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Outline

Conceptual Overview on Effective Field Theory

Practical Calculation on Matching and Running

Quest for New Physics in the Standard Model EFT

Chiral Lagrangian for QCD and Electroweak Theory
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Basic Concepts in EFT

Top-down

Bottom-up
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Scales of Nature

Identify relevant scales

Choose proper tools
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Decoupling Among Scales

Hyperfine splitting Multipole expansion

Not all scales relevant at the energy of interest
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Scale Separation
When involving multiple, disparate scales

Tayler expansion on � = r0/r
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For unknown charge distribution, parametrize

Determine these unknown coefficients up to certain moments
for finite experimental resolution

Then predict electric potential up to certain accuracy 
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Decoupling
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Short distance scale a is not important since moments determined by exp

But if we know a, then we can predict b (matching)

Matching

Momentum space via Fourier transformation

Long distance r  ! IR scale p ⇠ 1/r
<latexit sha1_base64="zP0PnLzoU7FaLfmUYwdDuuhGlG0="></latexit><latexit sha1_base64="zP0PnLzoU7FaLfmUYwdDuuhGlG0="></latexit><latexit sha1_base64="zP0PnLzoU7FaLfmUYwdDuuhGlG0="></latexit><latexit sha1_base64="zP0PnLzoU7FaLfmUYwdDuuhGlG0="></latexit>

Short distance a  ! UV scale ⇤ ⇠ 1/a
<latexit sha1_base64="k52zpMeiSOd5NXZDaZe/6WwKT8w="></latexit><latexit sha1_base64="k52zpMeiSOd5NXZDaZe/6WwKT8w="></latexit><latexit sha1_base64="k52zpMeiSOd5NXZDaZe/6WwKT8w="></latexit><latexit sha1_base64="k52zpMeiSOd5NXZDaZe/6WwKT8w="></latexit>

Tayler expansion a
r  ! power counting p

⇤
<latexit sha1_base64="npHfnTmX8cBS8eT6rOrE4B4uvtI="></latexit><latexit sha1_base64="npHfnTmX8cBS8eT6rOrE4B4uvtI="></latexit><latexit sha1_base64="npHfnTmX8cBS8eT6rOrE4B4uvtI="></latexit><latexit sha1_base64="npHfnTmX8cBS8eT6rOrE4B4uvtI="></latexit>
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Effective Field Theory (EFT)

the relevant scales are particle masses, scattering momenta

In QFT, particles as excitations of the underlying fields

Take scattering amplitude (two mass scales m, M) at CM energy E 

Range of validity

Why using EFT?

Top-down

Bottom-up
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How to Build an EFT?
Start with QED theory in QFT course

Add higher dimensional terms

2
<latexit sha1_base64="DWWJqGCvCxCTwU8zpt0hGaokZYA=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY9BLx4TMA9IljA720mGzM4uM7NCWIIf4FU/wZt49Vv8An/DSbIHTSxoKKq66e4KEsG1cd0vp7CxubW9U9wt7e0fHB6Vj0/aOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jczf3OIyrNY/lgpgn6ER1JPuSMGis1a4Nyxa26C5B14uWkAjkag/J3P4xZGqE0TFCte56bGD+jynAmcFbqpxoTyiZ0hD1LJY1Q+9ni0Bm5sEpIhrGyJQ1ZqL8nMhppPY0C2xlRM9ar3lz819P2lDGGK+vN8MbPuExSg5Ittw9TQUxM5lGQkCtkRkwtoUxx+wBhY6ooMzawkk3GW81hnbRrVc+tes2rSv02z6gIZ3AOl+DBNdThHhrQAgYIz/ACr86T8+a8Ox/L1oKTz5zCHzifP17ulY8=</latexit><latexit sha1_base64="DWWJqGCvCxCTwU8zpt0hGaokZYA=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY9BLx4TMA9IljA720mGzM4uM7NCWIIf4FU/wZt49Vv8An/DSbIHTSxoKKq66e4KEsG1cd0vp7CxubW9U9wt7e0fHB6Vj0/aOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jczf3OIyrNY/lgpgn6ER1JPuSMGis1a4Nyxa26C5B14uWkAjkag/J3P4xZGqE0TFCte56bGD+jynAmcFbqpxoTyiZ0hD1LJY1Q+9ni0Bm5sEpIhrGyJQ1ZqL8nMhppPY0C2xlRM9ar3lz819P2lDGGK+vN8MbPuExSg5Ittw9TQUxM5lGQkCtkRkwtoUxx+wBhY6ooMzawkk3GW81hnbRrVc+tes2rSv02z6gIZ3AOl+DBNdThHhrQAgYIz/ACr86T8+a8Ox/L1oKTz5zCHzifP17ulY8=</latexit><latexit sha1_base64="DWWJqGCvCxCTwU8zpt0hGaokZYA=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY9BLx4TMA9IljA720mGzM4uM7NCWIIf4FU/wZt49Vv8An/DSbIHTSxoKKq66e4KEsG1cd0vp7CxubW9U9wt7e0fHB6Vj0/aOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jczf3OIyrNY/lgpgn6ER1JPuSMGis1a4Nyxa26C5B14uWkAjkag/J3P4xZGqE0TFCte56bGD+jynAmcFbqpxoTyiZ0hD1LJY1Q+9ni0Bm5sEpIhrGyJQ1ZqL8nMhppPY0C2xlRM9ar3lz819P2lDGGK+vN8MbPuExSg5Ittw9TQUxM5lGQkCtkRkwtoUxx+wBhY6ooMzawkk3GW81hnbRrVc+tes2rSv02z6gIZ3AOl+DBNdThHhrQAgYIz/ACr86T8+a8Ox/L1oKTz5zCHzifP17ulY8=</latexit><latexit sha1_base64="DWWJqGCvCxCTwU8zpt0hGaokZYA=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY9BLx4TMA9IljA720mGzM4uM7NCWIIf4FU/wZt49Vv8An/DSbIHTSxoKKq66e4KEsG1cd0vp7CxubW9U9wt7e0fHB6Vj0/aOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jczf3OIyrNY/lgpgn6ER1JPuSMGis1a4Nyxa26C5B14uWkAjkag/J3P4xZGqE0TFCte56bGD+jynAmcFbqpxoTyiZ0hD1LJY1Q+9ni0Bm5sEpIhrGyJQ1ZqL8nMhppPY0C2xlRM9ar3lz819P2lDGGK+vN8MbPuExSg5Ittw9TQUxM5lGQkCtkRkwtoUxx+wBhY6ooMzawkk3GW81hnbRrVc+tes2rSv02z6gIZ3AOl+DBNdThHhrQAgYIz/ACr86T8+a8Ox/L1oKTz5zCHzifP17ulY8=</latexit>

Generate such terms from renormalizible QED?

Relevant vs irrelevant



Jiang-Hao Yu (ITP-CAS)
 11

The First EFTs!

Becquerel 
1896

Pauli 
1933

Fermi 
1934

Euler-Heisenberg 
1936
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Four-Fermion Theory
According to the Fermi’s Golden rule, predict the electron energy spectra

First higher dimensional operator (1934 rejected by nature)!
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Intermediate Vector Boson
Current-current interaction through exchange of mediator boson

�e[ ̄�µ ]
gµ⌫

q2
[ ̄�µ ]

<latexit sha1_base64="2bpa5S0/g++60S2DqjjSHaWEsH0="></latexit><latexit sha1_base64="2bpa5S0/g++60S2DqjjSHaWEsH0="></latexit><latexit sha1_base64="2bpa5S0/g++60S2DqjjSHaWEsH0="></latexit><latexit sha1_base64="2bpa5S0/g++60S2DqjjSHaWEsH0="></latexit>

�g[ ̄�µ ]
gµ⌫

q2 �m2
W

[ ̄�µ ]
<latexit sha1_base64="/9F9ktZDHvzujB9ZxynnPqPG8Ow="></latexit><latexit sha1_base64="/9F9ktZDHvzujB9ZxynnPqPG8Ow="></latexit><latexit sha1_base64="/9F9ktZDHvzujB9ZxynnPqPG8Ow="></latexit><latexit sha1_base64="/9F9ktZDHvzujB9ZxynnPqPG8Ow="></latexit>

g

m2
W

[ ̄�µ ][ ̄�µ ]
<latexit sha1_base64="P3LSa2sDqSw/vch+YSoopelNRwM=">AAACRXicfVDLSsNAFJ34rPVVdelmsAiuSlIEXRZd6LKCfUATw8100g6dScLMRCghn+R3+AGuBF27ciduddJ2oa14YODcc+7lzj1BwpnStv1sLS2vrK6tlzbKm1vbO7uVvf22ilNJaIvEPJbdABTlLKItzTSn3URSEAGnnWB0WfideyoVi6NbPU6oJ2AQsZAR0EbyK1duKIFkgzzDwu/c1XPccwOQmZsolrsDEAJ8V6S4qL1/LL9StWv2BHiRODNSRTM0/cqb249JKmikCQeleo6daC8DqRnhNC+7qaIJkBEMaM/QCARVXjY5OMfHRunjMJbmRRpP1J8TGQilxiIwnQL0UM17hfinp8xXhrQ/t16H517GoiTVNCLT7WHKsY5xESnuM0mJ5mNDgEhmDsBkCCZWbYIvm2Sc+RwWSbtec+yac3NabVzMMiqhQ3SETpCDzlADXaMmaiGCHtATekGv1qP1bn1Yn9PWJWs2c4B+wfr6Bp+cs+Y=</latexit><latexit sha1_base64="P3LSa2sDqSw/vch+YSoopelNRwM=">AAACRXicfVDLSsNAFJ34rPVVdelmsAiuSlIEXRZd6LKCfUATw8100g6dScLMRCghn+R3+AGuBF27ciduddJ2oa14YODcc+7lzj1BwpnStv1sLS2vrK6tlzbKm1vbO7uVvf22ilNJaIvEPJbdABTlLKItzTSn3URSEAGnnWB0WfideyoVi6NbPU6oJ2AQsZAR0EbyK1duKIFkgzzDwu/c1XPccwOQmZsolrsDEAJ8V6S4qL1/LL9StWv2BHiRODNSRTM0/cqb249JKmikCQeleo6daC8DqRnhNC+7qaIJkBEMaM/QCARVXjY5OMfHRunjMJbmRRpP1J8TGQilxiIwnQL0UM17hfinp8xXhrQ/t16H517GoiTVNCLT7WHKsY5xESnuM0mJ5mNDgEhmDsBkCCZWbYIvm2Sc+RwWSbtec+yac3NabVzMMiqhQ3SETpCDzlADXaMmaiGCHtATekGv1qP1bn1Yn9PWJWs2c4B+wfr6Bp+cs+Y=</latexit><latexit sha1_base64="P3LSa2sDqSw/vch+YSoopelNRwM=">AAACRXicfVDLSsNAFJ34rPVVdelmsAiuSlIEXRZd6LKCfUATw8100g6dScLMRCghn+R3+AGuBF27ciduddJ2oa14YODcc+7lzj1BwpnStv1sLS2vrK6tlzbKm1vbO7uVvf22ilNJaIvEPJbdABTlLKItzTSn3URSEAGnnWB0WfideyoVi6NbPU6oJ2AQsZAR0EbyK1duKIFkgzzDwu/c1XPccwOQmZsolrsDEAJ8V6S4qL1/LL9StWv2BHiRODNSRTM0/cqb249JKmikCQeleo6daC8DqRnhNC+7qaIJkBEMaM/QCARVXjY5OMfHRunjMJbmRRpP1J8TGQilxiIwnQL0UM17hfinp8xXhrQ/t16H517GoiTVNCLT7WHKsY5xESnuM0mJ5mNDgEhmDsBkCCZWbYIvm2Sc+RwWSbtec+yac3NabVzMMiqhQ3SETpCDzlADXaMmaiGCHtATekGv1qP1bn1Yn9PWJWs2c4B+wfr6Bp+cs+Y=</latexit><latexit sha1_base64="P3LSa2sDqSw/vch+YSoopelNRwM=">AAACRXicfVDLSsNAFJ34rPVVdelmsAiuSlIEXRZd6LKCfUATw8100g6dScLMRCghn+R3+AGuBF27ciduddJ2oa14YODcc+7lzj1BwpnStv1sLS2vrK6tlzbKm1vbO7uVvf22ilNJaIvEPJbdABTlLKItzTSn3URSEAGnnWB0WfideyoVi6NbPU6oJ2AQsZAR0EbyK1duKIFkgzzDwu/c1XPccwOQmZsolrsDEAJ8V6S4qL1/LL9StWv2BHiRODNSRTM0/cqb249JKmikCQeleo6daC8DqRnhNC+7qaIJkBEMaM/QCARVXjY5OMfHRunjMJbmRRpP1J8TGQilxiIwnQL0UM17hfinp8xXhrQ/t16H517GoiTVNCLT7WHKsY5xESnuM0mJ5mNDgEhmDsBkCCZWbYIvm2Sc+RwWSbtec+yac3NabVzMMiqhQ3SETpCDzlADXaMmaiGCHtATekGv1qP1bn1Yn9PWJWs2c4B+wfr6Bp+cs+Y=</latexit>

