive Higgs quartic conditions
1. The effective kinetic terms must be Higgs independent;
2. The triplet-singlet mixing must be momentum dependent.

Maximal symmetry can realize!!!  

Positive!!! p2 = − p2
E



UV Completion 
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Toy model: a vector-like doublet fermion 

Δ Ψ2 ηH H

Effective Lagrange 

Positive Negative

For pure chiral coupling, Higgs quartic is positive.



Explicit Realisation in CHMs
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Realisation in minimal maximal symmetric CHM based on                       

Δ η  and     mix with composite partners                at second site                         Ψ14 ∈ 14

ℋ′�

U1ℋ′�



Explicit Realisation in CHMs
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The interactions                      

Triplet  embedding: 

Effective interactions                      



Application I
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Minimal maximal symmetric CHMs                      

TopTop Gauge Extra

Higgs mass and vacuum                      

Higgs mass is suppressed and 
too light (around 100 GeV)                   

Twin Higgs



Application II
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Natural twin Higgs with          as Twin parity breaking source                     

Vacuum is fixed (Current bound              )                                



This independent quartic can significantly suppress the 
tuning  in minimal CHMs and achieve natural Twin 

Higgs.

Summary
Simplest Higgs quartic generating mechanism that 
can be implemented in any pNGB Higgs Model   
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the triplet and singlet Dirac fermions and unbroken 
twin parity are the main predictions   
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BACK UP



Gauge contribution can be significant

Vg(h) ⇡
9g4f4

32(4⇡)2
log(
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m2
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)
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The full Potential
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N-Suppression
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Tuning
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Solution B ⇠ =
v2SM

f2
=

(�f � �g)

2�f

�f,g

�f,g

�f,g

mh

mh ⇠

⇠

Mf

Mf

Little Hierarchy Problem
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Higgs as pNGB

Spin-1/2 partners Bound >~1.3 TeV 
 Spin-1   partners  Bound >~ 3  TeV 

Direct Detection

mh
125G
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The Higgs Potential 

⇠ = sin2(
⇡

4
) = 0.5

�f = �f ⇠
NCy2t f

2m2
t̃

(4⇡)2
log(

⇤2

m2
t

)

mt̃ = ytfFixed by Z2

Neutral Naturalness
V (h) = ��s2h + �s4h
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Lg = gW a
µW

a
µ sin(

h

f
)2 + gW̃ a

µW̃
a
µ cos(

h

f
)2

The Coupling Deviation

mt = y0tf sin(
Nh

f
)mW =

g

2
f sin(

h

f
)

g0WWh

gSM
WWh

=
p

1� ⇠ ⇡ 0.97

y0tth
ySM
t

= N
p

⇠ cot(N
p

⇠) ⇡ 0.75.

N-Suppression
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SO(8)/SO(7)

Get  

UN = U(
h

f
! Nh

f
).

N-Suppression
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Little Hierarchy Problem
Little Hierarchy Problem Always Exists 
V (h) = �(�f � �g) sin

2 h

f
+ �f sin

4 h

f

�f,g
�f,g

mh

mh

⇠

⇠

��
Mf

Mf

⇠ =
v2SM

f2
=

(�f � �g)

2�f

�V (h) = �� sin4
h

fSolution A
Little Higgs hep-ph/0206020
6D 2HD arXiv:1710.08921 

Triplet-singlet Mixing                 
arXiv:1904.03191

Z2 Twin Higgs
        

⇠ = 0.15

⇠ ⌘ sin2
hhi
f
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http://arxiv.org/abs/hep-ph/0206020
http://arxiv.org/abs/arXiv:1710.08921
http://arxiv.org/abs/arXiv:1904.03191


Z2 

⇠ =
�f � �g
2�f
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Higgs Big Hierarchy Problem

⇠ H
†
H Singlet

�m2
h ⇠ g2

(4⇡)2
⇤2
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N-Suppression
Realisation: SO(8)/SO(7) coset space          N-Suppression 

LYuk.
t = y0tf t̄LtR sin(

Nh

f
) + y0t̃f

¯̃tLt̃R cos(
Nh

f
) + h.c.

