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Big questions
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• SM cannot explain

 Why EWSB scale ~ O(100 GeV) 

 What dark matter is

• Physics beyond SM is needed.
…

…
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Searches for BSM signals

    Direct searches

    Indirect searches

How to organize BSM signals ?
Can we be systematic ?
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Talk plan

   Scalar sector

   Fermion sector

1904.07618 (PRD)

2102.08519
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SM Higgs

3Ryo Nagai  

LSM =
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•   Vacuum :

•   Field space : R4
<latexit sha1_base64="ZFqp3dr8eRxw8vYVA8re7GCLLy0="></latexit><latexit sha1_base64="ZFqp3dr8eRxw8vYVA8re7GCLLy0="></latexit><latexit sha1_base64="ZFqp3dr8eRxw8vYVA8re7GCLLy0="></latexit><latexit sha1_base64="ZFqp3dr8eRxw8vYVA8re7GCLLy0="></latexit>

~� = (�1,�2,�3,�4)
<latexit sha1_base64="P7f80B5TJ33tY3HjwHGB6XWLwRM="></latexit><latexit sha1_base64="P7f80B5TJ33tY3HjwHGB6XWLwRM="></latexit><latexit sha1_base64="P7f80B5TJ33tY3HjwHGB6XWLwRM="></latexit><latexit sha1_base64="P7f80B5TJ33tY3HjwHGB6XWLwRM="></latexit>



R4
<latexit sha1_base64="qk649PgslcZ0Ptx27UhcroT1XkE="></latexit><latexit sha1_base64="qk649PgslcZ0Ptx27UhcroT1XkE="></latexit><latexit sha1_base64="qk649PgslcZ0Ptx27UhcroT1XkE="></latexit><latexit sha1_base64="qk649PgslcZ0Ptx27UhcroT1XkE="></latexit>

S3
<latexit sha1_base64="Rzn7ZiWJRdezwc6JFxt01sNnxC8="></latexit><latexit sha1_base64="Rzn7ZiWJRdezwc6JFxt01sNnxC8="></latexit><latexit sha1_base64="Rzn7ZiWJRdezwc6JFxt01sNnxC8="></latexit><latexit sha1_base64="Rzn7ZiWJRdezwc6JFxt01sNnxC8="></latexit>

4Ryo Nagai  

Higgs 

SM Higgs



5Ryo Nagai  

(Minimal) Composite Higgs
Agashe-Contino-Pomarol (2005)
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4 NGBs  =  ( h, π1, π2, π3 )
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(Minimal) Composite Higgs

= SO(5)/SO(4)
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Higgs 

Agashe-Contino-Pomarol (2005)



Scalar manifold
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SM MCHM
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Higgs EFT

• Geometrical form � = (h,⇡1,⇡2,⇡3)
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• Familiar forms
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Alonso, Jenkins, Manohar (2015)

Cartesian (SMEFT) 

Polar (HEFT) L =
1
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(@µh)(@

µh) +
v2

4
F (h)h`[@µU †@µU ]� V (h)
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Higgs EFT

• Geometrical form

LHEFT =
1

2
gij(�) @µ�

i@µ�j � V (�)
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Assumption :    Extra scalars are decoupled.

We cannot compute on-shell amplitudes of BSM scalars

Alonso, Jenkins, Manohar (2015)



• Generalization with spin-0 particles:

• The “charged” scalar manifold can be constructed
by Callen-Coleman-Wess-Zumino (CCWZ) method.

Adding spin-0

LHEFT =
1

2
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i@µ�j � V (�)
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Nagai, Tanabashi, Tsumura. Uchida, 
1904.07618 (PRD)

� = (h,⇡1
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+
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�
, · · ·)
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On-shell scalar amplitudes
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Label for scalars
( NGB / Higgs )
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L =
1
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<latexit sha1_base64="E3ZzhHkbobVdOqc+hRBAp+nzczU="></latexit><latexit sha1_base64="E3ZzhHkbobVdOqc+hRBAp+nzczU="></latexit><latexit sha1_base64="E3ZzhHkbobVdOqc+hRBAp+nzczU="></latexit><latexit sha1_base64="E3ZzhHkbobVdOqc+hRBAp+nzczU="></latexit>

10Ryo Nagai  

On-shell scalar amplitudes

gij(�) = gij(�̄) + gij,k(�̄)'
k +

1

2!
gij,kl(�̄)'

k'l + · · ·
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• Particle interaction
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On-shell scalar amplitudes

• “Normal coordinate”

(�i = �̄i + 'i)
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On-shell scalar amplitudes
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Perturbative Unitarity Violation
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3
<latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit><latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit><latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit><latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit>

4
<latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit><latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit><latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit><latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit>

@2
<latexit sha1_base64="gQRzrtaWK9O+IhcwtsaT3MiOZhE="></latexit><latexit sha1_base64="gQRzrtaWK9O+IhcwtsaT3MiOZhE="></latexit><latexit sha1_base64="gQRzrtaWK9O+IhcwtsaT3MiOZhE="></latexit><latexit sha1_base64="gQRzrtaWK9O+IhcwtsaT3MiOZhE="></latexit>

⇠ R1234 s
<latexit sha1_base64="T5y5hAPWVW/yrTf5zbCtOIRanP0="></latexit><latexit sha1_base64="T5y5hAPWVW/yrTf5zbCtOIRanP0="></latexit><latexit sha1_base64="T5y5hAPWVW/yrTf5zbCtOIRanP0="></latexit><latexit sha1_base64="T5y5hAPWVW/yrTf5zbCtOIRanP0="></latexit>

• Perturvative unitarity is violated if the 
    scalar manifold is curved.