GF =
g

m2
W

<latexit sha1_base64="R69a4XQxrOdQJpchjHHH3FCToMU=">AAACFXicbZDLSsNAFIYn9VbrLerChZvBIrgqSRF0IxQFdVnBXqCNYTKZtENnJmFmIpSQ5/AB3OojuBO3rn0CX8Npm4W2/jDw859zOHO+IGFUacf5skpLyyura+X1ysbm1vaOvbvXVnEqMWnhmMWyGyBFGBWkpalmpJtIgnjASCcYXU3qnUciFY3FvR4nxONoIGhEMdIm8u2DG/8aXsB+JBHOBnkGud95qOfQt6tOzZkKLhq3MFVQqOnb3/0wxiknQmOGlOq5TqK9DElNMSN5pZ8qkiA8QgPSM1YgTpSXTQ/I4bFJQhjF0jyh4TT9PZEhrtSYB6aTIz1U87VJ+G9Nma8MSTi3XkfnXkZFkmoi8Gx7lDKoYzhBBEMqCdZsbAzCkpoDIB4iA0gbkBVDxp3nsGja9Zrr1Ny702rjsmBUBofgCJwAF5yBBrgFTdACGOTgGbyAV+vJerPerY9Za8kqZvbBH1mfP0x1nhU=</latexit><latexit sha1_base64="R69a4XQxrOdQJpchjHHH3FCToMU=">AAACFXicbZDLSsNAFIYn9VbrLerChZvBIrgqSRF0IxQFdVnBXqCNYTKZtENnJmFmIpSQ5/AB3OojuBO3rn0CX8Npm4W2/jDw859zOHO+IGFUacf5skpLyyura+X1ysbm1vaOvbvXVnEqMWnhmMWyGyBFGBWkpalmpJtIgnjASCcYXU3qnUciFY3FvR4nxONoIGhEMdIm8u2DG/8aXsB+JBHOBnkGud95qOfQt6tOzZkKLhq3MFVQqOnb3/0wxiknQmOGlOq5TqK9DElNMSN5pZ8qkiA8QgPSM1YgTpSXTQ/I4bFJQhjF0jyh4TT9PZEhrtSYB6aTIz1U87VJ+G9Nma8MSTi3XkfnXkZFkmoi8Gx7lDKoYzhBBEMqCdZsbAzCkpoDIB4iA0gbkBVDxp3nsGja9Zrr1Ny702rjsmBUBofgCJwAF5yBBrgFTdACGOTgGbyAV+vJerPerY9Za8kqZvbBH1mfP0x1nhU=</latexit><latexit sha1_base64="R69a4XQxrOdQJpchjHHH3FCToMU=">AAACFXicbZDLSsNAFIYn9VbrLerChZvBIrgqSRF0IxQFdVnBXqCNYTKZtENnJmFmIpSQ5/AB3OojuBO3rn0CX8Npm4W2/jDw859zOHO+IGFUacf5skpLyyura+X1ysbm1vaOvbvXVnEqMWnhmMWyGyBFGBWkpalmpJtIgnjASCcYXU3qnUciFY3FvR4nxONoIGhEMdIm8u2DG/8aXsB+JBHOBnkGud95qOfQt6tOzZkKLhq3MFVQqOnb3/0wxiknQmOGlOq5TqK9DElNMSN5pZ8qkiA8QgPSM1YgTpSXTQ/I4bFJQhjF0jyh4TT9PZEhrtSYB6aTIz1U87VJ+G9Nma8MSTi3XkfnXkZFkmoi8Gx7lDKoYzhBBEMqCdZsbAzCkpoDIB4iA0gbkBVDxp3nsGja9Zrr1Ny702rjsmBUBofgCJwAF5yBBrgFTdACGOTgGbyAV+vJerPerY9Za8kqZvbBH1mfP0x1nhU=</latexit><latexit sha1_base64="R69a4XQxrOdQJpchjHHH3FCToMU=">AAACFXicbZDLSsNAFIYn9VbrLerChZvBIrgqSRF0IxQFdVnBXqCNYTKZtENnJmFmIpSQ5/AB3OojuBO3rn0CX8Npm4W2/jDw859zOHO+IGFUacf5skpLyyura+X1ysbm1vaOvbvXVnEqMWnhmMWyGyBFGBWkpalmpJtIgnjASCcYXU3qnUciFY3FvR4nxONoIGhEMdIm8u2DG/8aXsB+JBHOBnkGud95qOfQt6tOzZkKLhq3MFVQqOnb3/0wxiknQmOGlOq5TqK9DElNMSN5pZ8qkiA8QgPSM1YgTpSXTQ/I4bFJQhjF0jyh4TT9PZEhrtSYB6aTIz1U87VJ+G9Nma8MSTi3XkfnXkZFkmoi8Gx7lDKoYzhBBEMqCdZsbAzCkpoDIB4iA0gbkBVDxp3nsGja9Zrr1Ny702rjsmBUBofgCJwAF5yBBrgFTdACGOTgGbyAV+vJerPerY9Za8kqZvbBH1mfP0x1nhU=</latexit>

Preserve unitarity

Explain GF
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EFT vs UV Theory

� ⇠ 1

p
< �rW ⇠ 1

mW
<latexit sha1_base64="g1MR/gQvRNSG5s+BsZ2LSrNqrSc=">AAACNnicbVDLSsNAFJ3UV62vqEs3g0VwVRIR7MJFURcuK9gHNCVMJjft0JkkzEyEEvIrfocf4Fb3btxJt36C08dCWw8MHM45lzv3BClnSjvOh1VaW9/Y3CpvV3Z29/YP7MOjtkoySaFFE57IbkAUcBZDSzPNoZtKICLg0AlGt1O/8wRSsSR+1OMU+oIMYhYxSrSRfLvucRMOCfYUE9iLJKG5W+Rpga+xdwdcEyz9zpIr/E7h21Wn5syAV4m7IFW0QNO3J16Y0ExArCknSvVcJ9X9nEjNKIei4mUKUkJHZAA9Q2MiQPXz2YUFPjNKiKNEmhdrPFN/T+REKDUWgUkKoodq2ZuK/3rKfGUI4dJ6HdX7OYvTTENM59ujjGOd4GmHOGQSqOZjQwiVzByA6ZCYcrRpumKacZd7WCXti5rr1NyHy2rjZtFRGZ2gU3SOXHSFGugeNVELUfSMXtEberderE/ry5rMoyVrMXOM/sD6/gE0+awK</latexit><latexit sha1_base64="g1MR/gQvRNSG5s+BsZ2LSrNqrSc=">AAACNnicbVDLSsNAFJ3UV62vqEs3g0VwVRIR7MJFURcuK9gHNCVMJjft0JkkzEyEEvIrfocf4Fb3btxJt36C08dCWw8MHM45lzv3BClnSjvOh1VaW9/Y3CpvV3Z29/YP7MOjtkoySaFFE57IbkAUcBZDSzPNoZtKICLg0AlGt1O/8wRSsSR+1OMU+oIMYhYxSrSRfLvucRMOCfYUE9iLJKG5W+Rpga+xdwdcEyz9zpIr/E7h21Wn5syAV4m7IFW0QNO3J16Y0ExArCknSvVcJ9X9nEjNKIei4mUKUkJHZAA9Q2MiQPXz2YUFPjNKiKNEmhdrPFN/T+REKDUWgUkKoodq2ZuK/3rKfGUI4dJ6HdX7OYvTTENM59ujjGOd4GmHOGQSqOZjQwiVzByA6ZCYcrRpumKacZd7WCXti5rr1NyHy2rjZtFRGZ2gU3SOXHSFGugeNVELUfSMXtEberderE/ry5rMoyVrMXOM/sD6/gE0+awK</latexit><latexit sha1_base64="g1MR/gQvRNSG5s+BsZ2LSrNqrSc=">AAACNnicbVDLSsNAFJ3UV62vqEs3g0VwVRIR7MJFURcuK9gHNCVMJjft0JkkzEyEEvIrfocf4Fb3btxJt36C08dCWw8MHM45lzv3BClnSjvOh1VaW9/Y3CpvV3Z29/YP7MOjtkoySaFFE57IbkAUcBZDSzPNoZtKICLg0AlGt1O/8wRSsSR+1OMU+oIMYhYxSrSRfLvucRMOCfYUE9iLJKG5W+Rpga+xdwdcEyz9zpIr/E7h21Wn5syAV4m7IFW0QNO3J16Y0ExArCknSvVcJ9X9nEjNKIei4mUKUkJHZAA9Q2MiQPXz2YUFPjNKiKNEmhdrPFN/T+REKDUWgUkKoodq2ZuK/3rKfGUI4dJ6HdX7OYvTTENM59ujjGOd4GmHOGQSqOZjQwiVzByA6ZCYcrRpumKacZd7WCXti5rr1NyHy2rjZtFRGZ2gU3SOXHSFGugeNVELUfSMXtEberderE/ry5rMoyVrMXOM/sD6/gE0+awK</latexit><latexit sha1_base64="g1MR/gQvRNSG5s+BsZ2LSrNqrSc=">AAACNnicbVDLSsNAFJ3UV62vqEs3g0VwVRIR7MJFURcuK9gHNCVMJjft0JkkzEyEEvIrfocf4Fb3btxJt36C08dCWw8MHM45lzv3BClnSjvOh1VaW9/Y3CpvV3Z29/YP7MOjtkoySaFFE57IbkAUcBZDSzPNoZtKICLg0AlGt1O/8wRSsSR+1OMU+oIMYhYxSrSRfLvucRMOCfYUE9iLJKG5W+Rpga+xdwdcEyz9zpIr/E7h21Wn5syAV4m7IFW0QNO3J16Y0ExArCknSvVcJ9X9nEjNKIei4mUKUkJHZAA9Q2MiQPXz2YUFPjNKiKNEmhdrPFN/T+REKDUWgUkKoodq2ZuK/3rKfGUI4dJ6HdX7OYvTTENM59ujjGOd4GmHOGQSqOZjQwiVzByA6ZCYcrRpumKacZd7WCXti5rr1NyHy2rjZtFRGZ2gU3SOXHSFGugeNVELUfSMXtEberderE/ry5rMoyVrMXOM/sD6/gE0+awK</latexit>