N is odd

t $ t̃

|y0t| = |y0t̃|

sin(
Nh

f
) $ cos(

Nh

f
)

<latexit sha1_base64="ayq848fx6QUMnYw0AUmXFYFhWto="></latexit>

h

f
! �h

f
+

⇡

2t $ t̃
sin(

h

f
) $ cos(

h

f
)
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Symmetry in UV completion



N-Suppression

g0WWh

gSM
WWh

=
p

1� ⇠ ⇡ 0.97

y0tth
ySM
t

= N
p

⇠ cot(N
p

⇠) ⇡ 0.75.

Electroweak Symmetry Breaking 

⇠Natural = (
hhi
f

)2 = (
⇡

4N
)2 ⌧ 1, N � 3

<latexit sha1_base64="/LKttcisK7jDLvPwxQBlgERukJw="></latexit>
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The coupling deviation N = 3

Higgs potential from (twin ) top Sector 

Vf(h) ∼ −
(y′�t)4 f 4

(4π)2
log(

Λ2
f

m2
t

)sin2(
2Nh

f
)

Gauge sector
Vg = �g sin

2(
h

f
)

<latexit sha1_base64="jzQr95QZERFQqJQa9s8wg5Ky560="></latexit>

�g ⇠ g4f4

(4⇡)2
log(

⇤2
⇢

m2
W

)
<latexit sha1_base64="f4oxG7JbGZG99oySjtLPpfU/oRw="></latexit>



yt

N-Suppression

y0t ⇡
yt
N

�g ⇡ 0.1�f
<latexit sha1_base64="cfwthWP3v1MZyh+5yJmpCyAlKQc="></latexit>

UN = U(
h

f
! Nh

f
).

V (h) = �(
�f
N2

� �g) sin
2(
h

f
) + �f sin

4(
h

f
)

<latexit sha1_base64="IBcKEKEjo1RfAD6/x06TsahLv4k="></latexit>

sin(
h

f
)

<latexit sha1_base64="O6h/y/no7Q9qKzpTYI+xnak8/TM="></latexit>

U = eih
aTa/f

<latexit sha1_base64="hN+TZUqoL32m5nIPlHQEsWrDL1c="></latexit>
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Get Yukawa coupling

N ≈ 3

Suppression

  The potential in term of             and SM top Yukawa



UV completion: introduce m (hidden) Dirac fermions 

 i( ̃i) 2 8 Mi ̄iV
0 i

Twisted mass

SO(8)L ⇥ SO(8)R ! SO(8)V 0 .

N-Suppression
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SM fields(hidden partners)

qL(q̃L) 2 8 tR(t̃R) 2 1



Collectively break Higgs shift in chain pattern

N-Suppression
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Linearly realised sigma field



The interactions for m = 1

⌃0  R MV 0  L H
tRq̄L

LYuk.
t ⇠ M t

1 ̄qL⌃tR +M t
1 ̄q̃L⌃t̃R + h.c

N-Suppression

Effective Yukawa coupling

N = 2m+ 1
<latexit sha1_base64="WBZJEnUxAOM/wWi2CAqDQNHehWc="></latexit>
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⌃ = U2m+1V =

0

BB@

0
sin(Nh

f )
0

sin(Nh
f )

1

CCA

<latexit sha1_base64="LZ3Mlul1HpbyIXQjuLQkNwknfoU="></latexit>



Numerical results

N-Suppression

⇠ = 0.01

ytth
ySM
t

= 0.97
<latexit sha1_base64="ozw37iY3GF0nHCeE/9Wmd2xZ0fQ="></latexit>

gWWh

ySM
WWh

= 0.995
<latexit sha1_base64="engPhcg3PVoC9dxLwnVEWFQNgRc="></latexit>

m=1 N=3

� =

����
@ ln ⇠

@ ln⇤⇢

���� ⇡
1

log
⇤2

⇢

m2
W

(
3

4⇠N2
� 2)
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Composite Higgs Model