Typical PUV scale          (Curvature)-1/2/
<latexit sha1_base64="TzdCTLT95z4Fe8m4FaiADsi2gP4="></latexit><latexit sha1_base64="TzdCTLT95z4Fe8m4FaiADsi2gP4="></latexit><latexit sha1_base64="TzdCTLT95z4Fe8m4FaiADsi2gP4="></latexit><latexit sha1_base64="TzdCTLT95z4Fe8m4FaiADsi2gP4="></latexit>
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f
<latexit sha1_base64="Zu6PEXQmRDdgs4P7+7zCJAcxAfQ="></latexit><latexit sha1_base64="Zu6PEXQmRDdgs4P7+7zCJAcxAfQ="></latexit><latexit sha1_base64="Zu6PEXQmRDdgs4P7+7zCJAcxAfQ="></latexit><latexit sha1_base64="Zu6PEXQmRDdgs4P7+7zCJAcxAfQ="></latexit>

e.g.  Minimal Composite Higgs Model

“Resonances” appear at E ~ 4πf

13Ryo Nagai  

Perturbative Unitarity Violation

Typical PUV scale          (Curvature)-1/2/
<latexit sha1_base64="TzdCTLT95z4Fe8m4FaiADsi2gP4="></latexit><latexit sha1_base64="TzdCTLT95z4Fe8m4FaiADsi2gP4="></latexit><latexit sha1_base64="TzdCTLT95z4Fe8m4FaiADsi2gP4="></latexit><latexit sha1_base64="TzdCTLT95z4Fe8m4FaiADsi2gP4="></latexit>



Summary so far

14Ryo Nagai  

• Scalar sector:    Φ = (NGB,  Higgs)    

L =
1

2
gij(�) @µ�

i@µ�j � V (�)
<latexit sha1_base64="E3ZzhHkbobVdOqc+hRBAp+nzczU="></latexit><latexit sha1_base64="E3ZzhHkbobVdOqc+hRBAp+nzczU="></latexit><latexit sha1_base64="E3ZzhHkbobVdOqc+hRBAp+nzczU="></latexit><latexit sha1_base64="E3ZzhHkbobVdOqc+hRBAp+nzczU="></latexit>

• On-shell amplitudes are expressed by covariant 
   quantities on the scalar manifold.

• Perturbative unitarity is violated at ⇤ ⇠ 1/
p
R

<latexit sha1_base64="D9JlCo87u3PDu9KDVMxOzRc5VPE="></latexit><latexit sha1_base64="D9JlCo87u3PDu9KDVMxOzRc5VPE="></latexit><latexit sha1_base64="D9JlCo87u3PDu9KDVMxOzRc5VPE="></latexit><latexit sha1_base64="D9JlCo87u3PDu9KDVMxOzRc5VPE="></latexit>



Talk plan
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   Scalar sector

   Fermion sector

1904.07618 (PRD)

2102.08519



Fermionic extension

�i
<latexit sha1_base64="t+s72YPrKASt645yVxVmtTLNhhk="></latexit><latexit sha1_base64="t+s72YPrKASt645yVxVmtTLNhhk="></latexit><latexit sha1_base64="t+s72YPrKASt645yVxVmtTLNhhk="></latexit><latexit sha1_base64="t+s72YPrKASt645yVxVmtTLNhhk="></latexit>

gij(�)
<latexit sha1_base64="PjhRBFVX9Yg+jpo00imQtKKG9EM="></latexit><latexit sha1_base64="PjhRBFVX9Yg+jpo00imQtKKG9EM="></latexit><latexit sha1_base64="PjhRBFVX9Yg+jpo00imQtKKG9EM="></latexit><latexit sha1_base64="PjhRBFVX9Yg+jpo00imQtKKG9EM="></latexit>

gij⇤(�,�
†)

<latexit sha1_base64="tdhMt1ANfFdtIzE3lQsEpVJe8vs="></latexit><latexit sha1_base64="tdhMt1ANfFdtIzE3lQsEpVJe8vs="></latexit><latexit sha1_base64="tdhMt1ANfFdtIzE3lQsEpVJe8vs="></latexit><latexit sha1_base64="tdhMt1ANfFdtIzE3lQsEpVJe8vs="></latexit>

V (�)
<latexit sha1_base64="hSJVa601tps+EyuW5tUsWvTGhVE="></latexit><latexit sha1_base64="hSJVa601tps+EyuW5tUsWvTGhVE="></latexit><latexit sha1_base64="hSJVa601tps+EyuW5tUsWvTGhVE="></latexit><latexit sha1_base64="hSJVa601tps+EyuW5tUsWvTGhVE="></latexit>

P (�)
<latexit sha1_base64="PlEb+T4l1QntzypXzURsqLegg1Y="></latexit><latexit sha1_base64="PlEb+T4l1QntzypXzURsqLegg1Y="></latexit><latexit sha1_base64="PlEb+T4l1QntzypXzURsqLegg1Y="></latexit><latexit sha1_base64="PlEb+T4l1QntzypXzURsqLegg1Y="></latexit>