� ⇠ 1

p
> �rW ⇠ 1

mW
<latexit sha1_base64="uY6kPUIqwpclL84kf5CkYG9Gi/4=">AAACNnicbVDLSsNAFJ3UV62vqEs3g0VwVRIR7EqKunBZwT6gKWEyuWmHziRhZiKUkF/xO/wAt7p340669ROcPhbaemDgcM653LknSDlT2nE+rNLa+sbmVnm7srO7t39gHx61VZJJCi2a8ER2A6KAsxhammkO3VQCEQGHTjC6nfqdJ5CKJfGjHqfQF2QQs4hRoo3k23WPm3BIsKeYwF4kCc3dIk8LfI29O+CaYOl3llzhdwrfrjo1Zwa8StwFqaIFmr498cKEZgJiTTlRquc6qe7nRGpGORQVL1OQEjoiA+gZGhMBqp/PLizwmVFCHCXSvFjjmfp7IidCqbEITFIQPVTL3lT811PmK0MIl9brqN7PWZxmGmI63x5lHOsETzvEIZNANR8bQqhk5gBMh8SUo03TFdOMu9zDKmlf1Fyn5j5cVhs3i47K6ASdonPkoivUQPeoiVqIomf0it7Qu/VifVpf1mQeLVmLmWP0B9b3DzhnrAw=</latexit><latexit sha1_base64="uY6kPUIqwpclL84kf5CkYG9Gi/4=">AAACNnicbVDLSsNAFJ3UV62vqEs3g0VwVRIR7EqKunBZwT6gKWEyuWmHziRhZiKUkF/xO/wAt7p340669ROcPhbaemDgcM653LknSDlT2nE+rNLa+sbmVnm7srO7t39gHx61VZJJCi2a8ER2A6KAsxhammkO3VQCEQGHTjC6nfqdJ5CKJfGjHqfQF2QQs4hRoo3k23WPm3BIsKeYwF4kCc3dIk8LfI29O+CaYOl3llzhdwrfrjo1Zwa8StwFqaIFmr498cKEZgJiTTlRquc6qe7nRGpGORQVL1OQEjoiA+gZGhMBqp/PLizwmVFCHCXSvFjjmfp7IidCqbEITFIQPVTL3lT811PmK0MIl9brqN7PWZxmGmI63x5lHOsETzvEIZNANR8bQqhk5gBMh8SUo03TFdOMu9zDKmlf1Fyn5j5cVhs3i47K6ASdonPkoivUQPeoiVqIomf0it7Qu/VifVpf1mQeLVmLmWP0B9b3DzhnrAw=</latexit><latexit sha1_base64="uY6kPUIqwpclL84kf5CkYG9Gi/4=">AAACNnicbVDLSsNAFJ3UV62vqEs3g0VwVRIR7EqKunBZwT6gKWEyuWmHziRhZiKUkF/xO/wAt7p340669ROcPhbaemDgcM653LknSDlT2nE+rNLa+sbmVnm7srO7t39gHx61VZJJCi2a8ER2A6KAsxhammkO3VQCEQGHTjC6nfqdJ5CKJfGjHqfQF2QQs4hRoo3k23WPm3BIsKeYwF4kCc3dIk8LfI29O+CaYOl3llzhdwrfrjo1Zwa8StwFqaIFmr498cKEZgJiTTlRquc6qe7nRGpGORQVL1OQEjoiA+gZGhMBqp/PLizwmVFCHCXSvFjjmfp7IidCqbEITFIQPVTL3lT811PmK0MIl9brqN7PWZxmGmI63x5lHOsETzvEIZNANR8bQqhk5gBMh8SUo03TFdOMu9zDKmlf1Fyn5j5cVhs3i47K6ASdonPkoivUQPeoiVqIomf0it7Qu/VifVpf1mQeLVmLmWP0B9b3DzhnrAw=</latexit><latexit sha1_base64="uY6kPUIqwpclL84kf5CkYG9Gi/4=">AAACNnicbVDLSsNAFJ3UV62vqEs3g0VwVRIR7EqKunBZwT6gKWEyuWmHziRhZiKUkF/xO/wAt7p340669ROcPhbaemDgcM653LknSDlT2nE+rNLa+sbmVnm7srO7t39gHx61VZJJCi2a8ER2A6KAsxhammkO3VQCEQGHTjC6nfqdJ5CKJfGjHqfQF2QQs4hRoo3k23WPm3BIsKeYwF4kCc3dIk8LfI29O+CaYOl3llzhdwrfrjo1Zwa8StwFqaIFmr498cKEZgJiTTlRquc6qe7nRGpGORQVL1OQEjoiA+gZGhMBqp/PLizwmVFCHCXSvFjjmfp7IidCqbEITFIQPVTL3lT811PmK0MIl9brqN7PWZxmGmI63x5lHOsETzvEIZNANR8bQqhk5gBMh8SUo03TFdOMu9zDKmlf1Fyn5j5cVhs3i47K6ASdonPkoivUQPeoiVqIomf0it7Qu/VifVpf1mQeLVmLmWP0B9b3DzhnrAw=</latexit>

weak

0.00

V (r) = � g2

4⇡

1

r
e�m�r

<latexit sha1_base64="eQWZZxSD0ZtLmhSPWcwioCw4TOY="></latexit><latexit sha1_base64="eQWZZxSD0ZtLmhSPWcwioCw4TOY="></latexit><latexit sha1_base64="eQWZZxSD0ZtLmhSPWcwioCw4TOY="></latexit><latexit sha1_base64="eQWZZxSD0ZtLmhSPWcwioCw4TOY="></latexit>

EFT contact interaction at low energy

Long-range interaction at UV Other UV?

Top-down

Bottom-up
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Euler-Heisenberg EFT
Light-by-light scattering at very low energy scale

Give the UV theory (QED)

photon does interact with itself
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Dimensional Analysis
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Power Counting

Normalized scattering amplitude follows the EFT power counting formula

How about beyond tree-level?

A ⇠ ci
⇣ p

⇤

⌘di�4

<latexit sha1_base64="frphAzwnDQ0FgIvGUV7hIzfWbuE="></latexit><latexit sha1_base64="frphAzwnDQ0FgIvGUV7hIzfWbuE="></latexit><latexit sha1_base64="frphAzwnDQ0FgIvGUV7hIzfWbuE="></latexit><latexit sha1_base64="frphAzwnDQ0FgIvGUV7hIzfWbuE="></latexit>

A ⇠ cicj
⇣ p

⇤

⌘ni+nj

<latexit sha1_base64="/XKh09dNEh6Ded6zRK2c8gP6RT8="></latexit><latexit sha1_base64="/XKh09dNEh6Ded6zRK2c8gP6RT8="></latexit><latexit sha1_base64="/XKh09dNEh6Ded6zRK2c8gP6RT8="></latexit><latexit sha1_base64="/XKh09dNEh6Ded6zRK2c8gP6RT8="></latexit>

ci
<latexit sha1_base64="aqiRAOLFZsLUlzQYoPEJuX+Qbhg=">AAAB/3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eKthbaUDabSbt0swm7G6GEHvwBXvUneBOv/hR/gX/DbZuDtj4YeLw3w8y8IBVcG9f9ckorq2vrG+XNytb2zu5edf+grZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj66n/8IhK80Tem3GKfkwHkkecUWOlO9bn/WrNrbszkGXiFaQGBZr96ncvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7raXvKEMOF9Sa69HMu08ygZPPtUSaIScg0DBJyhcyIsSWUKW4fIGxIFWXGRlaxyXiLOSyT9lndc+ve7XmtcVVkVIYjOIZT8OACGnADTWgBgwE8wwu8Ok/Om/PufMxbS04xcwh/4Hz+ADf2lpw=</latexit><latexit sha1_base64="aqiRAOLFZsLUlzQYoPEJuX+Qbhg=">AAAB/3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eKthbaUDabSbt0swm7G6GEHvwBXvUneBOv/hR/gX/DbZuDtj4YeLw3w8y8IBVcG9f9ckorq2vrG+XNytb2zu5edf+grZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj66n/8IhK80Tem3GKfkwHkkecUWOlO9bn/WrNrbszkGXiFaQGBZr96ncvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7raXvKEMOF9Sa69HMu08ygZPPtUSaIScg0DBJyhcyIsSWUKW4fIGxIFWXGRlaxyXiLOSyT9lndc+ve7XmtcVVkVIYjOIZT8OACGnADTWgBgwE8wwu8Ok/Om/PufMxbS04xcwh/4Hz+ADf2lpw=</latexit><latexit sha1_base64="aqiRAOLFZsLUlzQYoPEJuX+Qbhg=">AAAB/3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eKthbaUDabSbt0swm7G6GEHvwBXvUneBOv/hR/gX/DbZuDtj4YeLw3w8y8IBVcG9f9ckorq2vrG+XNytb2zu5edf+grZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj66n/8IhK80Tem3GKfkwHkkecUWOlO9bn/WrNrbszkGXiFaQGBZr96ncvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7raXvKEMOF9Sa69HMu08ygZPPtUSaIScg0DBJyhcyIsSWUKW4fIGxIFWXGRlaxyXiLOSyT9lndc+ve7XmtcVVkVIYjOIZT8OACGnADTWgBgwE8wwu8Ok/Om/PufMxbS04xcwh/4Hz+ADf2lpw=</latexit><latexit sha1_base64="aqiRAOLFZsLUlzQYoPEJuX+Qbhg=">AAAB/3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eKthbaUDabSbt0swm7G6GEHvwBXvUneBOv/hR/gX/DbZuDtj4YeLw3w8y8IBVcG9f9ckorq2vrG+XNytb2zu5edf+grZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj66n/8IhK80Tem3GKfkwHkkecUWOlO9bn/WrNrbszkGXiFaQGBZr96ncvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7raXvKEMOF9Sa69HMu08ygZPPtUSaIScg0DBJyhcyIsSWUKW4fIGxIFWXGRlaxyXiLOSyT9lndc+ve7XmtcVVkVIYjOIZT8OACGnADTWgBgwE8wwu8Ok/Om/PufMxbS04xcwh/4Hz+ADf2lpw=</latexit>