Higgs

One simple solution to Hierarchy: Higgs 

is Composite  

m2
h ⇠ ⇤2Technicolor vSM = f

4⇡f ⇡ ⇤ � 5� 10 TeV
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Higgs as pNGB
Lighter Higgs: pNGB from G     H breaking.

Vg(h) = �g sin
2 h

f
+ ...

Vf (h) = ��f sin
2 h

f
+ �f sin

4 h

f
...

�g ⇠ g2f2⇤2

16⇡2
�f ⇠ Ncy2t f

2⇤2

16⇡2
, �f ⇠ Ncy4t f

4

16⇡2
log(

⇤2

m2
t

)

L ⇠ Pµ⌫
t

2
g2f2W a

µW
a
⌫
sin2(h/f)

4
+ ytt̄LtRf sin(h/f)
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Higgs as pNGB
Much Lighter Higgs: Composite Partners Collectively 

Break Shift symmetry

⇤
Mf

f

vSM

125 GeV
Mf

f
⇡ O(1)

 

q

L ⇠ yqf q̄U R +Mf  ̄ + h.c.

�f ⇠ ✏4NCf4

16⇡2�f ⇠
✏2NCf2M2

f

16⇡2

m2
h ⇠

y2tNcM2
f

2⇡2
⇠⇠na ⇠ �f

2�f
� 1
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Higgs as pNGB
Higgs Coupling Measurement

From JHEP 1807 (2018) 048 
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Neutral Naturalness
Neutral Naturalness in pNGB Higgs 

 34



Neutral Naturalness
Neutral Naturalness 

Lf = ytf t̄t sin(h/f) + ytf
¯̃tt̃ cos(h/f)

y2t f
2⇤2(s2h + c2h) = y2t f

2⇤2

Z2 : t $ t̃ sh $ ch
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Light Higgs 

m2
h ⇠

y2tm
2
t̃

16⇡2
Log

⇤2

m2
t

, mt̃ = ytf

Mf

Mf

Neutral Naturalness
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Higgs as pNGB

N
p

⇠ ⌧ 1

y0t ⇡
yt
N

N-Suppression

Successful EWSB

mt = y0tf sin(
Nh

f
)

N-Suppression
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Higgs as pNGB
V (h) = �(�f � �g) sin

2 h

f
+ �f sin

4 h

f

Deviation:

�f,g ⇠ ✏2f2⇤2, �f ⇠ ✏4f4 log(⇤2)
<latexit sha1_base64="Nh0ReKUb3uPUEQWqrpvjsCQuJvU="></latexit>

Ordinary

EWSB
⇠ ⌘ sin2(

hhi
f

) =
�f � �g
2�f

<latexit sha1_base64="2wvvxn8Ts9xhuMUnUUSGYit62hY="></latexit>

Little Hierarchy� ⇠ ⇠ . 0.1
<latexit sha1_base64="ffTxdMlsCoLwvJQ/qhoV9E+YkD0="></latexit>

� � �
<latexit sha1_base64="dVJ5miXd2r6xHJPPdCFzqiq4NUw="></latexit>

Neutral Naturalness 

�f,g = �f,g ⇠ ✏2f2⇤̃2
<latexit sha1_base64="AiSdkpJLvLe8IdzSepIe+5cNCns="></latexit>
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General Higgs Potential

Vg

0.0 0.5 1.0 1.5 2.0 2.5 3.0

-0.2

0.0

0.2

0.4

h/f

V h

Vf

Little Hierarchy Problem
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Higgs as pNGB
V (h) = �(�f � �g) sin

