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We found a h(125) !
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Elementary ?
Composite ?
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GHEFT

Question

Unified description ??
“Generalized Higgs EFT”

Ryo Nagai  (Padova)



GHEFT

Difficulty

• Spontaneous symmetry breaking

G → H

• What does G look like at vacuum?

• Generally speaking,  G is non-linearly realized.

SU(2)L × U(1)Y  U(1)EM

Ryo Nagai  (Padova)
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GHEFT

CCWZ method

 G → H

 NGBs,  Matters

Callen-Coleman-Wess-Zumino (CCWZ) method

EFT on G/H

Coleman-Callen-Wess-Zumino (1969) 

Ryo Nagai  (Padova)



GHEFT

CCWZ method

 SU(2)L × U(1)Y → U(1)EM

 NGBs,  h(125),  ….

EFT for EWSB

Coleman-Callen-Wess-Zumino (1969) 

Callen-Coleman-Wess-Zumino (CCWZ) method

Ryo Nagai  (Padova)



GHEFT

NGBs on G/H

• NGB fields

⇠(⇡)
G�! ⇠(⇡0) = g ⇠(⇡) h�1(⇡, g)

<latexit sha1_base64="YBFjaUl7XblaSaDRQnJdfe4KSXQ="></latexit><latexit sha1_base64="YBFjaUl7XblaSaDRQnJdfe4KSXQ="></latexit><latexit sha1_base64="YBFjaUl7XblaSaDRQnJdfe4KSXQ="></latexit><latexit sha1_base64="YBFjaUl7XblaSaDRQnJdfe4KSXQ="></latexit>

G/H

h-1(π, g)
g

x(p)
<latexit sha1_base64="GpUR5f9pS9TuweFqwtcnuRrPxYU="></latexit><latexit sha1_base64="GpUR5f9pS9TuweFqwtcnuRrPxYU="></latexit><latexit sha1_base64="GpUR5f9pS9TuweFqwtcnuRrPxYU="></latexit><latexit sha1_base64="GpUR5f9pS9TuweFqwtcnuRrPxYU="></latexit>

x(p0)
<latexit sha1_base64="bh3ecx/1FDZatwf14kwBfUl1GL8="></latexit><latexit sha1_base64="bh3ecx/1FDZatwf14kwBfUl1GL8="></latexit><latexit sha1_base64="bh3ecx/1FDZatwf14kwBfUl1GL8="></latexit><latexit sha1_base64="bh3ecx/1FDZatwf14kwBfUl1GL8="></latexit>

Xa : generators for G/H

2 G/H
<latexit sha1_base64="R+U9G9LotN7EjXpg7rVnW0W2IME="></latexit><latexit sha1_base64="R+U9G9LotN7EjXpg7rVnW0W2IME="></latexit><latexit sha1_base64="R+U9G9LotN7EjXpg7rVnW0W2IME="></latexit><latexit sha1_base64="R+U9G9LotN7EjXpg7rVnW0W2IME="></latexit>

x(p) = exp(ipaXa)
<latexit sha1_base64="nppYpuzxbYVwib553X3DtzFWC1s="></latexit><latexit sha1_base64="nppYpuzxbYVwib553X3DtzFWC1s="></latexit><latexit sha1_base64="nppYpuzxbYVwib553X3DtzFWC1s="></latexit><latexit sha1_base64="nppYpuzxbYVwib553X3DtzFWC1s="></latexit>

Ryo Nagai  (Padova)



GHEFT

NGBs on G/H

• NGB fields

• G nonlinearly acts on NGBs !

⇠(⇡)
G�! ⇠(⇡0) = g ⇠(⇡) h�1(⇡, g)

<latexit sha1_base64="YBFjaUl7XblaSaDRQnJdfe4KSXQ="></latexit><latexit sha1_base64="YBFjaUl7XblaSaDRQnJdfe4KSXQ="></latexit><latexit sha1_base64="YBFjaUl7XblaSaDRQnJdfe4KSXQ="></latexit><latexit sha1_base64="YBFjaUl7XblaSaDRQnJdfe4KSXQ="></latexit>

Xa : generators for G/H

2 G/H
<latexit sha1_base64="R+U9G9LotN7EjXpg7rVnW0W2IME="></latexit><latexit sha1_base64="R+U9G9LotN7EjXpg7rVnW0W2IME="></latexit><latexit sha1_base64="R+U9G9LotN7EjXpg7rVnW0W2IME="></latexit><latexit sha1_base64="R+U9G9LotN7EjXpg7rVnW0W2IME="></latexit>

x(p) = exp(ipaXa)
<latexit sha1_base64="nppYpuzxbYVwib553X3DtzFWC1s="></latexit><latexit sha1_base64="nppYpuzxbYVwib553X3DtzFWC1s="></latexit><latexit sha1_base64="nppYpuzxbYVwib553X3DtzFWC1s="></latexit><latexit sha1_base64="nppYpuzxbYVwib553X3DtzFWC1s="></latexit>