P †(�†)
<latexit sha1_base64="D4KACzumuCelAIJd7A5cg22a2Oc="></latexit><latexit sha1_base64="D4KACzumuCelAIJd7A5cg22a2Oc="></latexit><latexit sha1_base64="D4KACzumuCelAIJd7A5cg22a2Oc="></latexit><latexit sha1_base64="D4KACzumuCelAIJd7A5cg22a2Oc="></latexit>

Kahler metric

Superpotential

(�i,�†i
⇤
, i, †i⇤)

<latexit sha1_base64="J9BYYGcoCrB7R8+7ubhbtrO1Oyc="></latexit><latexit sha1_base64="J9BYYGcoCrB7R8+7ubhbtrO1Oyc="></latexit><latexit sha1_base64="J9BYYGcoCrB7R8+7ubhbtrO1Oyc="></latexit><latexit sha1_base64="J9BYYGcoCrB7R8+7ubhbtrO1Oyc="></latexit>

• SUSY !

:

(Weyl) fermion 

Ryo Nagai  

L =
1

2
gij(�) @µ�

i@µ�j � V (�)
<latexit sha1_base64="E3ZzhHkbobVdOqc+hRBAp+nzczU="></latexit><latexit sha1_base64="E3ZzhHkbobVdOqc+hRBAp+nzczU="></latexit><latexit sha1_base64="E3ZzhHkbobVdOqc+hRBAp+nzczU="></latexit><latexit sha1_base64="E3ZzhHkbobVdOqc+hRBAp+nzczU="></latexit>
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SUSY HEFT

Lfermion =
i

2
gij⇤ 

†j⇤ �̄µ
$
@µ 

i

<latexit sha1_base64="iy1d130OrWVfYp62aXucMP13fGM="></latexit><latexit sha1_base64="iy1d130OrWVfYp62aXucMP13fGM="></latexit><latexit sha1_base64="iy1d130OrWVfYp62aXucMP13fGM="></latexit><latexit sha1_base64="iy1d130OrWVfYp62aXucMP13fGM="></latexit>

�P;ij( 
i j) + h.c.

<latexit sha1_base64="vPjjZjb7V8jMoo5yzrvljNp4vkI="></latexit><latexit sha1_base64="vPjjZjb7V8jMoo5yzrvljNp4vkI="></latexit><latexit sha1_base64="vPjjZjb7V8jMoo5yzrvljNp4vkI="></latexit><latexit sha1_base64="vPjjZjb7V8jMoo5yzrvljNp4vkI="></latexit>

�1

8
Rik⇤jl⇤( 

i j)( †i⇤ †j⇤)
<latexit sha1_base64="op6X0JevC50sjQw0sMgdt/uMveI="></latexit><latexit sha1_base64="op6X0JevC50sjQw0sMgdt/uMveI="></latexit><latexit sha1_base64="op6X0JevC50sjQw0sMgdt/uMveI="></latexit><latexit sha1_base64="op6X0JevC50sjQw0sMgdt/uMveI="></latexit>

Lscalar = gij⇤(@µ�
i)(@µ�†j⇤)� gij

⇤
P,iP

†
,j⇤

<latexit sha1_base64="9DOeWpe1C5hJt/IkXrqdhZmt3/8="></latexit><latexit sha1_base64="9DOeWpe1C5hJt/IkXrqdhZmt3/8="></latexit><latexit sha1_base64="9DOeWpe1C5hJt/IkXrqdhZmt3/8="></latexit><latexit sha1_base64="9DOeWpe1C5hJt/IkXrqdhZmt3/8="></latexit>

+
i

2
(gij⇤,k @µ�

k � gij⇤,k⇤ @µ�
†k⇤)( †j⇤ �̄µ i)

<latexit sha1_base64="9MkCIXBKMuNlzRJ3WIVLBkhDdfg="></latexit><latexit sha1_base64="9MkCIXBKMuNlzRJ3WIVLBkhDdfg="></latexit><latexit sha1_base64="9MkCIXBKMuNlzRJ3WIVLBkhDdfg="></latexit><latexit sha1_base64="9MkCIXBKMuNlzRJ3WIVLBkhDdfg="></latexit>
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Generalized HEFT

Lscalar =
1

2
gij(@µ�

i)(@µ�j)� V (�)
<latexit sha1_base64="LH23NnDEGEL6wmHKUgTV/Y7dHys="></latexit><latexit sha1_base64="LH23NnDEGEL6wmHKUgTV/Y7dHys="></latexit><latexit sha1_base64="LH23NnDEGEL6wmHKUgTV/Y7dHys="></latexit><latexit sha1_base64="LH23NnDEGEL6wmHKUgTV/Y7dHys="></latexit>

Lfermion =
i

2
gîĵ⇤ 

†ĵ⇤ �̄µ
$
@µ 

î

<latexit sha1_base64="xMmqYsn6vSDAfPVYHwu5uV8uF+M="></latexit><latexit sha1_base64="xMmqYsn6vSDAfPVYHwu5uV8uF+M="></latexit><latexit sha1_base64="xMmqYsn6vSDAfPVYHwu5uV8uF+M="></latexit><latexit sha1_base64="xMmqYsn6vSDAfPVYHwu5uV8uF+M="></latexit>

�1

2
Mîĵ ( 

i j) + h.c.
<latexit sha1_base64="9+b/LPew9DrnF5w6jDwglZmDa6Q="></latexit><latexit sha1_base64="9+b/LPew9DrnF5w6jDwglZmDa6Q="></latexit><latexit sha1_base64="9+b/LPew9DrnF5w6jDwglZmDa6Q="></latexit><latexit sha1_base64="9+b/LPew9DrnF5w6jDwglZmDa6Q="></latexit>