cj
<latexit sha1_base64="YJYzxhoyfgwG1tL1SSPHAu1tem0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJczO9iZjZmeXmVkhhBz8AK/6Cd7Eq5/iF/gbTpI9aGJBQ1HVTXdXkAqujet+OYWV1bX1jeJmaWt7Z3evvH/Q1EmmGDZYIhLVDqhGwSU2DDcC26lCGgcCW8Hweuq3HlFpnsh7M0rRj2lf8ogzaqx0x3oPvXLFrbozkGXi5aQCOeq98nc3TFgWozRMUK07npsaf0yV4UzgpNTNNKaUDWkfO5ZKGqP2x7NTJ+TEKiGJEmVLGjJTf0+Maaz1KA5sZ0zNQC96U/FfT9tTBhgurDfRpT/mMs0MSjbfHmWCmIRMwyAhV8iMGFlCmeL2AcIGVFFmbGQlm4y3mMMyaZ5VPbfq3Z5Xald5RkU4gmM4BQ8uoAY3UIcGMOjDM7zAq/PkvDnvzse8teDkM4fwB87nDzmPlp0=</latexit><latexit sha1_base64="YJYzxhoyfgwG1tL1SSPHAu1tem0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJczO9iZjZmeXmVkhhBz8AK/6Cd7Eq5/iF/gbTpI9aGJBQ1HVTXdXkAqujet+OYWV1bX1jeJmaWt7Z3evvH/Q1EmmGDZYIhLVDqhGwSU2DDcC26lCGgcCW8Hweuq3HlFpnsh7M0rRj2lf8ogzaqx0x3oPvXLFrbozkGXi5aQCOeq98nc3TFgWozRMUK07npsaf0yV4UzgpNTNNKaUDWkfO5ZKGqP2x7NTJ+TEKiGJEmVLGjJTf0+Maaz1KA5sZ0zNQC96U/FfT9tTBhgurDfRpT/mMs0MSjbfHmWCmIRMwyAhV8iMGFlCmeL2AcIGVFFmbGQlm4y3mMMyaZ5VPbfq3Z5Xald5RkU4gmM4BQ8uoAY3UIcGMOjDM7zAq/PkvDnvzse8teDkM4fwB87nDzmPlp0=</latexit><latexit sha1_base64="YJYzxhoyfgwG1tL1SSPHAu1tem0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJczO9iZjZmeXmVkhhBz8AK/6Cd7Eq5/iF/gbTpI9aGJBQ1HVTXdXkAqujet+OYWV1bX1jeJmaWt7Z3evvH/Q1EmmGDZYIhLVDqhGwSU2DDcC26lCGgcCW8Hweuq3HlFpnsh7M0rRj2lf8ogzaqx0x3oPvXLFrbozkGXi5aQCOeq98nc3TFgWozRMUK07npsaf0yV4UzgpNTNNKaUDWkfO5ZKGqP2x7NTJ+TEKiGJEmVLGjJTf0+Maaz1KA5sZ0zNQC96U/FfT9tTBhgurDfRpT/mMs0MSjbfHmWCmIRMwyAhV8iMGFlCmeL2AcIGVFFmbGQlm4y3mMMyaZ5VPbfq3Z5Xald5RkU4gmM4BQ8uoAY3UIcGMOjDM7zAq/PkvDnvzse8teDkM4fwB87nDzmPlp0=</latexit><latexit sha1_base64="YJYzxhoyfgwG1tL1SSPHAu1tem0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJczO9iZjZmeXmVkhhBz8AK/6Cd7Eq5/iF/gbTpI9aGJBQ1HVTXdXkAqujet+OYWV1bX1jeJmaWt7Z3evvH/Q1EmmGDZYIhLVDqhGwSU2DDcC26lCGgcCW8Hweuq3HlFpnsh7M0rRj2lf8ogzaqx0x3oPvXLFrbozkGXi5aQCOeq98nc3TFgWozRMUK07npsaf0yV4UzgpNTNNKaUDWkfO5ZKGqP2x7NTJ+TEKiGJEmVLGjJTf0+Maaz1KA5sZ0zNQC96U/FfT9tTBhgurDfRpT/mMs0MSjbfHmWCmIRMwyAhV8iMGFlCmeL2AcIGVFFmbGQlm4y3mMMyaZ5VPbfq3Z5Xald5RkU4gmM4BQ8uoAY3UIcGMOjDM7zAq/PkvDnvzse8teDkM4fwB87nDzmPlp0=</latexit>

ci
<latexit sha1_base64="aqiRAOLFZsLUlzQYoPEJuX+Qbhg=">AAAB/3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eKthbaUDabSbt0swm7G6GEHvwBXvUneBOv/hR/gX/DbZuDtj4YeLw3w8y8IBVcG9f9ckorq2vrG+XNytb2zu5edf+grZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj66n/8IhK80Tem3GKfkwHkkecUWOlO9bn/WrNrbszkGXiFaQGBZr96ncvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7raXvKEMOF9Sa69HMu08ygZPPtUSaIScg0DBJyhcyIsSWUKW4fIGxIFWXGRlaxyXiLOSyT9lndc+ve7XmtcVVkVIYjOIZT8OACGnADTWgBgwE8wwu8Ok/Om/PufMxbS04xcwh/4Hz+ADf2lpw=</latexit><latexit sha1_base64="aqiRAOLFZsLUlzQYoPEJuX+Qbhg=">AAAB/3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eKthbaUDabSbt0swm7G6GEHvwBXvUneBOv/hR/gX/DbZuDtj4YeLw3w8y8IBVcG9f9ckorq2vrG+XNytb2zu5edf+grZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj66n/8IhK80Tem3GKfkwHkkecUWOlO9bn/WrNrbszkGXiFaQGBZr96ncvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7raXvKEMOF9Sa69HMu08ygZPPtUSaIScg0DBJyhcyIsSWUKW4fIGxIFWXGRlaxyXiLOSyT9lndc+ve7XmtcVVkVIYjOIZT8OACGnADTWgBgwE8wwu8Ok/Om/PufMxbS04xcwh/4Hz+ADf2lpw=</latexit><latexit sha1_base64="aqiRAOLFZsLUlzQYoPEJuX+Qbhg=">AAAB/3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eKthbaUDabSbt0swm7G6GEHvwBXvUneBOv/hR/gX/DbZuDtj4YeLw3w8y8IBVcG9f9ckorq2vrG+XNytb2zu5edf+grZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj66n/8IhK80Tem3GKfkwHkkecUWOlO9bn/WrNrbszkGXiFaQGBZr96ncvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7raXvKEMOF9Sa69HMu08ygZPPtUSaIScg0DBJyhcyIsSWUKW4fIGxIFWXGRlaxyXiLOSyT9lndc+ve7XmtcVVkVIYjOIZT8OACGnADTWgBgwE8wwu8Ok/Om/PufMxbS04xcwh/4Hz+ADf2lpw=</latexit><latexit sha1_base64="aqiRAOLFZsLUlzQYoPEJuX+Qbhg=">AAAB/3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eKthbaUDabSbt0swm7G6GEHvwBXvUneBOv/hR/gX/DbZuDtj4YeLw3w8y8IBVcG9f9ckorq2vrG+XNytb2zu5edf+grZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj66n/8IhK80Tem3GKfkwHkkecUWOlO9bn/WrNrbszkGXiFaQGBZr96ncvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7raXvKEMOF9Sa69HMu08ygZPPtUSaIScg0DBJyhcyIsSWUKW4fIGxIFWXGRlaxyXiLOSyT9lndc+ve7XmtcVVkVIYjOIZT8OACGnADTWgBgwE8wwu8Ok/Om/PufMxbS04xcwh/4Hz+ADf2lpw=</latexit>

ni = di � 4
<latexit sha1_base64="zJFN45Z/y+AK5yGL58u8iZ7479o=">AAACCXicbVBLSgNBEK2Jvxh/UZduGoPgxjAjAd0IQTcuI5gPJEPo6alJmvT0jN09Qgg5gQdwq0dwJ249hSfwGnY+C0180M3jvSqq6gWp4Nq47peTW1ldW9/Ibxa2tnd294r7Bw2dZIphnSUiUa2AahRcYt1wI7CVKqRxILAZDG4mfvMRleaJvDfDFP2Y9iSPOKPGSr7scnJFQvufkUq3WHLL7hRkmXhzUoI5at3idydMWBajNExQrduemxp/RJXhTOC40Mk0ppQNaA/blkoao/ZH06XH5MQqIYkSZZ80ZKr+7hjRWOthHNjKmJq+XvQm4r+etqv0MVwYb6JLf8RlmhmUbDY9ygQxCZnEQkKukBkxtIQyxe0BhPWposzY8Ao2GW8xh2XSOC97btm7q5Sq1/OM8nAEx3AKHlxAFW6hBnVg8ADP8AKvzpPz5rw7H7PSnDPvOYQ/cD5/AHsVmVU=</latexit><latexit sha1_base64="zJFN45Z/y+AK5yGL58u8iZ7479o=">AAACCXicbVBLSgNBEK2Jvxh/UZduGoPgxjAjAd0IQTcuI5gPJEPo6alJmvT0jN09Qgg5gQdwq0dwJ249hSfwGnY+C0180M3jvSqq6gWp4Nq47peTW1ldW9/Ibxa2tnd294r7Bw2dZIphnSUiUa2AahRcYt1wI7CVKqRxILAZDG4mfvMRleaJvDfDFP2Y9iSPOKPGSr7scnJFQvufkUq3WHLL7hRkmXhzUoI5at3idydMWBajNExQrduemxp/RJXhTOC40Mk0ppQNaA/blkoao/ZH06XH5MQqIYkSZZ80ZKr+7hjRWOthHNjKmJq+XvQm4r+etqv0MVwYb6JLf8RlmhmUbDY9ygQxCZnEQkKukBkxtIQyxe0BhPWposzY8Ao2GW8xh2XSOC97btm7q5Sq1/OM8nAEx3AKHlxAFW6hBnVg8ADP8AKvzpPz5rw7H7PSnDPvOYQ/cD5/AHsVmVU=</latexit><latexit sha1_base64="zJFN45Z/y+AK5yGL58u8iZ7479o=">AAACCXicbVBLSgNBEK2Jvxh/UZduGoPgxjAjAd0IQTcuI5gPJEPo6alJmvT0jN09Qgg5gQdwq0dwJ249hSfwGnY+C0180M3jvSqq6gWp4Nq47peTW1ldW9/Ibxa2tnd294r7Bw2dZIphnSUiUa2AahRcYt1wI7CVKqRxILAZDG4mfvMRleaJvDfDFP2Y9iSPOKPGSr7scnJFQvufkUq3WHLL7hRkmXhzUoI5at3idydMWBajNExQrduemxp/RJXhTOC40Mk0ppQNaA/blkoao/ZH06XH5MQqIYkSZZ80ZKr+7hjRWOthHNjKmJq+XvQm4r+etqv0MVwYb6JLf8RlmhmUbDY9ygQxCZnEQkKukBkxtIQyxe0BhPWposzY8Ao2GW8xh2XSOC97btm7q5Sq1/OM8nAEx3AKHlxAFW6hBnVg8ADP8AKvzpPz5rw7H7PSnDPvOYQ/cD5/AHsVmVU=</latexit><latexit sha1_base64="zJFN45Z/y+AK5yGL58u8iZ7479o=">AAACCXicbVBLSgNBEK2Jvxh/UZduGoPgxjAjAd0IQTcuI5gPJEPo6alJmvT0jN09Qgg5gQdwq0dwJ249hSfwGnY+C0180M3jvSqq6gWp4Nq47peTW1ldW9/Ibxa2tnd294r7Bw2dZIphnSUiUa2AahRcYt1wI7CVKqRxILAZDG4mfvMRleaJvDfDFP2Y9iSPOKPGSr7scnJFQvufkUq3WHLL7hRkmXhzUoI5at3idydMWBajNExQrduemxp/RJXhTOC40Mk0ppQNaA/blkoao/ZH06XH5MQqIYkSZZ80ZKr+7hjRWOthHNjKmJq+XvQm4r+etqv0MVwYb6JLf8RlmhmUbDY9ygQxCZnEQkKukBkxtIQyxe0BhPWposzY8Ao2GW8xh2XSOC97btm7q5Sq1/OM8nAEx3AKHlxAFW6hBnVg8ADP8AKvzpPz5rw7H7PSnDPvOYQ/cD5/AHsVmVU=</latexit>

EFT Lagrangian expansion based on canonical dimension

Le↵ =
X

i

ci
⇤di�4

O
di

<latexit sha1_base64="UR24aMU6Ai6FQyqOWiIAUH42OHM="></latexit><latexit sha1_base64="UR24aMU6Ai6FQyqOWiIAUH42OHM="></latexit><latexit sha1_base64="UR24aMU6Ai6FQyqOWiIAUH42OHM="></latexit><latexit sha1_base64="UR24aMU6Ai6FQyqOWiIAUH42OHM="></latexit>
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Counter terms
Counterterms from higher dim operators