Ryo Nagai  (Padova)

⇡0 = ⇡ +O(⇡3)
<latexit sha1_base64="DkUeY9Zo6u1wpVsewSXZNLPEq2c="></latexit><latexit sha1_base64="DkUeY9Zo6u1wpVsewSXZNLPEq2c="></latexit><latexit sha1_base64="DkUeY9Zo6u1wpVsewSXZNLPEq2c="></latexit><latexit sha1_base64="DkUeY9Zo6u1wpVsewSXZNLPEq2c="></latexit>



GHEFT

NGBs on G/H

• NGB fields

• G nonlinearly acts on NGBs !

⇠(⇡)
G�! ⇠(⇡0) = g ⇠(⇡) h�1(⇡, g)

<latexit sha1_base64="YBFjaUl7XblaSaDRQnJdfe4KSXQ="></latexit><latexit sha1_base64="YBFjaUl7XblaSaDRQnJdfe4KSXQ="></latexit><latexit sha1_base64="YBFjaUl7XblaSaDRQnJdfe4KSXQ="></latexit><latexit sha1_base64="YBFjaUl7XblaSaDRQnJdfe4KSXQ="></latexit>

Xa : generators for G/H

2 G/H
<latexit sha1_base64="R+U9G9LotN7EjXpg7rVnW0W2IME="></latexit><latexit sha1_base64="R+U9G9LotN7EjXpg7rVnW0W2IME="></latexit><latexit sha1_base64="R+U9G9LotN7EjXpg7rVnW0W2IME="></latexit><latexit sha1_base64="R+U9G9LotN7EjXpg7rVnW0W2IME="></latexit>

x(p) = exp(ipaXa)
<latexit sha1_base64="nppYpuzxbYVwib553X3DtzFWC1s="></latexit><latexit sha1_base64="nppYpuzxbYVwib553X3DtzFWC1s="></latexit><latexit sha1_base64="nppYpuzxbYVwib553X3DtzFWC1s="></latexit><latexit sha1_base64="nppYpuzxbYVwib553X3DtzFWC1s="></latexit>

• Kinetic term?                 is NOT invariant under G.

Ryo Nagai  (Padova)

(@µ⇠)
2

<latexit sha1_base64="MPimVZFJsuTmv7SGT5v2V+JQP/s="></latexit><latexit sha1_base64="MPimVZFJsuTmv7SGT5v2V+JQP/s="></latexit><latexit sha1_base64="MPimVZFJsuTmv7SGT5v2V+JQP/s="></latexit><latexit sha1_base64="MPimVZFJsuTmv7SGT5v2V+JQP/s="></latexit>

@µ⇠
G�! g (@µ⇠) h

�1 + g ⇠(@µh
�1)

<latexit sha1_base64="/l1pQpXejAnJhku2mmHVbokrkIs="></latexit><latexit sha1_base64="/l1pQpXejAnJhku2mmHVbokrkIs="></latexit><latexit sha1_base64="/l1pQpXejAnJhku2mmHVbokrkIs="></latexit><latexit sha1_base64="/l1pQpXejAnJhku2mmHVbokrkIs="></latexit>



GHEFT

NGBs on G/H

• NGB fields

• Maurer-Cartan 1-form

• Irreducible decomp

⇠(⇡)
G�! ⇠(⇡0) = g ⇠(⇡) h�1(⇡, g)

<latexit sha1_base64="YBFjaUl7XblaSaDRQnJdfe4KSXQ="></latexit><latexit sha1_base64="YBFjaUl7XblaSaDRQnJdfe4KSXQ="></latexit><latexit sha1_base64="YBFjaUl7XblaSaDRQnJdfe4KSXQ="></latexit><latexit sha1_base64="YBFjaUl7XblaSaDRQnJdfe4KSXQ="></latexit>

G/H :

H :