� 1

12
Rîl̂ĵk̂( 

î ĵ)( k̂ l̂) + h.c.
<latexit sha1_base64="XnbOjsHKv6ra0w6qepVB6rNfhyY="></latexit><latexit sha1_base64="XnbOjsHKv6ra0w6qepVB6rNfhyY="></latexit><latexit sha1_base64="XnbOjsHKv6ra0w6qepVB6rNfhyY="></latexit><latexit sha1_base64="XnbOjsHKv6ra0w6qepVB6rNfhyY="></latexit>

�1

4
Rîk̂⇤ĵ l̂⇤( 

î ĵ)( †k̂⇤ †l̂⇤)
<latexit sha1_base64="j+RuSqBqbrhpRkrW5Xk58h2dbjo="></latexit><latexit sha1_base64="j+RuSqBqbrhpRkrW5Xk58h2dbjo="></latexit><latexit sha1_base64="j+RuSqBqbrhpRkrW5Xk58h2dbjo="></latexit><latexit sha1_base64="j+RuSqBqbrhpRkrW5Xk58h2dbjo="></latexit>

+
i

2
(gkĵ⇤ ,̂i � gkî,ĵ⇤)( 

†j⇤ �̄µ i)(@µ�
k)

<latexit sha1_base64="hB51/ycoGjkRatKSngUzM8bNkXE="></latexit><latexit sha1_base64="hB51/ycoGjkRatKSngUzM8bNkXE="></latexit><latexit sha1_base64="hB51/ycoGjkRatKSngUzM8bNkXE="></latexit><latexit sha1_base64="bOonGaJXwNmCsMBS09E+bk+WDNg="></latexit><latexit sha1_base64="pHGYT9meVmp2LhldE2fWieb9XvQ="></latexit><latexit sha1_base64="pHGYT9meVmp2LhldE2fWieb9XvQ="></latexit><latexit sha1_base64="W+b5bAuQgwOZdIWh//wq0KPYz1k="></latexit><latexit sha1_base64="hB51/ycoGjkRatKSngUzM8bNkXE="></latexit><latexit sha1_base64="hB51/ycoGjkRatKSngUzM8bNkXE="></latexit><latexit sha1_base64="hB51/ycoGjkRatKSngUzM8bNkXE="></latexit><latexit sha1_base64="hB51/ycoGjkRatKSngUzM8bNkXE="></latexit><latexit sha1_base64="hB51/ycoGjkRatKSngUzM8bNkXE="></latexit><latexit sha1_base64="hB51/ycoGjkRatKSngUzM8bNkXE="></latexit>

• can be constructed by CCWZ method. Nagai, Tanabashi, Tsumura. Uchida, 
2102.08519

NEW!
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Covariance

• Let us define covariant quantities under above trans.

�i ! f(�)ij�
j

<latexit sha1_base64="8+MaOWJJozIs0azOX8JPFGga5h0="></latexit><latexit sha1_base64="8+MaOWJJozIs0azOX8JPFGga5h0="></latexit><latexit sha1_base64="8+MaOWJJozIs0azOX8JPFGga5h0="></latexit><latexit sha1_base64="8+MaOWJJozIs0azOX8JPFGga5h0="></latexit>

 î ! f̂(�)î
ĵ
�ĵ

<latexit sha1_base64="kVX3p0Y+dgEWuezU8a0gn9BIvU0="></latexit><latexit sha1_base64="kVX3p0Y+dgEWuezU8a0gn9BIvU0="></latexit><latexit sha1_base64="kVX3p0Y+dgEWuezU8a0gn9BIvU0="></latexit><latexit sha1_base64="kVX3p0Y+dgEWuezU8a0gn9BIvU0="></latexit>

Ryo Nagai  18

• Geometric interpretation of  “fermionic metric”
    is not clear in non-SUSY case.  

• Anyway,  S-matrix should be invariant under



Covariance

“Affine connection” �î
jk̂

:=
1

2
gîl̂

⇤
(gk̂l̂⇤,j + gjl̂⇤,k̂ � gjk̂,l̂⇤)

<latexit sha1_base64="a5q07JTx/0xKnqSP/j9LvUuk9Dc="></latexit><latexit sha1_base64="a5q07JTx/0xKnqSP/j9LvUuk9Dc="></latexit><latexit sha1_base64="a5q07JTx/0xKnqSP/j9LvUuk9Dc="></latexit><latexit sha1_base64="a5q07JTx/0xKnqSP/j9LvUuk9Dc="></latexit>

where gîĵ⇤;i := gîĵ⇤,i � gk̂ĵ⇤�
k̂
îi
� gîk̂⇤�

k̂⇤

iĵ⇤
= 0

<latexit sha1_base64="xQQ+476PSWFT+s6bjzJkr9EcwAk="></latexit><latexit sha1_base64="xQQ+476PSWFT+s6bjzJkr9EcwAk="></latexit><latexit sha1_base64="xQQ+476PSWFT+s6bjzJkr9EcwAk="></latexit><latexit sha1_base64="xQQ+476PSWFT+s6bjzJkr9EcwAk="></latexit>