· · ·+ dn
<latexit sha1_base64="z4n8xh4qkmWbzoTYcN0G4yUTwek=">AAACCHicbVBLSgNBEK2Jvxh/UZduGoMgCGFGBF0G3biMYGIgM4SenpqkSU/P0N0jhJALeAC3egR34tZbeAKvYSeZhSY+KHi8V0VVvTATXBvX/XJKK6tr6xvlzcrW9s7uXnX/oK3TXDFssVSkqhNSjYJLbBluBHYyhTQJBT6Ew5up//CISvNU3ptRhkFC+5LHnFFjJd9nUWo0OSNRT/aqNbfuzkCWiVeQGhRo9qrffpSyPEFpmKBadz03M8GYKsOZwEnFzzVmlA1pH7uWSpqgDsazmyfkxCoRiVNlSxoyU39PjGmi9SgJbWdCzUAvelPxX0/bUwYYLaw38VUw5jLLDUo23x7ngpiUTFMhEVfIjBhZQpni9gHCBlRRZmx2FZuMt5jDMmmf1z237t1d1BrXRUZlOIJjOAUPLqEBt9CEFjDI4Ble4NV5ct6cd+dj3lpyiplD+APn8wdDsZng</latexit><latexit sha1_base64="z4n8xh4qkmWbzoTYcN0G4yUTwek=">AAACCHicbVBLSgNBEK2Jvxh/UZduGoMgCGFGBF0G3biMYGIgM4SenpqkSU/P0N0jhJALeAC3egR34tZbeAKvYSeZhSY+KHi8V0VVvTATXBvX/XJKK6tr6xvlzcrW9s7uXnX/oK3TXDFssVSkqhNSjYJLbBluBHYyhTQJBT6Ew5up//CISvNU3ptRhkFC+5LHnFFjJd9nUWo0OSNRT/aqNbfuzkCWiVeQGhRo9qrffpSyPEFpmKBadz03M8GYKsOZwEnFzzVmlA1pH7uWSpqgDsazmyfkxCoRiVNlSxoyU39PjGmi9SgJbWdCzUAvelPxX0/bUwYYLaw38VUw5jLLDUo23x7ngpiUTFMhEVfIjBhZQpni9gHCBlRRZmx2FZuMt5jDMmmf1z237t1d1BrXRUZlOIJjOAUPLqEBt9CEFjDI4Ble4NV5ct6cd+dj3lpyiplD+APn8wdDsZng</latexit><latexit sha1_base64="z4n8xh4qkmWbzoTYcN0G4yUTwek=">AAACCHicbVBLSgNBEK2Jvxh/UZduGoMgCGFGBF0G3biMYGIgM4SenpqkSU/P0N0jhJALeAC3egR34tZbeAKvYSeZhSY+KHi8V0VVvTATXBvX/XJKK6tr6xvlzcrW9s7uXnX/oK3TXDFssVSkqhNSjYJLbBluBHYyhTQJBT6Ew5up//CISvNU3ptRhkFC+5LHnFFjJd9nUWo0OSNRT/aqNbfuzkCWiVeQGhRo9qrffpSyPEFpmKBadz03M8GYKsOZwEnFzzVmlA1pH7uWSpqgDsazmyfkxCoRiVNlSxoyU39PjGmi9SgJbWdCzUAvelPxX0/bUwYYLaw38VUw5jLLDUo23x7ngpiUTFMhEVfIjBhZQpni9gHCBlRRZmx2FZuMt5jDMmmf1z237t1d1BrXRUZlOIJjOAUPLqEBt9CEFjDI4Ble4NV5ct6cd+dj3lpyiplD+APn8wdDsZng</latexit><latexit sha1_base64="z4n8xh4qkmWbzoTYcN0G4yUTwek=">AAACCHicbVBLSgNBEK2Jvxh/UZduGoMgCGFGBF0G3biMYGIgM4SenpqkSU/P0N0jhJALeAC3egR34tZbeAKvYSeZhSY+KHi8V0VVvTATXBvX/XJKK6tr6xvlzcrW9s7uXnX/oK3TXDFssVSkqhNSjYJLbBluBHYyhTQJBT6Ew5up//CISvNU3ptRhkFC+5LHnFFjJd9nUWo0OSNRT/aqNbfuzkCWiVeQGhRo9qrffpSyPEFpmKBadz03M8GYKsOZwEnFzzVmlA1pH7uWSpqgDsazmyfkxCoRiVNlSxoyU39PjGmi9SgJbWdCzUAvelPxX0/bUwYYLaw38VUw5jLLDUo23x7ngpiUTFMhEVfIjBhZQpni9gHCBlRRZmx2FZuMt5jDMmmf1z237t1d1BrXRUZlOIJjOAUPLqEBt9CEFjDI4Ble4NV5ct6cd+dj3lpyiplD+APn8wdDsZng</latexit>

+
<latexit sha1_base64="wveYuweAWAfmG071bNY19x2D2Hg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLsbCcZMju7zMwKYQl+gFf9BG/i1W/xC/wNJ8keNLGgoajqprsrSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/Pbj6g0j+WDmSToR3Qo+YAzaqzUuOiXK27VnYOsEi8nFchR75e/e2HM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVVCMoiVLWnIXP09kdFI60kU2M6ImpFe9mbiv562p4wwXFpvBjd+xmWSGpRssX2QCmJiMouChFwhM2JiCWWK2wcIG1FFmbGBlWwy3nIOq6R1WfXcqte4qtRu84yKcAKncA4eXEMN7qEOTWCA8Awv8Oo8OW/Ou/OxaC04+cwx/IHz+QNTv5WI</latexit><latexit sha1_base64="wveYuweAWAfmG071bNY19x2D2Hg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLsbCcZMju7zMwKYQl+gFf9BG/i1W/xC/wNJ8keNLGgoajqprsrSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/Pbj6g0j+WDmSToR3Qo+YAzaqzUuOiXK27VnYOsEi8nFchR75e/e2HM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVVCMoiVLWnIXP09kdFI60kU2M6ImpFe9mbiv562p4wwXFpvBjd+xmWSGpRssX2QCmJiMouChFwhM2JiCWWK2wcIG1FFmbGBlWwy3nIOq6R1WfXcqte4qtRu84yKcAKncA4eXEMN7qEOTWCA8Awv8Oo8OW/Ou/OxaC04+cwx/IHz+QNTv5WI</latexit><latexit sha1_base64="wveYuweAWAfmG071bNY19x2D2Hg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLsbCcZMju7zMwKYQl+gFf9BG/i1W/xC/wNJ8keNLGgoajqprsrSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/Pbj6g0j+WDmSToR3Qo+YAzaqzUuOiXK27VnYOsEi8nFchR75e/e2HM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVVCMoiVLWnIXP09kdFI60kU2M6ImpFe9mbiv562p4wwXFpvBjd+xmWSGpRssX2QCmJiMouChFwhM2JiCWWK2wcIG1FFmbGBlWwy3nIOq6R1WfXcqte4qtRu84yKcAKncA4eXEMN7qEOTWCA8Awv8Oo8OW/Ou/OxaC04+cwx/IHz+QNTv5WI</latexit><latexit sha1_base64="wveYuweAWAfmG071bNY19x2D2Hg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLsbCcZMju7zMwKYQl+gFf9BG/i1W/xC/wNJ8keNLGgoajqprsrSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/Pbj6g0j+WDmSToR3Qo+YAzaqzUuOiXK27VnYOsEi8nFchR75e/e2HM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVVCMoiVLWnIXP09kdFI60kU2M6ImpFe9mbiv562p4wwXFpvBjd+xmWSGpRssX2QCmJiMouChFwhM2JiCWWK2wcIG1FFmbGBlWwy3nIOq6R1WfXcqte4qtRu84yKcAKncA4eXEMN7qEOTWCA8Awv8Oo8OW/Ou/OxaC04+cwx/IHz+QNTv5WI</latexit>

⇣ p

⇤

⌘di�4 0

<latexit sha1_base64="pX7s8LLKoLySWafw3d+SzCaCPlQ="></latexit><latexit sha1_base64="pX7s8LLKoLySWafw3d+SzCaCPlQ="></latexit><latexit sha1_base64="pX7s8LLKoLySWafw3d+SzCaCPlQ="></latexit><latexit sha1_base64="pX7s8LLKoLySWafw3d+SzCaCPlQ="></latexit>

di  4
<latexit sha1_base64="eQpGqBEXPq2odtxTsF/mvjihTrQ=">AAACCnicbVBLSgNBEK3xG+Mv6tJNYxBcSJiRgC6DblxGMB9IxtDTU5M06ekZunuEEHIDD+BWj+BO3HoJT+A17CSz0MTXNDzeq6KqXpAKro3rfjkrq2vrG5uFreL2zu7efungsKmTTDFssEQkqh1QjYJLbBhuBLZThTQOBLaC4c3Ubz2i0jyR92aUoh/TvuQRZ9RY6SHscUK65/YJJNVeqexW3BnIMvFyUoYc9V7puxsmLItRGiao1h3PTY0/pspwJnBS7GYaU8qGtI8dSyWNUfvj2dYTcmqVkESJsl8aMlN/d4xprPUoDmxlTM1AL3pT8V9P21UGGC6MN9GVP+YyzQxKNp8eZYKYhExzISFXyIwYWUKZ4vYAwgZUUWZsekWbjLeYwzJpXlQ8t+LdVcu16zyjAhzDCZyBB5dQg1uoQwMYKHiGF3h1npw35935mJeuOHnPEfyB8/kDaxuZ3A==</latexit><latexit sha1_base64="eQpGqBEXPq2odtxTsF/mvjihTrQ=">AAACCnicbVBLSgNBEK3xG+Mv6tJNYxBcSJiRgC6DblxGMB9IxtDTU5M06ekZunuEEHIDD+BWj+BO3HoJT+A17CSz0MTXNDzeq6KqXpAKro3rfjkrq2vrG5uFreL2zu7efungsKmTTDFssEQkqh1QjYJLbBhuBLZThTQOBLaC4c3Ubz2i0jyR92aUoh/TvuQRZ9RY6SHscUK65/YJJNVeqexW3BnIMvFyUoYc9V7puxsmLItRGiao1h3PTY0/pspwJnBS7GYaU8qGtI8dSyWNUfvj2dYTcmqVkESJsl8aMlN/d4xprPUoDmxlTM1AL3pT8V9P21UGGC6MN9GVP+YyzQxKNp8eZYKYhExzISFXyIwYWUKZ4vYAwgZUUWZsekWbjLeYwzJpXlQ8t+LdVcu16zyjAhzDCZyBB5dQg1uoQwMYKHiGF3h1npw35935mJeuOHnPEfyB8/kDaxuZ3A==</latexit><latexit sha1_base64="eQpGqBEXPq2odtxTsF/mvjihTrQ=">AAACCnicbVBLSgNBEK3xG+Mv6tJNYxBcSJiRgC6DblxGMB9IxtDTU5M06ekZunuEEHIDD+BWj+BO3HoJT+A17CSz0MTXNDzeq6KqXpAKro3rfjkrq2vrG5uFreL2zu7efungsKmTTDFssEQkqh1QjYJLbBhuBLZThTQOBLaC4c3Ubz2i0jyR92aUoh/TvuQRZ9RY6SHscUK65/YJJNVeqexW3BnIMvFyUoYc9V7puxsmLItRGiao1h3PTY0/pspwJnBS7GYaU8qGtI8dSyWNUfvj2dYTcmqVkESJsl8aMlN/d4xprPUoDmxlTM1AL3pT8V9P21UGGC6MN9GVP+YyzQxKNp8eZYKYhExzISFXyIwYWUKZ4vYAwgZUUWZsekWbjLeYwzJpXlQ8t+LdVcu16zyjAhzDCZyBB5dQg1uoQwMYKHiGF3h1npw35935mJeuOHnPEfyB8/kDaxuZ3A==</latexit><latexit sha1_base64="eQpGqBEXPq2odtxTsF/mvjihTrQ=">AAACCnicbVBLSgNBEK3xG+Mv6tJNYxBcSJiRgC6DblxGMB9IxtDTU5M06ekZunuEEHIDD+BWj+BO3HoJT+A17CSz0MTXNDzeq6KqXpAKro3rfjkrq2vrG5uFreL2zu7efungsKmTTDFssEQkqh1QjYJLbBhuBLZThTQOBLaC4c3Ubz2i0jyR92aUoh/TvuQRZ9RY6SHscUK65/YJJNVeqexW3BnIMvFyUoYc9V7puxsmLItRGiao1h3PTY0/pspwJnBS7GYaU8qGtI8dSyWNUfvj2dYTcmqVkESJsl8aMlN/d4xprPUoDmxlTM1AL3pT8V9P21UGGC6MN9GVP+YyzQxKNp8eZYKYhExzISFXyIwYWUKZ4vYAwgZUUWZsekWbjLeYwzJpXlQ8t+LdVcu16zyjAhzDCZyBB5dQg1uoQwMYKHiGF3h1npw35935mJeuOHnPEfyB8/kDaxuZ3A==</latexit>

If only dim-3,4 operators, then renormalizable!