Xa : generators for G/H

SA : generators for H

2 G/H
<latexit sha1_base64="R+U9G9LotN7EjXpg7rVnW0W2IME="></latexit><latexit sha1_base64="R+U9G9LotN7EjXpg7rVnW0W2IME="></latexit><latexit sha1_base64="R+U9G9LotN7EjXpg7rVnW0W2IME="></latexit><latexit sha1_base64="R+U9G9LotN7EjXpg7rVnW0W2IME="></latexit>

x(p) = exp(ipaXa)
<latexit sha1_base64="nppYpuzxbYVwib553X3DtzFWC1s="></latexit><latexit sha1_base64="nppYpuzxbYVwib553X3DtzFWC1s="></latexit><latexit sha1_base64="nppYpuzxbYVwib553X3DtzFWC1s="></latexit><latexit sha1_base64="nppYpuzxbYVwib553X3DtzFWC1s="></latexit>

aµ = �ix�1(∂µx)
<latexit sha1_base64="3HrjD3dg5peD6xwf2jXlDTlQf6E="></latexit><latexit sha1_base64="3HrjD3dg5peD6xwf2jXlDTlQf6E="></latexit><latexit sha1_base64="3HrjD3dg5peD6xwf2jXlDTlQf6E="></latexit><latexit sha1_base64="3HrjD3dg5peD6xwf2jXlDTlQf6E="></latexit>

a?µ = tr[aµXa]Xa
<latexit sha1_base64="CSjhEWuaF0hpyHMr3nowzUABA8c="></latexit><latexit sha1_base64="CSjhEWuaF0hpyHMr3nowzUABA8c="></latexit><latexit sha1_base64="CSjhEWuaF0hpyHMr3nowzUABA8c="></latexit><latexit sha1_base64="CSjhEWuaF0hpyHMr3nowzUABA8c="></latexit>

akµ = tr[aµSA]SA
<latexit sha1_base64="Egis+uM9pOH56auarKWKBvbhY5o="></latexit><latexit sha1_base64="Egis+uM9pOH56auarKWKBvbhY5o="></latexit><latexit sha1_base64="Egis+uM9pOH56auarKWKBvbhY5o="></latexit><latexit sha1_base64="Egis+uM9pOH56auarKWKBvbhY5o="></latexit>

Ryo Nagai  (Padova)



GHEFT

NGBs on G/H

• G-transformation :

• G-invariant building block :

tr[↵?µ↵
µ
?]

<latexit sha1_base64="oHq+aDjy0T6Cfs7/npQaqLyHaBE="></latexit><latexit sha1_base64="oHq+aDjy0T6Cfs7/npQaqLyHaBE="></latexit><latexit sha1_base64="oHq+aDjy0T6Cfs7/npQaqLyHaBE="></latexit><latexit sha1_base64="oHq+aDjy0T6Cfs7/npQaqLyHaBE="></latexit>

tr[↵?µ↵
µ
?↵?⌫↵

⌫
?]

<latexit sha1_base64="w+YpffIShZMeb1A0KdklrcZLqFk="></latexit><latexit sha1_base64="w+YpffIShZMeb1A0KdklrcZLqFk="></latexit><latexit sha1_base64="w+YpffIShZMeb1A0KdklrcZLqFk="></latexit><latexit sha1_base64="w+YpffIShZMeb1A0KdklrcZLqFk="></latexit>

O(p2)

O(p4)
…

↵?µ
G�! h↵?µ h

�1
<latexit sha1_base64="HU8aQRGSt3uffv7/2pMeYFSUkoM="></latexit><latexit sha1_base64="HU8aQRGSt3uffv7/2pMeYFSUkoM="></latexit><latexit sha1_base64="HU8aQRGSt3uffv7/2pMeYFSUkoM="></latexit><latexit sha1_base64="HU8aQRGSt3uffv7/2pMeYFSUkoM="></latexit>

↵kµ
G�! h↵kµ h

�1 � i(@h)h�1
<latexit sha1_base64="Bn7Eg4S/7HGlQx14QKdyz/IzKQ0="></latexit><latexit sha1_base64="Bn7Eg4S/7HGlQx14QKdyz/IzKQ0="></latexit><latexit sha1_base64="Bn7Eg4S/7HGlQx14QKdyz/IzKQ0="></latexit><latexit sha1_base64="Bn7Eg4S/7HGlQx14QKdyz/IzKQ0="></latexit>

Ryo Nagai  (Padova)



GHEFT

NGBs on SU(2)L×U(1)Y /U(1)EM 

• NGB fields

• MC 1-form

• Irreducible decomp

Ryo Nagai  (Padova)

• Use G/H components



GHEFT

NGBs on SU(2)L×U(1)Y /U(1)EM 

• NGB fields

⇠W
G�! gW ⇠W h�1(⇡, gW , gY )

<latexit sha1_base64="x4DpyvW6QefVTdQ2M7DAcWFTIYk="></latexit><latexit sha1_base64="x4DpyvW6QefVTdQ2M7DAcWFTIYk="></latexit><latexit sha1_base64="x4DpyvW6QefVTdQ2M7DAcWFTIYk="></latexit><latexit sha1_base64="x4DpyvW6QefVTdQ2M7DAcWFTIYk="></latexit>