2 h

f
+ �f sin

4 h

f

Bounds:

EWSB
⇠ ⌘ sin2(

hhi
f

) =
�f � �g
2�f

<latexit sha1_base64="2wvvxn8Ts9xhuMUnUUSGYit62hY="></latexit>

Vg

0.0 0.5 1.0 1.5 2.0 2.5 3.0

-0.2

0.0

0.2

0.4

h/f

V h

Vf

⇠ < 0.1
<latexit sha1_base64="Huj5vb/JzFu6pWsUJQ3/0rfVfbM=">AAAB73icbVA9SwNBEJ2NXzF+RS1tFoNgddxFQQuLoI1lBPMByRH2NnvJkr29c3dPDEf+hI2FIrb+HTv/jZvkCk18MPB4b4aZeUEiuDau+40KK6tr6xvFzdLW9s7uXnn/oKnjVFHWoLGIVTsgmgkuWcNwI1g7UYxEgWCtYHQz9VuPTGkey3szTpgfkYHkIafEWKndfeL4ynW8XrniOu4MeJl4OalAjnqv/NXtxzSNmDRUEK07npsYPyPKcCrYpNRNNUsIHZEB61gqScS0n83uneATq/RxGCtb0uCZ+nsiI5HW4yiwnRExQ73oTcX/vE5qwks/4zJJDZN0vihMBTYxnj6P+1wxasTYEkIVt7diOiSKUGMjKtkQvMWXl0mz6nhnTvXuvFK7zuMowhEcwyl4cAE1uIU6NICCgGd4hTf0gF7QO/qYtxZQPnMIf4A+fwCCDI72</latexit>
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N-Suppression
SO(8)/SO(7) coset 
space h

f
! �h

f
+

⇡

2t $ t̃

LYuk.
t = y0tf t̄LtR sin(

Nh

f
) + y0t̃f

¯̃tLt̃R cos(
Nh

f
) + h.c.

sin(
h

f
) $ cos(

h

f
)

N is odd
t $ t̃

|y0t| = |y0t̃|

Interactions

sin(
Nh

f
) $ cos(

Nh

f
)

<latexit sha1_base64="ayq848fx6QUMnYw0AUmXFYFhWto="></latexit>
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The Potential In Term of



SO(8)/SO(7)

Introduce m Dirac Fermions(Hidden) 

⌃0 = UV U† H = UV

V = drag(1, 1, 1, 1, 1, 1, 1,�1), V = (0, 0, 0, 0, 0, 0, 0, 1)

 i( ̃i) 2 8 Mi ̄iV
0 i

Twisted Mass

SO(8)L ⇥ SO(8)R ! SO(8)V 0 .

N-Suppression
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Numerical Results

N-Suppression

⇠ = 0.01 ytth
ySM
t

= 0.97
<latexit sha1_base64="ozw37iY3GF0nHCeE/9Wmd2xZ0fQ="></latexit>

gWWh

ySM
WWh

= 0.995
<latexit sha1_base64="engPhcg3PVoC9dxLwnVEWFQNgRc="></latexit>

m=1 N=3

� =

����
@ ln ⇠

@ ln⇤⇢

���� ⇡
1

log
⇤2

⇢

m2
W

(
3

4⇠N2
� 2)
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Natural Little Hierarchy 



Bounds:

Electroweak Symmetry Breaking

⇠ < 0.1
<latexit sha1_base64="Huj5vb/JzFu6pWsUJQ3/0rfVfbM=">AAAB73icbVA9SwNBEJ2NXzF+RS1tFoNgddxFQQuLoI1lBPMByRH2NnvJkr29c3dPDEf+hI2FIrb+HTv/jZvkCk18MPB4b4aZeUEiuDau+40KK6tr6xvFzdLW9s7uXnn/oKnjVFHWoLGIVTsgmgkuWcNwI1g7UYxEgWCtYHQz9VuPTGkey3szTpgfkYHkIafEWKndfeL4ynW8XrniOu4MeJl4OalAjnqv/NXtxzSNmDRUEK07npsYPyPKcCrYpNRNNUsIHZEB61gqScS0n83uneATq/RxGCtb0uCZ+nsiI5HW4yiwnRExQ73oTcX/vE5qwks/4zJJDZN0vihMBTYxnj6P+1wxasTYEkIVt7diOiSKUGMjKtkQvMWXl0mz6nhnTvXuvFK7zuMowhEcwyl4cAE1uIU6NICCgGd4hTf0gF7QO/qYtxZQPnMIf4A+fwCCDI72</latexit>
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<latexit sha1_base64="h30FujRZjdQjYwkYSC2OtdTBmiA="></latexit>

Vg = �g sin
2(
h

f
)

<latexit sha1_base64="wpJpWll/qNcCmqeM+leKc4svoio=">AAACJ3icbZDLSgMxFIYzXmu9jbp0EyxC3ZSZKuhGKbpxWcFeoFNLJs20oUlmSDJCGeZt3PgqbgQV0aVvYjqdhW09EPj5/nOSk9+PGFXacb6tpeWV1bX1wkZxc2t7Z9fe22+qMJaYNHDIQtn2kSKMCtLQVDPSjiRB3Gek5Y9uJn7rkUhFQ3GvxxHpcjQQNKAYaYN69lXiZZckPotJ2uwNUng5g7wB4hxNuKeoeKiWvUAinAzTJEhPYM8uORUnK7go3FyUQF71nv3m9UMccyI0ZkipjutEupsgqSlmJC16sSIRwiM0IB0jBeJEdZNsnxQeG9KHQSjNERpm9O9EgrhSY+6bTo70UM17E/if14l1cNFNqIhiTQSePhTEDOoQTkKDfSoJ1mxsBMKSml0hHiKTgzbRFk0I7vyXF0WzWnFPK9W7s1LtOo+jAA7BESgDF5yDGrgFddAAGDyBF/AOPqxn69X6tL6mrUtWPnMAZsr6+QVGWqdc</latexit>

Vf = ��f sin
2(
h

f
) + �f sin

4(
h

f
)

<latexit sha1_base64="7mO4kwVWM2UvhffVduC4qq9PMZ0="></latexit>
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Little Hierarchy 
Problem!!

⇠Natural � 0.1
<latexit sha1_base64="fSB9oi7ZQMXEKQcC8v458kHRGJY=">AAACHXicbVDLSsNAFJ34rPVVdelmsBQEISS1oBuh6MaVVLBpoQlhMpmkQycPZiZiCfkRN/6KGxeKuHAj/o3TNgttPTDD4Zx75945XsqokIbxrS0tr6yurVc2qptb2zu7tb19SyQZx6SLE5bwvocEYTQmXUklI/2UExR5jPS80dXE790TLmgS38lxSpwIhTENKEZSSW6t1cjt6Ss5J34BLXcIL9QdwhPLDYqq/UDd/AbJjCNWQDsMoaGb0K3VDd2YAi4SsyR1UKLj1j5tP8FZRGKJGRJiYBqpdHLEJcWMqDGZICnCIxSSgaIxiohw8uleBWwoxYdBwtWJJZyqvztyFAkxjjxVGSE5FPPeRPzPG2QyOHdyGqeZJDGeDQoyBmUCJ1FBn3KCJRsrgjCnaleIh4gjLFWgVRWCOf/lRWI1dfNUb9626u3LMo4KOARH4BiY4Ay0wTXogC7A4BE8g1fwpj1pL9q79jErXdLKngPwB9rXD42yoEw=</latexit>

Little Hierarchy Problem
V (h) = Vg + Vf

<latexit sha1_base64="fDbF2JeETB4uUjaVKNnFR8fVtxk="></latexit>