Infinite counter terms, formally non-renormalizable!

div = 4�B � 3

2
F � V +

X

i

ni(�i � 4)
<latexit sha1_base64="7SU7th3KSzYea9nBJ/X6agNXM7Y="></latexit>
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Developments on EFT

1949~1970 
QFT should be  
Renormalizable

1970 
Wilsonian EFT

1979 
Folk theorem

1984 
EFT should be 
Renormalizable

Complicated loop calculation can be organized by renorm. EFT
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Wilsonian EFT
Consider a QFT with a fundamental high energy scale M

Interested in observables at energy E << M

Effective action

Local EFT

Integrate-out procedureIntegrate-out
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Wilsonian EFT
Diagrammatic approach Path integral approach
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Continuum EFT
Wilsonian EFT: cutoff as parametrization of underlying dynamics

Mass-independent schemeMass-dependent scheme

Cutoff regularization
momentum subtraction

Dimensional regularization
MS-bar scheme

Four-fermion theory as example

Well-defined power counting
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Naive Dimensional Analysis
Organize/estimate the size of the infinite effective operators using NDA

Valid at loop level

div = 4�B � 3

2
F � V +

X

i

ni(�i � 4)
<latexit sha1_base64="7SU7th3KSzYea9nBJ/X6agNXM7Y="></latexit>
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Relevant or Irrelevant?

C(µ) � C(M), µ ⌧ M
<latexit sha1_base64="bpbjEjXfybhboZEYq27CPaBMOVY=">AAACHnicbZDLSgMxFIYzXmu9jbp0EyxCC1JmRNBlsRs3hQr2Ap2hZDLpNDTJjElGKEO3PocP4FYfwZ241SfwNUzbWWjrD4GP/5zDyfmDhFGlHefLWlldW9/YLGwVt3d29/btg8O2ilOJSQvHLJbdACnCqCAtTTUj3UQSxANGOsGoPq13HohUNBZ3epwQn6NI0AHFSBurb8N62eNpBXpRZLBROYPefYpCaEzoMQYbfbvkVJ2Z4DK4OZRArmbf/vbCGKecCI0ZUqrnOon2MyQ1xYxMil6qSILwCEWkZ1AgTpSfzS6ZwFPjhHAQS/OEhjP390SGuFJjHphOjvRQLdam5r81Zb4yJOHCej248jMqklQTgefbBymDOobTrGBIJcGajQ0gLKk5AOIhkghrk2jRJOMu5rAM7fOq61Td24tS7TrPqACOwQkoAxdcghq4AU3QAhg8gmfwAl6tJ+vNerc+5q0rVj5zBP7I+vwB3zigUw==</latexit><latexit sha1_base64="bpbjEjXfybhboZEYq27CPaBMOVY=">AAACHnicbZDLSgMxFIYzXmu9jbp0EyxCC1JmRNBlsRs3hQr2Ap2hZDLpNDTJjElGKEO3PocP4FYfwZ241SfwNUzbWWjrD4GP/5zDyfmDhFGlHefLWlldW9/YLGwVt3d29/btg8O2ilOJSQvHLJbdACnCqCAtTTUj3UQSxANGOsGoPq13HohUNBZ3epwQn6NI0AHFSBurb8N62eNpBXpRZLBROYPefYpCaEzoMQYbfbvkVJ2Z4DK4OZRArmbf/vbCGKecCI0ZUqrnOon2MyQ1xYxMil6qSILwCEWkZ1AgTpSfzS6ZwFPjhHAQS/OEhjP390SGuFJjHphOjvRQLdam5r81Zb4yJOHCej248jMqklQTgefbBymDOobTrGBIJcGajQ0gLKk5AOIhkghrk2jRJOMu5rAM7fOq61Td24tS7TrPqACOwQkoAxdcghq4AU3QAhg8gmfwAl6tJ+vNerc+5q0rVj5zBP7I+vwB3zigUw==</latexit><latexit sha1_base64="bpbjEjXfybhboZEYq27CPaBMOVY=">AAACHnicbZDLSgMxFIYzXmu9jbp0EyxCC1JmRNBlsRs3hQr2Ap2hZDLpNDTJjElGKEO3PocP4FYfwZ241SfwNUzbWWjrD4GP/5zDyfmDhFGlHefLWlldW9/YLGwVt3d29/btg8O2ilOJSQvHLJbdACnCqCAtTTUj3UQSxANGOsGoPq13HohUNBZ3epwQn6NI0AHFSBurb8N62eNpBXpRZLBROYPefYpCaEzoMQYbfbvkVJ2Z4DK4OZRArmbf/vbCGKecCI0ZUqrnOon2MyQ1xYxMil6qSILwCEWkZ1AgTpSfzS6ZwFPjhHAQS/OEhjP390SGuFJjHphOjvRQLdam5r81Zb4yJOHCej248jMqklQTgefbBymDOobTrGBIJcGajQ0gLKk5AOIhkghrk2jRJOMu5rAM7fOq61Td24tS7TrPqACOwQkoAxdcghq4AU3QAhg8gmfwAl6tJ+vNerc+5q0rVj5zBP7I+vwB3zigUw==</latexit><latexit sha1_base64="bpbjEjXfybhboZEYq27CPaBMOVY=">AAACHnicbZDLSgMxFIYzXmu9jbp0EyxCC1JmRNBlsRs3hQr2Ap2hZDLpNDTJjElGKEO3PocP4FYfwZ241SfwNUzbWWjrD4GP/5zDyfmDhFGlHefLWlldW9/YLGwVt3d29/btg8O2ilOJSQvHLJbdACnCqCAtTTUj3UQSxANGOsGoPq13HohUNBZ3epwQn6NI0AHFSBurb8N62eNpBXpRZLBROYPefYpCaEzoMQYbfbvkVJ2Z4DK4OZRArmbf/vbCGKecCI0ZUqrnOon2MyQ1xYxMil6qSILwCEWkZ1AgTpSfzS6ZwFPjhHAQS/OEhjP390SGuFJjHphOjvRQLdam5r81Zb4yJOHCej248jMqklQTgefbBymDOobTrGBIJcGajQ0gLKk5AOIhkghrk2jRJOMu5rAM7fOq61Td24tS7TrPqACOwQkoAxdcghq4AU3QAhg8gmfwAl6tJ+vNerc+5q0rVj5zBP7I+vwB3zigUw==</latexit>

C(µ) ⌧ C(M), µ ⌧ M
<latexit sha1_base64="KDig5fQ0ZYsY/H5LFSjfa4QUfAk=">AAACHnicbZDLSgMxFIYzXmu9jbp0EyxCC1JmRNBlsRs3hQr2Ap2hZDJpG5pkxiQjlKFbn8MHcKuP4E7c6hP4GqbTWWjrD4Gf75zDyfmDmFGlHefLWlldW9/YLGwVt3d29/btg8O2ihKJSQtHLJLdACnCqCAtTTUj3VgSxANGOsG4Pqt3HohUNBJ3ehITn6OhoAOKkTaob8N62eNJBXqMGduonEHvPkEhNDBjjb5dcqpOJrhs3NyUQK5m3/72wggnnAiNGVKq5zqx9lMkNcWMTIteokiM8BgNSc9YgThRfppdMoWnhoRwEEnzhIYZ/T2RIq7UhAemkyM9Uou1Gfy3psxXRiRcWK8HV35KRZxoIvB8+yBhUEdwlhUMqSRYs4kxCEtqDoB4hCTC2iRaNMm4izksm/Z51XWq7u1FqXadZ1QAx+AElIELLkEN3IAmaAEMHsEzeAGv1pP1Zr1bH/PWFSufOQJ/ZH3+APAToF0=</latexit><latexit sha1_base64="KDig5fQ0ZYsY/H5LFSjfa4QUfAk=">AAACHnicbZDLSgMxFIYzXmu9jbp0EyxCC1JmRNBlsRs3hQr2Ap2hZDJpG5pkxiQjlKFbn8MHcKuP4E7c6hP4GqbTWWjrD4Gf75zDyfmDmFGlHefLWlldW9/YLGwVt3d29/btg8O2ihKJSQtHLJLdACnCqCAtTTUj3VgSxANGOsG4Pqt3HohUNBJ3ehITn6OhoAOKkTaob8N62eNJBXqMGduonEHvPkEhNDBjjb5dcqpOJrhs3NyUQK5m3/72wggnnAiNGVKq5zqx9lMkNcWMTIteokiM8BgNSc9YgThRfppdMoWnhoRwEEnzhIYZ/T2RIq7UhAemkyM9Uou1Gfy3psxXRiRcWK8HV35KRZxoIvB8+yBhUEdwlhUMqSRYs4kxCEtqDoB4hCTC2iRaNMm4izksm/Z51XWq7u1FqXadZ1QAx+AElIELLkEN3IAmaAEMHsEzeAGv1pP1Zr1bH/PWFSufOQJ/ZH3+APAToF0=</latexit><latexit sha1_base64="KDig5fQ0ZYsY/H5LFSjfa4QUfAk=">AAACHnicbZDLSgMxFIYzXmu9jbp0EyxCC1JmRNBlsRs3hQr2Ap2hZDJpG5pkxiQjlKFbn8MHcKuP4E7c6hP4GqbTWWjrD4Gf75zDyfmDmFGlHefLWlldW9/YLGwVt3d29/btg8O2ihKJSQtHLJLdACnCqCAtTTUj3VgSxANGOsG4Pqt3HohUNBJ3ehITn6OhoAOKkTaob8N62eNJBXqMGduonEHvPkEhNDBjjb5dcqpOJrhs3NyUQK5m3/72wggnnAiNGVKq5zqx9lMkNcWMTIteokiM8BgNSc9YgThRfppdMoWnhoRwEEnzhIYZ/T2RIq7UhAemkyM9Uou1Gfy3psxXRiRcWK8HV35KRZxoIvB8+yBhUEdwlhUMqSRYs4kxCEtqDoB4hCTC2iRaNMm4izksm/Z51XWq7u1FqXadZ1QAx+AElIELLkEN3IAmaAEMHsEzeAGv1pP1Zr1bH/PWFSufOQJ/ZH3+APAToF0=</latexit><latexit sha1_base64="KDig5fQ0ZYsY/H5LFSjfa4QUfAk=">AAACHnicbZDLSgMxFIYzXmu9jbp0EyxCC1JmRNBlsRs3hQr2Ap2hZDJpG5pkxiQjlKFbn8MHcKuP4E7c6hP4GqbTWWjrD4Gf75zDyfmDmFGlHefLWlldW9/YLGwVt3d29/btg8O2ihKJSQtHLJLdACnCqCAtTTUj3VgSxANGOsG4Pqt3HohUNBJ3ehITn6OhoAOKkTaob8N62eNJBXqMGduonEHvPkEhNDBjjb5dcqpOJrhs3NyUQK5m3/72wggnnAiNGVKq5zqx9lMkNcWMTIteokiM8BgNSc9YgThRfppdMoWnhoRwEEnzhIYZ/T2RIq7UhAemkyM9Uou1Gfy3psxXRiRcWK8HV35KRZxoIvB8+yBhUEdwlhUMqSRYs4kxCEtqDoB4hCTC2iRaNMm4izksm/Z51XWq7u1FqXadZ1QAx+AElIELLkEN3IAmaAEMHsEzeAGv1pP1Zr1bH/PWFSufOQJ/ZH3+APAToF0=</latexit>