⇠Y
G�! gY ⇠Y h�1(⇡, gW , gY )

<latexit sha1_base64="PliaoQzDjiWD+J61Hwxyb4B8Qyo="></latexit><latexit sha1_base64="PliaoQzDjiWD+J61Hwxyb4B8Qyo="></latexit><latexit sha1_base64="PliaoQzDjiWD+J61Hwxyb4B8Qyo="></latexit><latexit sha1_base64="PliaoQzDjiWD+J61Hwxyb4B8Qyo="></latexit>

G/H :

H :

• MC 1-form

• Irreducible decomp

aWµ = �ix†
W(∂µxW)

<latexit sha1_base64="ERrQpuwPxAG5s8tKbmFAIGIvgVU="></latexit><latexit sha1_base64="ERrQpuwPxAG5s8tKbmFAIGIvgVU="></latexit><latexit sha1_base64="ERrQpuwPxAG5s8tKbmFAIGIvgVU="></latexit><latexit sha1_base64="ERrQpuwPxAG5s8tKbmFAIGIvgVU="></latexit>

aYµ = �ix†
Y(∂µxY)

<latexit sha1_base64="rIe19/3azUdgd1ite+I28NT8oLs="></latexit><latexit sha1_base64="rIe19/3azUdgd1ite+I28NT8oLs="></latexit><latexit sha1_base64="rIe19/3azUdgd1ite+I28NT8oLs="></latexit><latexit sha1_base64="rIe19/3azUdgd1ite+I28NT8oLs="></latexit>

a3
? = tr

✓
aW � aY

2

◆
t3
�

<latexit sha1_base64="af8GNrdZ74gXUpPATUL5bIPb/Uo="></latexit><latexit sha1_base64="af8GNrdZ74gXUpPATUL5bIPb/Uo="></latexit><latexit sha1_base64="af8GNrdZ74gXUpPATUL5bIPb/Uo="></latexit><latexit sha1_base64="af8GNrdZ74gXUpPATUL5bIPb/Uo="></latexit>

a3
k = tr

✓
aW + aY

2

◆
t3
�

<latexit sha1_base64="Gsz4rssaKahKvRMcgU4GvoahRB8="></latexit><latexit sha1_base64="Gsz4rssaKahKvRMcgU4GvoahRB8="></latexit><latexit sha1_base64="Gsz4rssaKahKvRMcgU4GvoahRB8="></latexit><latexit sha1_base64="Gsz4rssaKahKvRMcgU4GvoahRB8="></latexit>

ai
? = tr

h
aWti

i

<latexit sha1_base64="n2XgPNjN6IXHj9zJWWx7wNwrBas="></latexit><latexit sha1_base64="n2XgPNjN6IXHj9zJWWx7wNwrBas="></latexit><latexit sha1_base64="n2XgPNjN6IXHj9zJWWx7wNwrBas="></latexit><latexit sha1_base64="n2XgPNjN6IXHj9zJWWx7wNwrBas="></latexit>

(i=1,2)

Ryo Nagai  (Padova)

(⇠W , ⇠Y ) = (ei⇡
i ⌧i

2 , ei⇡
3 ⌧3

2 )
<latexit sha1_base64="ukfO6yBrRTBTXtijXhHG8+mKRWI="></latexit><latexit sha1_base64="ukfO6yBrRTBTXtijXhHG8+mKRWI="></latexit><latexit sha1_base64="ukfO6yBrRTBTXtijXhHG8+mKRWI="></latexit><latexit sha1_base64="ukfO6yBrRTBTXtijXhHG8+mKRWI="></latexit>



GHEFT

NGBs on SU(2)L×U(1)Y /U(1)EM 

• SU(2)W × U(1)Y transformation

↵i
?µ

⌧ i

2
G�! h

✓
↵i
?µ

⌧ i

2

◆
h�1

<latexit sha1_base64="Ds5sCIMAfBznUqcFsbj/Lj96w/g="></latexit><latexit sha1_base64="Ds5sCIMAfBznUqcFsbj/Lj96w/g="></latexit><latexit sha1_base64="Ds5sCIMAfBznUqcFsbj/Lj96w/g="></latexit><latexit sha1_base64="Ds5sCIMAfBznUqcFsbj/Lj96w/g="></latexit>

↵3
?µ

⌧3

2
G�! h

✓
↵3
?µ

⌧3

2

◆
h�1 = ↵3

?µ
⌧3

2
<latexit sha1_base64="OwOBmNFgtoALlgIqgXkCr7Hg3NE="></latexit><latexit sha1_base64="OwOBmNFgtoALlgIqgXkCr7Hg3NE="></latexit><latexit sha1_base64="OwOBmNFgtoALlgIqgXkCr7Hg3NE="></latexit><latexit sha1_base64="OwOBmNFgtoALlgIqgXkCr7Hg3NE="></latexit>