Ryo Nagai  19

“Curvature tensor” Rî
ĵkl

:= �î
lĵ,k

� �î
kĵ,l

+ �î
kl̂
�l̂
lĵ
� �î

ll̂
�k̂
lĵ

<latexit sha1_base64="48AURvgxB2UuVMgBCbz2OhbH9mY="></latexit><latexit sha1_base64="48AURvgxB2UuVMgBCbz2OhbH9mY="></latexit><latexit sha1_base64="48AURvgxB2UuVMgBCbz2OhbH9mY="></latexit><latexit sha1_base64="48AURvgxB2UuVMgBCbz2OhbH9mY="></latexit>

aî;ij � aî;ji = �ak̂Rî
k̂ij

<latexit sha1_base64="dgp2z1bFmSd4NaTBk1BCXiSDABw="></latexit><latexit sha1_base64="dgp2z1bFmSd4NaTBk1BCXiSDABw="></latexit><latexit sha1_base64="dgp2z1bFmSd4NaTBk1BCXiSDABw="></latexit><latexit sha1_base64="dgp2z1bFmSd4NaTBk1BCXiSDABw="></latexit>

For any covariant vector          ,aî(�)
<latexit sha1_base64="T02jj7UyYzsa+pCm3fmZUhwCIKs="></latexit><latexit sha1_base64="T02jj7UyYzsa+pCm3fmZUhwCIKs="></latexit><latexit sha1_base64="T02jj7UyYzsa+pCm3fmZUhwCIKs="></latexit><latexit sha1_base64="T02jj7UyYzsa+pCm3fmZUhwCIKs="></latexit>



On-shell scalar/fermion amplitudes

3
<latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit><latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit><latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit><latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit>

4
<latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit><latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit><latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit><latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit>

1̂
<latexit sha1_base64="HL0wOns9bXeMPRIBESyQQnfurkg="></latexit><latexit sha1_base64="HL0wOns9bXeMPRIBESyQQnfurkg="></latexit><latexit sha1_base64="HL0wOns9bXeMPRIBESyQQnfurkg="></latexit><latexit sha1_base64="HL0wOns9bXeMPRIBESyQQnfurkg="></latexit>

2̂
<latexit sha1_base64="fiGaNfIb+hdO+Yc7OjfFJ+/XSVE="></latexit><latexit sha1_base64="fiGaNfIb+hdO+Yc7OjfFJ+/XSVE="></latexit><latexit sha1_base64="fiGaNfIb+hdO+Yc7OjfFJ+/XSVE="></latexit><latexit sha1_base64="fiGaNfIb+hdO+Yc7OjfFJ+/XSVE="></latexit>
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3
<latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit><latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit><latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit><latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit>

4
<latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit><latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit><latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit><latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit>

1̂
<latexit sha1_base64="HL0wOns9bXeMPRIBESyQQnfurkg="></latexit><latexit sha1_base64="HL0wOns9bXeMPRIBESyQQnfurkg="></latexit><latexit sha1_base64="HL0wOns9bXeMPRIBESyQQnfurkg="></latexit><latexit sha1_base64="HL0wOns9bXeMPRIBESyQQnfurkg="></latexit>

2̂
<latexit sha1_base64="fiGaNfIb+hdO+Yc7OjfFJ+/XSVE="></latexit><latexit sha1_base64="fiGaNfIb+hdO+Yc7OjfFJ+/XSVE="></latexit><latexit sha1_base64="fiGaNfIb+hdO+Yc7OjfFJ+/XSVE="></latexit><latexit sha1_base64="fiGaNfIb+hdO+Yc7OjfFJ+/XSVE="></latexit>

3
<latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit><latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit><latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit><latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit>

4
<latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit><latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit><latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit><latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit>

1̂
<latexit sha1_base64="HL0wOns9bXeMPRIBESyQQnfurkg="></latexit><latexit sha1_base64="HL0wOns9bXeMPRIBESyQQnfurkg="></latexit><latexit sha1_base64="HL0wOns9bXeMPRIBESyQQnfurkg="></latexit><latexit sha1_base64="HL0wOns9bXeMPRIBESyQQnfurkg="></latexit>

2̂
<latexit sha1_base64="fiGaNfIb+hdO+Yc7OjfFJ+/XSVE="></latexit><latexit sha1_base64="fiGaNfIb+hdO+Yc7OjfFJ+/XSVE="></latexit><latexit sha1_base64="fiGaNfIb+hdO+Yc7OjfFJ+/XSVE="></latexit><latexit sha1_base64="fiGaNfIb+hdO+Yc7OjfFJ+/XSVE="></latexit>

3
<latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit><latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit><latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit><latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit>

4
<latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit><latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit><latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit><latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit>

1̂
<latexit sha1_base64="HL0wOns9bXeMPRIBESyQQnfurkg="></latexit><latexit sha1_base64="HL0wOns9bXeMPRIBESyQQnfurkg="></latexit><latexit sha1_base64="HL0wOns9bXeMPRIBESyQQnfurkg="></latexit><latexit sha1_base64="HL0wOns9bXeMPRIBESyQQnfurkg="></latexit>

2̂
<latexit sha1_base64="fiGaNfIb+hdO+Yc7OjfFJ+/XSVE="></latexit><latexit sha1_base64="fiGaNfIb+hdO+Yc7OjfFJ+/XSVE="></latexit><latexit sha1_base64="fiGaNfIb+hdO+Yc7OjfFJ+/XSVE="></latexit><latexit sha1_base64="fiGaNfIb+hdO+Yc7OjfFJ+/XSVE="></latexit>