d < 4
<latexit sha1_base64="NOflVtrX6tlDQw4Js/mcYNSmJ/k=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoPgKexKQA8egl48RnCTQLKE2dneZMjsg5lZISw5+QFe9RO8iVe/xC/wN5wke9DEgoaiqpvuLj8VXGnb/rJKa+sbm1vl7crO7t7+QfXwqK2STDJ0WSIS2fWpQsFjdDXXArupRBr5Ajv++Hbmdx5RKp7ED3qSohfRYcxDzqg2khuQa9IYVGt23Z6DrBKnIDUo0BpUv/tBwrIIY80EVarn2Kn2cio1ZwKnlX6mMKVsTIfYMzSmESovnx87JWdGCUiYSFOxJnP190ROI6UmkW86I6pHatmbif96ypwywmBpvQ6vvJzHaaYxZovtYSaITsgsDhJwiUyLiSGUSW4eIGxEJWXahFYxyTjLOayS9kXdsevOfaPWvCkyKsMJnMI5OHAJTbiDFrjAgMMzvMCr9WS9We/Wx6K1ZBUzx/AH1ucPXpaWmQ==</latexit><latexit sha1_base64="NOflVtrX6tlDQw4Js/mcYNSmJ/k=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoPgKexKQA8egl48RnCTQLKE2dneZMjsg5lZISw5+QFe9RO8iVe/xC/wN5wke9DEgoaiqpvuLj8VXGnb/rJKa+sbm1vl7crO7t7+QfXwqK2STDJ0WSIS2fWpQsFjdDXXArupRBr5Ajv++Hbmdx5RKp7ED3qSohfRYcxDzqg2khuQa9IYVGt23Z6DrBKnIDUo0BpUv/tBwrIIY80EVarn2Kn2cio1ZwKnlX6mMKVsTIfYMzSmESovnx87JWdGCUiYSFOxJnP190ROI6UmkW86I6pHatmbif96ypwywmBpvQ6vvJzHaaYxZovtYSaITsgsDhJwiUyLiSGUSW4eIGxEJWXahFYxyTjLOayS9kXdsevOfaPWvCkyKsMJnMI5OHAJTbiDFrjAgMMzvMCr9WS9We/Wx6K1ZBUzx/AH1ucPXpaWmQ==</latexit><latexit sha1_base64="NOflVtrX6tlDQw4Js/mcYNSmJ/k=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoPgKexKQA8egl48RnCTQLKE2dneZMjsg5lZISw5+QFe9RO8iVe/xC/wN5wke9DEgoaiqpvuLj8VXGnb/rJKa+sbm1vl7crO7t7+QfXwqK2STDJ0WSIS2fWpQsFjdDXXArupRBr5Ajv++Hbmdx5RKp7ED3qSohfRYcxDzqg2khuQa9IYVGt23Z6DrBKnIDUo0BpUv/tBwrIIY80EVarn2Kn2cio1ZwKnlX6mMKVsTIfYMzSmESovnx87JWdGCUiYSFOxJnP190ROI6UmkW86I6pHatmbif96ypwywmBpvQ6vvJzHaaYxZovtYSaITsgsDhJwiUyLiSGUSW4eIGxEJWXahFYxyTjLOayS9kXdsevOfaPWvCkyKsMJnMI5OHAJTbiDFrjAgMMzvMCr9WS9We/Wx6K1ZBUzx/AH1ucPXpaWmQ==</latexit><latexit sha1_base64="NOflVtrX6tlDQw4Js/mcYNSmJ/k=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoPgKexKQA8egl48RnCTQLKE2dneZMjsg5lZISw5+QFe9RO8iVe/xC/wN5wke9DEgoaiqpvuLj8VXGnb/rJKa+sbm1vl7crO7t7+QfXwqK2STDJ0WSIS2fWpQsFjdDXXArupRBr5Ajv++Hbmdx5RKp7ED3qSohfRYcxDzqg2khuQa9IYVGt23Z6DrBKnIDUo0BpUv/tBwrIIY80EVarn2Kn2cio1ZwKnlX6mMKVsTIfYMzSmESovnx87JWdGCUiYSFOxJnP190ROI6UmkW86I6pHatmbif96ypwywmBpvQ6vvJzHaaYxZovtYSaITsgsDhJwiUyLiSGUSW4eIGxEJWXahFYxyTjLOayS9kXdsevOfaPWvCkyKsMJnMI5OHAJTbiDFrjAgMMzvMCr9WS9We/Wx6K1ZBUzx/AH1ucPXpaWmQ==</latexit>

d > 4
<latexit sha1_base64="Ar7vnL7FL/2iLnFcxAgyndcwtDw=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoPgKexKQE8S9OIxgpsEkiXMzvYmQ2YfzMwKYcnJD/Cqn+BNvPolfoG/4STZgyYWNBRV3XR3+angStv2l1VaW9/Y3CpvV3Z29/YPqodHbZVkkqHLEpHIrk8VCh6jq7kW2E0l0sgX2PHHtzO/84hS8SR+0JMUvYgOYx5yRrWR3IBck8agWrPr9hxklTgFqUGB1qD63Q8SlkUYayaoUj3HTrWXU6k5Ezit9DOFKWVjOsSeoTGNUHn5/NgpOTNKQMJEmoo1mau/J3IaKTWJfNMZUT1Sy95M/NdT5pQRBkvrdXjl5TxOM40xW2wPM0F0QmZxkIBLZFpMDKFMcvMAYSMqKdMmtIpJxlnOYZW0L+qOXXfuG7XmTZFRGU7gFM7BgUtowh20wAUGHJ7hBV6tJ+vNerc+Fq0lq5g5hj+wPn8AYcyWmw==</latexit><latexit sha1_base64="Ar7vnL7FL/2iLnFcxAgyndcwtDw=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoPgKexKQE8S9OIxgpsEkiXMzvYmQ2YfzMwKYcnJD/Cqn+BNvPolfoG/4STZgyYWNBRV3XR3+angStv2l1VaW9/Y3CpvV3Z29/YPqodHbZVkkqHLEpHIrk8VCh6jq7kW2E0l0sgX2PHHtzO/84hS8SR+0JMUvYgOYx5yRrWR3IBck8agWrPr9hxklTgFqUGB1qD63Q8SlkUYayaoUj3HTrWXU6k5Ezit9DOFKWVjOsSeoTGNUHn5/NgpOTNKQMJEmoo1mau/J3IaKTWJfNMZUT1Sy95M/NdT5pQRBkvrdXjl5TxOM40xW2wPM0F0QmZxkIBLZFpMDKFMcvMAYSMqKdMmtIpJxlnOYZW0L+qOXXfuG7XmTZFRGU7gFM7BgUtowh20wAUGHJ7hBV6tJ+vNerc+Fq0lq5g5hj+wPn8AYcyWmw==</latexit><latexit sha1_base64="Ar7vnL7FL/2iLnFcxAgyndcwtDw=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoPgKexKQE8S9OIxgpsEkiXMzvYmQ2YfzMwKYcnJD/Cqn+BNvPolfoG/4STZgyYWNBRV3XR3+angStv2l1VaW9/Y3CpvV3Z29/YPqodHbZVkkqHLEpHIrk8VCh6jq7kW2E0l0sgX2PHHtzO/84hS8SR+0JMUvYgOYx5yRrWR3IBck8agWrPr9hxklTgFqUGB1qD63Q8SlkUYayaoUj3HTrWXU6k5Ezit9DOFKWVjOsSeoTGNUHn5/NgpOTNKQMJEmoo1mau/J3IaKTWJfNMZUT1Sy95M/NdT5pQRBkvrdXjl5TxOM40xW2wPM0F0QmZxkIBLZFpMDKFMcvMAYSMqKdMmtIpJxlnOYZW0L+qOXXfuG7XmTZFRGU7gFM7BgUtowh20wAUGHJ7hBV6tJ+vNerc+Fq0lq5g5hj+wPn8AYcyWmw==</latexit><latexit sha1_base64="Ar7vnL7FL/2iLnFcxAgyndcwtDw=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoPgKexKQE8S9OIxgpsEkiXMzvYmQ2YfzMwKYcnJD/Cqn+BNvPolfoG/4STZgyYWNBRV3XR3+angStv2l1VaW9/Y3CpvV3Z29/YPqodHbZVkkqHLEpHIrk8VCh6jq7kW2E0l0sgX2PHHtzO/84hS8SR+0JMUvYgOYx5yRrWR3IBck8agWrPr9hxklTgFqUGB1qD63Q8SlkUYayaoUj3HTrWXU6k5Ezit9DOFKWVjOsSeoTGNUHn5/NgpOTNKQMJEmoo1mau/J3IaKTWJfNMZUT1Sy95M/NdT5pQRBkvrdXjl5TxOM40xW2wPM0F0QmZxkIBLZFpMDKFMcvMAYSMqKdMmtIpJxlnOYZW0L+qOXXfuG7XmTZFRGU7gFM7BgUtowh20wAUGHJ7hBV6tJ+vNerc+Fq0lq5g5hj+wPn8AYcyWmw==</latexit>

Relevant operator

Irrelevant operator

RG running effect

Anomalous scaling

factorization

Marginal
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Renormalize EFT
The EFT describes the low energy physics, to a given precision, 

in terms of a finite set of parameters

To a given precision, EFT is renormalizable and predictive!

1. Write the most general operator up to certain truncated order

2. Determine Wilson coefficients using enough input data (absorb all div.)

3. Make predictions on other observables using the truncated theory

Renormalize non-renormalizable theory:

Fermi/Gravity as good as 
underlying theory
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EFT Ladder

/Gravity
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EFT = Modern QFT
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Matching and Running
Bottom-up
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 Real Scalar EFT
EFT with a single real scalar with Z2 symmetry

Equivalent Lagrangian
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Operator Bases
Consider 2 to 2 scattering in the two kinds of Lagrangian

Origin: field redefinition!
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Field Redefinition

Equation of Motion (EOM) Integration by part (IBP)

Total derivatives are removedTwo equivalent operators related by EOM

Gaussian theorem on action
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Exercise

@2n�2, @2n�3, @2n�4, · · ·
<latexit sha1_base64="FiQD1qaqPH1fzltn3MvcNk8uPCA="></latexit><latexit sha1_base64="FiQD1qaqPH1fzltn3MvcNk8uPCA="></latexit><latexit sha1_base64="FiQD1qaqPH1fzltn3MvcNk8uPCA="></latexit><latexit sha1_base64="FiQD1qaqPH1fzltn3MvcNk8uPCA="></latexit>

Magic things happen?!
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One loop and RGE
Renormalize the scalar EFT using the MSbar scheme

the low energy observable after running
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UV Origin of EFT Operators
Suppose we know the UV renormalizable theory

Running down to the scale M
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Large Log Resummation
Scattering amplitude carries large log term

EFT does not have large log term

Perform matching and running

Recover the UV result!

1. UV log M is absorbed into the Wilson coefficients 

2. UV non-log m/M are suppressed (two loop in above example)
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Integrate-out
Typically integrate out procedure in the path integral approach

Based on the decoupling theorem
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Decoupling or Not?
How about diagrammatic approach? marginal operator as example

MSbar scheme Mass-dependent scheme

Different scheme choices:
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Integrate-out by Hand

Decoupling = heavy scale suppressed

In MSbar scheme, remove the particle by hand (integrate-out)

Choose the momentum independent scheme, but force decoupling by

two different EFT regime
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Matching
Calculate one-loop diagrams and RGEs at full theory and EFT separately

Then match two theories at the matching scale M
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Matching and Running
Two theories should be matched together at scale M
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Hierarchy Problem
How the scalar mass connects to the UV physics?