(i=1,2)

h = exp
✓

iqh(p, g)
t3

2

◆

<latexit sha1_base64="nzUF35WNNNcAt+Vc8n5RrcA+XDc="></latexit><latexit sha1_base64="nzUF35WNNNcAt+Vc8n5RrcA+XDc="></latexit><latexit sha1_base64="nzUF35WNNNcAt+Vc8n5RrcA+XDc="></latexit><latexit sha1_base64="nzUF35WNNNcAt+Vc8n5RrcA+XDc="></latexit>

• Building blocks: ↵i
? , ↵3

?
<latexit sha1_base64="hCBo4FxODCAUWdFDGLQh3oDb0lA="></latexit><latexit sha1_base64="hCBo4FxODCAUWdFDGLQh3oDb0lA="></latexit><latexit sha1_base64="hCBo4FxODCAUWdFDGLQh3oDb0lA="></latexit><latexit sha1_base64="hCBo4FxODCAUWdFDGLQh3oDb0lA="></latexit>

(i=1,2)

Ryo Nagai  (Padova)



GHEFT

NGBs on SU(2)L×U(1)Y /U(1)EM 

• If we introduce                  , 

L =
v2

4
tr[@µU

†@µU ] +
v2 � v2Z

8
tr[U@µU

†⌧3]tr[U@µU †⌧3]
<latexit sha1_base64="PaRDpQm8Lf1qvqmixKE+aJIlogs="></latexit><latexit sha1_base64="PaRDpQm8Lf1qvqmixKE+aJIlogs="></latexit><latexit sha1_base64="PaRDpQm8Lf1qvqmixKE+aJIlogs="></latexit><latexit sha1_base64="PaRDpQm8Lf1qvqmixKE+aJIlogs="></latexit>

U = ⇠W ⇠†Y<latexit sha1_base64="zKMhvPaj0GezT4U62qW3m8TOLS0="></latexit><latexit sha1_base64="zKMhvPaj0GezT4U62qW3m8TOLS0="></latexit><latexit sha1_base64="zKMhvPaj0GezT4U62qW3m8TOLS0="></latexit><latexit sha1_base64="zKMhvPaj0GezT4U62qW3m8TOLS0="></latexit>

“Electroweak Chiral Lagrangian”

• SU(2)W × U(1)Y invariant Lagrangian up to O(p2)

LNGB =
1

2
G(0)

ab ↵
a
?µ↵

bµ
?

<latexit sha1_base64="DGwpxnBnGqSjG2zYg49gjImuPIY="></latexit><latexit sha1_base64="DGwpxnBnGqSjG2zYg49gjImuPIY="></latexit><latexit sha1_base64="DGwpxnBnGqSjG2zYg49gjImuPIY="></latexit><latexit sha1_base64="DGwpxnBnGqSjG2zYg49gjImuPIY="></latexit>

G(0)
ab :=

1

4

0

@
v2

v2

v2Z

1

A

<latexit sha1_base64="umI+Q/0eu4x82nM1KlnFbCmiMDY="></latexit><latexit sha1_base64="umI+Q/0eu4x82nM1KlnFbCmiMDY="></latexit><latexit sha1_base64="umI+Q/0eu4x82nM1KlnFbCmiMDY="></latexit><latexit sha1_base64="umI+Q/0eu4x82nM1KlnFbCmiMDY="></latexit>

Ryo Nagai  (Padova)



GHEFT

EW gauge sector

• EW gauge bosons are introduced as:

G(0)
ab :=

1

4

0

@
v2

v2

v2Z

1

A

<latexit sha1_base64="umI+Q/0eu4x82nM1KlnFbCmiMDY="></latexit><latexit sha1_base64="umI+Q/0eu4x82nM1KlnFbCmiMDY="></latexit><latexit sha1_base64="umI+Q/0eu4x82nM1KlnFbCmiMDY="></latexit><latexit sha1_base64="umI+Q/0eu4x82nM1KlnFbCmiMDY="></latexit>

• SU(2)W × U(1)Y invariant Lagrangian up to O(p2)

LNGB =
1

2
G(0)

ab ↵
a
?µ↵

bµ
?

<latexit sha1_base64="DGwpxnBnGqSjG2zYg49gjImuPIY="></latexit><latexit sha1_base64="DGwpxnBnGqSjG2zYg49gjImuPIY="></latexit><latexit sha1_base64="DGwpxnBnGqSjG2zYg49gjImuPIY="></latexit><latexit sha1_base64="DGwpxnBnGqSjG2zYg49gjImuPIY="></latexit>

@µ⇠W ! @µ⇠W � igWW a
µ
⌧a

2
⇠W
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GHEFT

• It is straightforward to add h(125). 