3
<latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit><latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit><latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit><latexit sha1_base64="pnvdT8WCZbg0hgtVqqDNOFeOeEo="></latexit>

4
<latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit><latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit><latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit><latexit sha1_base64="P4416GXOP/WPbaCmg2GOWOCz4/I="></latexit>

1̂
<latexit sha1_base64="HL0wOns9bXeMPRIBESyQQnfurkg="></latexit><latexit sha1_base64="HL0wOns9bXeMPRIBESyQQnfurkg="></latexit><latexit sha1_base64="HL0wOns9bXeMPRIBESyQQnfurkg="></latexit><latexit sha1_base64="HL0wOns9bXeMPRIBESyQQnfurkg="></latexit>

2̂
<latexit sha1_base64="fiGaNfIb+hdO+Yc7OjfFJ+/XSVE="></latexit><latexit sha1_base64="fiGaNfIb+hdO+Yc7OjfFJ+/XSVE="></latexit><latexit sha1_base64="fiGaNfIb+hdO+Yc7OjfFJ+/XSVE="></latexit><latexit sha1_base64="fiGaNfIb+hdO+Yc7OjfFJ+/XSVE="></latexit>

@
<latexit sha1_base64="ssLD6oapHX1Zt2Zg8nQeQE5D7DI="></latexit><latexit sha1_base64="ssLD6oapHX1Zt2Zg8nQeQE5D7DI="></latexit><latexit sha1_base64="ssLD6oapHX1Zt2Zg8nQeQE5D7DI="></latexit><latexit sha1_base64="ssLD6oapHX1Zt2Zg8nQeQE5D7DI="></latexit>

On-shell scalar/fermion amplitudes

⇠ R1̂2̂34 s
<latexit sha1_base64="qv9P78C6GnD8q665vvuzORqNRA0="></latexit><latexit sha1_base64="qv9P78C6GnD8q665vvuzORqNRA0="></latexit><latexit sha1_base64="qv9P78C6GnD8q665vvuzORqNRA0="></latexit><latexit sha1_base64="qv9P78C6GnD8q665vvuzORqNRA0="></latexit>

⇠ M1̂2̂;(34)

p
s

<latexit sha1_base64="AXilwyScXiNYB37kEcULvbeQkNE="></latexit><latexit sha1_base64="AXilwyScXiNYB37kEcULvbeQkNE="></latexit><latexit sha1_base64="AXilwyScXiNYB37kEcULvbeQkNE="></latexit><latexit sha1_base64="AXilwyScXiNYB37kEcULvbeQkNE="></latexit>

⇠
X

î

M1̂̂i;3Mî2̂;4

<latexit sha1_base64="hlYtcrszHRz5DdELXUoNk8eiikI="></latexit><latexit sha1_base64="hlYtcrszHRz5DdELXUoNk8eiikI="></latexit><latexit sha1_base64="hlYtcrszHRz5DdELXUoNk8eiikI="></latexit><latexit sha1_base64="hlYtcrszHRz5DdELXUoNk8eiikI="></latexit>

⇠
X

i

M1̂2̂;iV;(;34)
1p
s

<latexit sha1_base64="tWJvnZDpuRvXNcFHRlvK99ol1QQ="></latexit><latexit sha1_base64="tWJvnZDpuRvXNcFHRlvK99ol1QQ="></latexit><latexit sha1_base64="tWJvnZDpuRvXNcFHRlvK99ol1QQ="></latexit><latexit sha1_base64="tWJvnZDpuRvXNcFHRlvK99ol1QQ="></latexit>

Energy 
growing !
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On-shell amplitudes

• High-energy on-shell amplitudes probe the “curvature”.

2
<latexit sha1_base64="hC+D1fM6GBjZX+qA4RAeZfJYC5A="></latexit><latexit sha1_base64="hC+D1fM6GBjZX+qA4RAeZfJYC5A="></latexit><latexit sha1_base64="hC+D1fM6GBjZX+qA4RAeZfJYC5A="></latexit><latexit sha1_base64="hC+D1fM6GBjZX+qA4RAeZfJYC5A="></latexit>

1
<latexit sha1_base64="Pk/5g7fQxemZzMivNwGFrKONSio="></latexit><latexit sha1_base64="Pk/5g7fQxemZzMivNwGFrKONSio="></latexit><latexit sha1_base64="Pk/5g7fQxemZzMivNwGFrKONSio="></latexit><latexit sha1_base64="Pk/5g7fQxemZzMivNwGFrKONSio="></latexit>

4
<latexit sha1_base64="ByjaI3fg4FDreZ4bZv67rFZcTDw="></latexit><latexit sha1_base64="ByjaI3fg4FDreZ4bZv67rFZcTDw="></latexit><latexit sha1_base64="ByjaI3fg4FDreZ4bZv67rFZcTDw="></latexit><latexit sha1_base64="ByjaI3fg4FDreZ4bZv67rFZcTDw="></latexit>

3
<latexit sha1_base64="/zdZ8sB9QpTQAcXdT2EUQlLG2jU="></latexit><latexit sha1_base64="/zdZ8sB9QpTQAcXdT2EUQlLG2jU="></latexit><latexit sha1_base64="/zdZ8sB9QpTQAcXdT2EUQlLG2jU="></latexit><latexit sha1_base64="/zdZ8sB9QpTQAcXdT2EUQlLG2jU="></latexit>