Higgs EFT (HEFT)

•            and              are arbitrary functions.

• hVV coupling

LHEFT =
1

2
Gab(h)↵
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µh)� V (h)
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GHEFT

Generalized HEFT 

• Let us introduce

Ryo Nagai  (Padova)
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✓
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• Φ is a linear rep. of H = U(1)EM

• G acts on it non-linearly:
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h(125) is here!

Neutral Charged



•              is NOT G-invariant .…

GHEFT

Generalized HEFT 

• Note that

@µ�
G�! ⇢�(h)(@µ�) + [@µ⇢�(h)]�
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GHEFT

Generalized HEFT 

• Covariant derivative

Ryo Nagai  (Padova)

Dµ� = @µ�� i⇢�(↵kµ)�
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• .

• G-inv. building blocks: 
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GHEFT

• GHEFT up to O(p2)

Generalized HEFT 

• G’s transform homogeneously as multiplets of corresponding 
   representations.

• G’s and  V depend on the UV completion.

RN-Tanabashi-Tsumura-Uchida (2019)
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Generalized HEFT 

．

• Φ = (π1,  π2,  π3,  h,  H, ….,  H+,  H-,  …. )  

NGB Higgs(es)

• GHEFT up to O(p2)

GHEFT

• The scalar manifold and  V depend on the UV completion.

RN-Tanabashi-Tsumura-Uchida (2019)
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i@µ�j � V (�)
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LSM = ∂µF†∂µF
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The Standard Model

Examples
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MSSM (Two Higgs Doublet Model)

LMSSM = ∂µF†
1∂µF1 + ∂µF†

2∂µF2
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Minimal Composite Higgs Model ( SO(5)/SO(4) )

S4

Agache-Contino-Pomarol (2004)

LSO(5)/SO(4) =
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GHEFT
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MSSM MCSM

CurvedFlat

Examples
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• Let us look at Φi Φj → Φk Φl scattering.

Scattering amplitude

GHEFTRyo Nagai  (Padova)

L =
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• Expand around vacuum � = �̄+ '
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• (Scattering amp) ~ (CM energy)2

• Perturbative unitarity is violated at certain energy scale.

• Let us look at Φi Φj → Φk Φl scattering.

Scattering amplitude

GHEFT
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Riemann curvature tensor 
(evaluated at vacuum)

• (Scattering amp) ~ (CM energy)2

Scattering amplitude

GHEFT

• Let us look at Φi Φj → Φk Φl scattering.
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.

• On-shell condition:  
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(R̄ijlk + R̄iljk) +

u

3
(R̄ijkl + R̄ikjl)

<latexit sha1_base64="JfE2dO9TQllS/hJvPCeFQB4OKz0="></latexit><latexit sha1_base64="JfE2dO9TQllS/hJvPCeFQB4OKz0="></latexit><latexit sha1_base64="JfE2dO9TQllS/hJvPCeFQB4OKz0="></latexit><latexit sha1_base64="JfE2dO9TQllS/hJvPCeFQB4OKz0="></latexit>

=
s

3
(R̄iklj + R̄ilkj � R̄ijlk � R̄iljk) +

u

3
(R̄ijkl + R̄ikjl � R̄ijlk � R̄iljk)

<latexit sha1_base64="zv7MmDOBr4uLcEhhzGsWLddbMgM="></latexit><latexit sha1_base64="zv7MmDOBr4uLcEhhzGsWLddbMgM="></latexit><latexit sha1_base64="zv7MmDOBr4uLcEhhzGsWLddbMgM="></latexit><latexit sha1_base64="zv7MmDOBr4uLcEhhzGsWLddbMgM="></latexit>

s+ t+ u = m2
i +m2

j +m2
k +m2

l
<latexit sha1_base64="bVcytpvduahhxJdfmE5hRUG4YRQ="></latexit><latexit sha1_base64="bVcytpvduahhxJdfmE5hRUG4YRQ="></latexit><latexit sha1_base64="bVcytpvduahhxJdfmE5hRUG4YRQ="></latexit><latexit sha1_base64="bVcytpvduahhxJdfmE5hRUG4YRQ="></latexit>

• Properties of R: Rijkl = �Rijlk
<latexit sha1_base64="zP0au7C5eyk25VkJ5NTci0wCXfI="></latexit><latexit sha1_base64="zP0au7C5eyk25VkJ5NTci0wCXfI="></latexit><latexit sha1_base64="zP0au7C5eyk25VkJ5NTci0wCXfI="></latexit><latexit sha1_base64="zP0au7C5eyk25VkJ5NTci0wCXfI="></latexit>

Rijkl +Riklj +Riljk = 0
<latexit sha1_base64="CSpYMW6V0lAT8nZQAoE+PYu3O1g="></latexit><latexit sha1_base64="CSpYMW6V0lAT8nZQAoE+PYu3O1g="></latexit><latexit sha1_base64="CSpYMW6V0lAT8nZQAoE+PYu3O1g="></latexit><latexit sha1_base64="CSpYMW6V0lAT8nZQAoE+PYu3O1g="></latexit>

= s(R̄iklj) + u(R̄ijkl)
<latexit sha1_base64="E6NSK2vSBPo/0SYhkC14QwFF+SQ="></latexit><latexit sha1_base64="E6NSK2vSBPo/0SYhkC14QwFF+SQ="></latexit><latexit sha1_base64="E6NSK2vSBPo/0SYhkC14QwFF+SQ="></latexit><latexit sha1_base64="E6NSK2vSBPo/0SYhkC14QwFF+SQ="></latexit>

Scattering amplitude
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If  M is curved,  perturbative expansion fails.

• (Scattering amp) ~ (CM energy)2

Scattering amplitude

GHEFT

• Let us look at Φi Φj → Φk Φl scattering.

Ryo Nagai  (Padova)

M�i�j!�k�l
⇠ s(R̄iklj) + u(R̄ijkl) + V̄;(ijkl)

<latexit sha1_base64="6FVw8YQSF0lFI1iDw5vkVflWCNE="></latexit><latexit sha1_base64="6FVw8YQSF0lFI1iDw5vkVflWCNE="></latexit><latexit sha1_base64="6FVw8YQSF0lFI1iDw5vkVflWCNE="></latexit><latexit sha1_base64="6FVw8YQSF0lFI1iDw5vkVflWCNE="></latexit>



• Perturbative unitarity breaking scale   ~   (Curvature)-1/2

.

e.g.  SO(5)/SO(4) ~ S4 Composite Higgs Model

Non perturbative effect at E ~ 4πf

f

Breaking PU
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Perturbative Non-Perturbative

• What does the experimental results tell us on the manifold?

Scalar manifold and UV

CurvedFlat

GHEFTRyo Nagai  (Padova)



• BSM particles can contribute radiatively. 

e-

e+ μ+…

μ- …

Electroweak Precision Tests

• The BSM corrections should be tiny.

• Constraint on the scalar manifold ?

GHEFTRyo Nagai  (Padova)



Dµfi = ∂µfi + Wa
µwi

a(f) + Bµyi(f)
<latexit sha1_base64="rDWQlWJUWi3H68SIV/f3+CGsVb0="></latexit><latexit sha1_base64="rDWQlWJUWi3H68SIV/f3+CGsVb0="></latexit><latexit sha1_base64="rDWQlWJUWi3H68SIV/f3+CGsVb0="></latexit><latexit sha1_base64="rDWQlWJUWi3H68SIV/f3+CGsVb0="></latexit>

•  WΦΦ interaction: µ (wi
a);j

<latexit sha1_base64="ZU9zVEk40rYEQAVtj/5+VdvV7os="></latexit><latexit sha1_base64="ZU9zVEk40rYEQAVtj/5+VdvV7os="></latexit><latexit sha1_base64="ZU9zVEk40rYEQAVtj/5+VdvV7os="></latexit><latexit sha1_base64="ZU9zVEk40rYEQAVtj/5+VdvV7os="></latexit>

SU(2) Killing vector U(1) Killing vector

Φi

Φj
Wa

.

�V (�)
<latexit sha1_base64="I5YdgNtVqJWioa6tYohiQwI67g8="></latexit><latexit sha1_base64="I5YdgNtVqJWioa6tYohiQwI67g8="></latexit><latexit sha1_base64="I5YdgNtVqJWioa6tYohiQwI67g8="></latexit><latexit sha1_base64="I5YdgNtVqJWioa6tYohiQwI67g8="></latexit>

L =
1
2

gij(f)DµfiDµfj
<latexit sha1_base64="5wv4I1Ank9TCFfkVtkhu1DlxIB0="></latexit><latexit sha1_base64="5wv4I1Ank9TCFfkVtkhu1DlxIB0="></latexit><latexit sha1_base64="5wv4I1Ank9TCFfkVtkhu1DlxIB0="></latexit><latexit sha1_base64="5wv4I1Ank9TCFfkVtkhu1DlxIB0="></latexit>

• EW corrections relate with the symmetry of the scalar manifold.