2
<latexit sha1_base64="hC+D1fM6GBjZX+qA4RAeZfJYC5A="></latexit><latexit sha1_base64="hC+D1fM6GBjZX+qA4RAeZfJYC5A="></latexit><latexit sha1_base64="hC+D1fM6GBjZX+qA4RAeZfJYC5A="></latexit><latexit sha1_base64="hC+D1fM6GBjZX+qA4RAeZfJYC5A="></latexit>

1
<latexit sha1_base64="Pk/5g7fQxemZzMivNwGFrKONSio="></latexit><latexit sha1_base64="Pk/5g7fQxemZzMivNwGFrKONSio="></latexit><latexit sha1_base64="Pk/5g7fQxemZzMivNwGFrKONSio="></latexit><latexit sha1_base64="Pk/5g7fQxemZzMivNwGFrKONSio="></latexit>

4
<latexit sha1_base64="ByjaI3fg4FDreZ4bZv67rFZcTDw="></latexit><latexit sha1_base64="ByjaI3fg4FDreZ4bZv67rFZcTDw="></latexit><latexit sha1_base64="ByjaI3fg4FDreZ4bZv67rFZcTDw="></latexit><latexit sha1_base64="ByjaI3fg4FDreZ4bZv67rFZcTDw="></latexit>

3
<latexit sha1_base64="/zdZ8sB9QpTQAcXdT2EUQlLG2jU="></latexit><latexit sha1_base64="/zdZ8sB9QpTQAcXdT2EUQlLG2jU="></latexit><latexit sha1_base64="/zdZ8sB9QpTQAcXdT2EUQlLG2jU="></latexit><latexit sha1_base64="/zdZ8sB9QpTQAcXdT2EUQlLG2jU="></latexit>

2
<latexit sha1_base64="hC+D1fM6GBjZX+qA4RAeZfJYC5A="></latexit><latexit sha1_base64="hC+D1fM6GBjZX+qA4RAeZfJYC5A="></latexit><latexit sha1_base64="hC+D1fM6GBjZX+qA4RAeZfJYC5A="></latexit><latexit sha1_base64="hC+D1fM6GBjZX+qA4RAeZfJYC5A="></latexit>

1
<latexit sha1_base64="Pk/5g7fQxemZzMivNwGFrKONSio="></latexit><latexit sha1_base64="Pk/5g7fQxemZzMivNwGFrKONSio="></latexit><latexit sha1_base64="Pk/5g7fQxemZzMivNwGFrKONSio="></latexit><latexit sha1_base64="Pk/5g7fQxemZzMivNwGFrKONSio="></latexit>

4
<latexit sha1_base64="ByjaI3fg4FDreZ4bZv67rFZcTDw="></latexit><latexit sha1_base64="ByjaI3fg4FDreZ4bZv67rFZcTDw="></latexit><latexit sha1_base64="ByjaI3fg4FDreZ4bZv67rFZcTDw="></latexit><latexit sha1_base64="ByjaI3fg4FDreZ4bZv67rFZcTDw="></latexit>

3
<latexit sha1_base64="/zdZ8sB9QpTQAcXdT2EUQlLG2jU="></latexit><latexit sha1_base64="/zdZ8sB9QpTQAcXdT2EUQlLG2jU="></latexit><latexit sha1_base64="/zdZ8sB9QpTQAcXdT2EUQlLG2jU="></latexit><latexit sha1_base64="/zdZ8sB9QpTQAcXdT2EUQlLG2jU="></latexit>

⇠ R1234 s
<latexit sha1_base64="xraPwanuNH6Sa6XTHrGR1MpyngQ="></latexit><latexit sha1_base64="xraPwanuNH6Sa6XTHrGR1MpyngQ="></latexit><latexit sha1_base64="xraPwanuNH6Sa6XTHrGR1MpyngQ="></latexit><latexit sha1_base64="bOonGaJXwNmCsMBS09E+bk+WDNg="></latexit><latexit sha1_base64="h6qXMKOzpeTLXzoRFaBahMMQHfU="></latexit><latexit sha1_base64="h6qXMKOzpeTLXzoRFaBahMMQHfU="></latexit><latexit sha1_base64="gZUT9LB6eEN9i++q4U0E4cGzZPM="></latexit><latexit sha1_base64="xraPwanuNH6Sa6XTHrGR1MpyngQ="></latexit><latexit sha1_base64="xraPwanuNH6Sa6XTHrGR1MpyngQ="></latexit><latexit sha1_base64="xraPwanuNH6Sa6XTHrGR1MpyngQ="></latexit><latexit sha1_base64="xraPwanuNH6Sa6XTHrGR1MpyngQ="></latexit><latexit sha1_base64="xraPwanuNH6Sa6XTHrGR1MpyngQ="></latexit><latexit sha1_base64="xraPwanuNH6Sa6XTHrGR1MpyngQ="></latexit>

⇠ R1̂2̂3̂4̂ s
<latexit sha1_base64="zIJsiw0w4AlYv1OyQY3mphWbgjI="></latexit><latexit sha1_base64="zIJsiw0w4AlYv1OyQY3mphWbgjI="></latexit><latexit sha1_base64="zIJsiw0w4AlYv1OyQY3mphWbgjI="></latexit><latexit sha1_base64="zIJsiw0w4AlYv1OyQY3mphWbgjI="></latexit>