EW corrections
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S ⇠ (wi
3);j(yj);i ln

L2

m2
h

<latexit sha1_base64="i2JSVNOU/4PIc5BdtgtrDFVQKnU="></latexit><latexit sha1_base64="i2JSVNOU/4PIc5BdtgtrDFVQKnU="></latexit><latexit sha1_base64="i2JSVNOU/4PIc5BdtgtrDFVQKnU="></latexit><latexit sha1_base64="i2JSVNOU/4PIc5BdtgtrDFVQKnU="></latexit>

Alonso-Jenkins-Manohar (2016)

• S-parameter at one-loop

EW oblique corrections

GHEFTRyo Nagai  (Padova)

• Reminder:     S  ~  Π’3Y - Π’3Q  = Π’3Y



S ⇠ (wi
3);j(yj);i ln

L2

m2
h

<latexit sha1_base64="i2JSVNOU/4PIc5BdtgtrDFVQKnU="></latexit><latexit sha1_base64="i2JSVNOU/4PIc5BdtgtrDFVQKnU="></latexit><latexit sha1_base64="i2JSVNOU/4PIc5BdtgtrDFVQKnU="></latexit><latexit sha1_base64="i2JSVNOU/4PIc5BdtgtrDFVQKnU="></latexit>

Alonso-Jenkins-Manohar (2016)

[wa, wb] = �eabcwc
<latexit sha1_base64="kratI5Y/1lkgi4woC0SMGw38Lc4="></latexit><latexit sha1_base64="kratI5Y/1lkgi4woC0SMGw38Lc4="></latexit><latexit sha1_base64="kratI5Y/1lkgi4woC0SMGw38Lc4="></latexit><latexit sha1_base64="kratI5Y/1lkgi4woC0SMGw38Lc4="></latexit>

[wa, y] = 0
<latexit sha1_base64="t/aX0a7CEL94umVpoy6aV4RwNHg="></latexit><latexit sha1_base64="t/aX0a7CEL94umVpoy6aV4RwNHg="></latexit><latexit sha1_base64="t/aX0a7CEL94umVpoy6aV4RwNHg="></latexit><latexit sha1_base64="t/aX0a7CEL94umVpoy6aV4RwNHg="></latexit>

vi;j;k = Rl
kjivl

<latexit sha1_base64="vqIVZyyGren322gZ4xFo0RLRZE8="></latexit><latexit sha1_base64="vqIVZyyGren322gZ4xFo0RLRZE8="></latexit><latexit sha1_base64="vqIVZyyGren322gZ4xFo0RLRZE8="></latexit><latexit sha1_base64="vqIVZyyGren322gZ4xFo0RLRZE8="></latexit>

(v = wa, y)
<latexit sha1_base64="s/3yChOIGn9KvAZ0lFLmNXrbSow="></latexit><latexit sha1_base64="s/3yChOIGn9KvAZ0lFLmNXrbSow="></latexit><latexit sha1_base64="s/3yChOIGn9KvAZ0lFLmNXrbSow="></latexit><latexit sha1_base64="s/3yChOIGn9KvAZ0lFLmNXrbSow="></latexit>

SU(2)W×U(1)Y sym.

Slog µ e3bcR̄i
jklw̄

k
c w̄l

3(w̄
j
b);i + e3bcR̄i

jklw̄
k
c w̄l

c(ȳ
j);i
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• S-parameter at one-loop

EW oblique corrections
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NEW!



Slog µ e3bcR̄i
jklw̄

k
c w̄l

3(w̄
j
b);i + e3bcR̄i

jklw̄
k
c w̄l

c(ȳ
j);i
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• S-parameter at one-loop

EW oblique corrections

GHEFT

Non-zero only for 
NGB direction

Ryo Nagai  (Padova)
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Perturbative Non-Perturbative

S ~ 0 is possible in a curved theory ????

CurvedFlat

GHEFTRyo Nagai  (Padova)

EW oblique corrections
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Summary

GHEFT

• Gauge-scalar sector can be parametrized by

• Geometry of the scalar manifold
• Higgs potential

gij(�)
<latexit sha1_base64="TrPo/PmWg511e/ZLpn3S3HpHvG8="></latexit><latexit sha1_base64="TrPo/PmWg511e/ZLpn3S3HpHvG8="></latexit><latexit sha1_base64="TrPo/PmWg511e/ZLpn3S3HpHvG8="></latexit><latexit sha1_base64="TrPo/PmWg511e/ZLpn3S3HpHvG8="></latexit>

V (�)
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• Consistency with the EWPTs may not imply the complete flatness 
of the scalar manifold.
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Perturbative Non-Perturbative