⇠ R123̂4̂ s
<latexit sha1_base64="aRws1HkiEmcLCf43pDQnvz9m7DE="></latexit><latexit sha1_base64="aRws1HkiEmcLCf43pDQnvz9m7DE="></latexit><latexit sha1_base64="aRws1HkiEmcLCf43pDQnvz9m7DE="></latexit><latexit sha1_base64="aRws1HkiEmcLCf43pDQnvz9m7DE="></latexit>

ˆ<latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit><latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit><latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit><latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit>

ˆ<latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit><latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit><latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit><latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit> ˆ<latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit><latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit><latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit><latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit>

ˆ<latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit><latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit><latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit><latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit>

ˆ<latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit><latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit><latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit><latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit>

ˆ<latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit><latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit><latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit><latexit sha1_base64="dC6mu978CImbd2odbLiXAmzHjYA="></latexit>
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• EFT for spin-0 and spin-1/2:

• On-shell amplitudes are expressed by covariant 
    quantities on the field space.

Lscalar =
1

2
gij(@µ�

i)(@µ�j)� V (�)
<latexit sha1_base64="LH23NnDEGEL6wmHKUgTV/Y7dHys="></latexit><latexit sha1_base64="LH23NnDEGEL6wmHKUgTV/Y7dHys="></latexit><latexit sha1_base64="LH23NnDEGEL6wmHKUgTV/Y7dHys="></latexit><latexit sha1_base64="LH23NnDEGEL6wmHKUgTV/Y7dHys="></latexit>

Lfermion =
i

2
gîĵ⇤ 

†ĵ⇤ �̄µ
$
@µ 

î

<latexit sha1_base64="xMmqYsn6vSDAfPVYHwu5uV8uF+M="></latexit><latexit sha1_base64="xMmqYsn6vSDAfPVYHwu5uV8uF+M="></latexit><latexit sha1_base64="xMmqYsn6vSDAfPVYHwu5uV8uF+M="></latexit><latexit sha1_base64="xMmqYsn6vSDAfPVYHwu5uV8uF+M="></latexit>

�1

2
Mîĵ ( 

i j) + h.c.
<latexit sha1_base64="9+b/LPew9DrnF5w6jDwglZmDa6Q="></latexit><latexit sha1_base64="9+b/LPew9DrnF5w6jDwglZmDa6Q="></latexit><latexit sha1_base64="9+b/LPew9DrnF5w6jDwglZmDa6Q="></latexit><latexit sha1_base64="9+b/LPew9DrnF5w6jDwglZmDa6Q="></latexit>

� 1

12
Rîl̂ĵk̂( 

î ĵ)( k̂ l̂) + h.c.
<latexit sha1_base64="XnbOjsHKv6ra0w6qepVB6rNfhyY="></latexit><latexit sha1_base64="XnbOjsHKv6ra0w6qepVB6rNfhyY="></latexit><latexit sha1_base64="XnbOjsHKv6ra0w6qepVB6rNfhyY="></latexit><latexit sha1_base64="XnbOjsHKv6ra0w6qepVB6rNfhyY="></latexit>

�1

4
Rîk̂⇤ĵ l̂⇤( 

î ĵ)( †k̂⇤ †l̂⇤)
<latexit sha1_base64="j+RuSqBqbrhpRkrW5Xk58h2dbjo="></latexit><latexit sha1_base64="j+RuSqBqbrhpRkrW5Xk58h2dbjo="></latexit><latexit sha1_base64="j+RuSqBqbrhpRkrW5Xk58h2dbjo="></latexit><latexit sha1_base64="j+RuSqBqbrhpRkrW5Xk58h2dbjo="></latexit>

+
i

2
(gkĵ⇤ ,̂i � gkî,ĵ⇤)( 

†j⇤ �̄µ i)(@µ�
k)

<latexit sha1_base64="hB51/ycoGjkRatKSngUzM8bNkXE="></latexit><latexit sha1_base64="hB51/ycoGjkRatKSngUzM8bNkXE="></latexit><latexit sha1_base64="hB51/ycoGjkRatKSngUzM8bNkXE="></latexit><latexit sha1_base64="bOonGaJXwNmCsMBS09E+bk+WDNg="></latexit><latexit sha1_base64="pHGYT9meVmp2LhldE2fWieb9XvQ="></latexit><latexit sha1_base64="pHGYT9meVmp2LhldE2fWieb9XvQ="></latexit><latexit sha1_base64="W+b5bAuQgwOZdIWh//wq0KPYz1k="></latexit><latexit sha1_base64="hB51/ycoGjkRatKSngUzM8bNkXE="></latexit><latexit sha1_base64="hB51/ycoGjkRatKSngUzM8bNkXE="></latexit><latexit sha1_base64="hB51/ycoGjkRatKSngUzM8bNkXE="></latexit><latexit sha1_base64="hB51/ycoGjkRatKSngUzM8bNkXE="></latexit><latexit sha1_base64="hB51/ycoGjkRatKSngUzM8bNkXE="></latexit><latexit sha1_base64="hB51/ycoGjkRatKSngUzM8bNkXE="></latexit>
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Summary and Outlook

• In our papers,  we have also studied

•  CCWZ construction

•  Power counting

•  Couplings to EW gauge bosons 

Ryo Nagai  25

•  Normal coordinate on fermionic part