Running down to low scale

Hierarchy problem

= m2
F (M) +

y2

4⇡2
M2

<latexit sha1_base64="6LY433ADMd+2fDA7b5NoH4KXYIw=">AAACI3icbVDLSsNAFJ34rPUVdelmsBQqQklCQTdCURA3hQr2AU0aJtNJO3TyYGYihNAv8Dv8ALf6Ce7EjQvX/obTNgttPTDM4Zx7ufceL2ZUSMP41FZW19Y3Ngtbxe2d3b19/eCwLaKEY9LCEYt410OCMBqSlqSSkW7MCQo8Rjre+Hrqdx4IFzQK72UaEydAw5D6FCOpJFcvw0sYuDd9q9I4hWfQ9jnCWdq3JlnNjqn6YaNvQVcvGVVjBrhMzJyUQI6mq3/bgwgnAQklZkiInmnE0skQlxQzMinaiSAxwmM0JD1FQxQQ4WSzcyawrJQB9COuXijhTP3dkaFAiDTwVGWA5EgselPxX0+oVUZksDBe+hdORsM4kSTE8+l+wqCM4DQwOKCcYMlSRRDmVB0A8QipmKSKtaiSMRdzWCZtq2oaVfOuVqpf5RkVwDE4ARVggnNQB7egCVoAg0fwDF7Aq/akvWnv2se8dEXLe47AH2hfP2M/oiU=</latexit><latexit sha1_base64="6LY433ADMd+2fDA7b5NoH4KXYIw=">AAACI3icbVDLSsNAFJ34rPUVdelmsBQqQklCQTdCURA3hQr2AU0aJtNJO3TyYGYihNAv8Dv8ALf6Ce7EjQvX/obTNgttPTDM4Zx7ufceL2ZUSMP41FZW19Y3Ngtbxe2d3b19/eCwLaKEY9LCEYt410OCMBqSlqSSkW7MCQo8Rjre+Hrqdx4IFzQK72UaEydAw5D6FCOpJFcvw0sYuDd9q9I4hWfQ9jnCWdq3JlnNjqn6YaNvQVcvGVVjBrhMzJyUQI6mq3/bgwgnAQklZkiInmnE0skQlxQzMinaiSAxwmM0JD1FQxQQ4WSzcyawrJQB9COuXijhTP3dkaFAiDTwVGWA5EgselPxX0+oVUZksDBe+hdORsM4kSTE8+l+wqCM4DQwOKCcYMlSRRDmVB0A8QipmKSKtaiSMRdzWCZtq2oaVfOuVqpf5RkVwDE4ARVggnNQB7egCVoAg0fwDF7Aq/akvWnv2se8dEXLe47AH2hfP2M/oiU=</latexit><latexit sha1_base64="6LY433ADMd+2fDA7b5NoH4KXYIw=">AAACI3icbVDLSsNAFJ34rPUVdelmsBQqQklCQTdCURA3hQr2AU0aJtNJO3TyYGYihNAv8Dv8ALf6Ce7EjQvX/obTNgttPTDM4Zx7ufceL2ZUSMP41FZW19Y3Ngtbxe2d3b19/eCwLaKEY9LCEYt410OCMBqSlqSSkW7MCQo8Rjre+Hrqdx4IFzQK72UaEydAw5D6FCOpJFcvw0sYuDd9q9I4hWfQ9jnCWdq3JlnNjqn6YaNvQVcvGVVjBrhMzJyUQI6mq3/bgwgnAQklZkiInmnE0skQlxQzMinaiSAxwmM0JD1FQxQQ4WSzcyawrJQB9COuXijhTP3dkaFAiDTwVGWA5EgselPxX0+oVUZksDBe+hdORsM4kSTE8+l+wqCM4DQwOKCcYMlSRRDmVB0A8QipmKSKtaiSMRdzWCZtq2oaVfOuVqpf5RkVwDE4ARVggnNQB7egCVoAg0fwDF7Aq/akvWnv2se8dEXLe47AH2hfP2M/oiU=</latexit><latexit sha1_base64="6LY433ADMd+2fDA7b5NoH4KXYIw=">AAACI3icbVDLSsNAFJ34rPUVdelmsBQqQklCQTdCURA3hQr2AU0aJtNJO3TyYGYihNAv8Dv8ALf6Ce7EjQvX/obTNgttPTDM4Zx7ufceL2ZUSMP41FZW19Y3Ngtbxe2d3b19/eCwLaKEY9LCEYt410OCMBqSlqSSkW7MCQo8Rjre+Hrqdx4IFzQK72UaEydAw5D6FCOpJFcvw0sYuDd9q9I4hWfQ9jnCWdq3JlnNjqn6YaNvQVcvGVVjBrhMzJyUQI6mq3/bgwgnAQklZkiInmnE0skQlxQzMinaiSAxwmM0JD1FQxQQ4WSzcyawrJQB9COuXijhTP3dkaFAiDTwVGWA5EgselPxX0+oVUZksDBe+hdORsM4kSTE8+l+wqCM4DQwOKCcYMlSRRDmVB0A8QipmKSKtaiSMRdzWCZtq2oaVfOuVqpf5RkVwDE4ARVggnNQB7egCVoAg0fwDF7Aq/akvWnv2se8dEXLe47AH2hfP2M/oiU=</latexit>

SUSY!

y2 =


8
<latexit sha1_base64="0ELS3blPtGikE/KzCk26tgyleME=">AAACFHicbZDLSsNAFIYn9VbrLSq4cTNYBFclKYLdCEU3LivYC7SxTCaTduhkMsxMhBDzGj6AW30Ed+LWvU/gazhts9DWHwZ+/nMO58znC0aVdpwvq7Syura+Ud6sbG3v7O7Z+wcdFScSkzaOWSx7PlKEUU7ammpGekISFPmMdP3J9bTefSBS0Zjf6VQQL0IjTkOKkTbR0D5K7+vwEg5CiXA2mCAhUJ418qFddWrOTHDZuIWpgkKtof09CGKcRIRrzJBSfdcR2suQ1BQzklcGiSIC4Qkakb6xHEVEedns/hyemiSAYSzN4xrO0t8TGYqUSiPfdEZIj9VibRr+W1PmlDEJFtbrsOFllItEE47n28OEQR3DKSEYUEmwZqkxCEtqPgDxGBk+2nCsGDLuIodl06nXXKfm3p5Xm1cFozI4BifgDLjgAjTBDWiBNsDgETyDF/BqPVlv1rv1MW8tWcXMIfgj6/MHwvaebw==</latexit><latexit sha1_base64="0ELS3blPtGikE/KzCk26tgyleME=">AAACFHicbZDLSsNAFIYn9VbrLSq4cTNYBFclKYLdCEU3LivYC7SxTCaTduhkMsxMhBDzGj6AW30Ed+LWvU/gazhts9DWHwZ+/nMO58znC0aVdpwvq7Syura+Ud6sbG3v7O7Z+wcdFScSkzaOWSx7PlKEUU7ammpGekISFPmMdP3J9bTefSBS0Zjf6VQQL0IjTkOKkTbR0D5K7+vwEg5CiXA2mCAhUJ418qFddWrOTHDZuIWpgkKtof09CGKcRIRrzJBSfdcR2suQ1BQzklcGiSIC4Qkakb6xHEVEedns/hyemiSAYSzN4xrO0t8TGYqUSiPfdEZIj9VibRr+W1PmlDEJFtbrsOFllItEE47n28OEQR3DKSEYUEmwZqkxCEtqPgDxGBk+2nCsGDLuIodl06nXXKfm3p5Xm1cFozI4BifgDLjgAjTBDWiBNsDgETyDF/BqPVlv1rv1MW8tWcXMIfgj6/MHwvaebw==</latexit><latexit sha1_base64="0ELS3blPtGikE/KzCk26tgyleME=">AAACFHicbZDLSsNAFIYn9VbrLSq4cTNYBFclKYLdCEU3LivYC7SxTCaTduhkMsxMhBDzGj6AW30Ed+LWvU/gazhts9DWHwZ+/nMO58znC0aVdpwvq7Syura+Ud6sbG3v7O7Z+wcdFScSkzaOWSx7PlKEUU7ammpGekISFPmMdP3J9bTefSBS0Zjf6VQQL0IjTkOKkTbR0D5K7+vwEg5CiXA2mCAhUJ418qFddWrOTHDZuIWpgkKtof09CGKcRIRrzJBSfdcR2suQ1BQzklcGiSIC4Qkakb6xHEVEedns/hyemiSAYSzN4xrO0t8TGYqUSiPfdEZIj9VibRr+W1PmlDEJFtbrsOFllItEE47n28OEQR3DKSEYUEmwZqkxCEtqPgDxGBk+2nCsGDLuIodl06nXXKfm3p5Xm1cFozI4BifgDLjgAjTBDWiBNsDgETyDF/BqPVlv1rv1MW8tWcXMIfgj6/MHwvaebw==</latexit><latexit sha1_base64="0ELS3blPtGikE/KzCk26tgyleME=">AAACFHicbZDLSsNAFIYn9VbrLSq4cTNYBFclKYLdCEU3LivYC7SxTCaTduhkMsxMhBDzGj6AW30Ed+LWvU/gazhts9DWHwZ+/nMO58znC0aVdpwvq7Syura+Ud6sbG3v7O7Z+wcdFScSkzaOWSx7PlKEUU7ammpGekISFPmMdP3J9bTefSBS0Zjf6VQQL0IjTkOKkTbR0D5K7+vwEg5CiXA2mCAhUJ418qFddWrOTHDZuIWpgkKtof09CGKcRIRrzJBSfdcR2suQ1BQzklcGiSIC4Qkakb6xHEVEedns/hyemiSAYSzN4xrO0t8TGYqUSiPfdEZIj9VibRr+W1PmlDEJFtbrsOFllItEE47n28OEQR3DKSEYUEmwZqkxCEtqPgDxGBk+2nCsGDLuIodl06nXXKfm3p5Xm1cFozI4BifgDLjgAjTBDWiBNsDgETyDF/BqPVlv1rv1MW8tWcXMIfgj6/MHwvaebw==</latexit>
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Large Log Resummation
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Large Log Resummation
Scattering amplitude carries large log term

EFT does not have large log term

UV and EFT UV div. different!

UV and EFT IR log the same!

Matching condition
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Matching Procedure

Non-analytic m dropped out

MSbar scheme

UV

UV log absorbed

IM (µ̄ ⇠ M)
<latexit sha1_base64="6Pfd1HTC+2Hwxb4Kca9Ph8Fkb8U=">AAACFHicbVDLSsNAFJ34rPUVFdy4GSxC3ZREBF0W3eiiUME+oAlhMpm0Q2cmYWYilNjf8APc6ie4E7fu/QJ/w2mbhbYeuHA4517uvSdMGVXacb6speWV1bX10kZ5c2t7Z9fe22+rJJOYtHDCEtkNkSKMCtLSVDPSTSVBPGSkEw6vJ37ngUhFE3GvRynxOeoLGlOMtJEC+/A2aFS9EMnc49kYeopy2DiFgV1xas4UcJG4BamAAs3A/vaiBGecCI0ZUqrnOqn2cyQ1xYyMy16mSIrwEPVJz1CBOFF+Pr1/DE+MEsE4kaaEhlP190SOuFIjHppOjvRAzXsT8V9PmVMGJJpbr+NLP6cizTQReLY9zhjUCZwkBCMqCdZsZAjCkpoHIB4gibA2OZZNMu58DoukfVZznZp7d16pXxUZlcAROAZV4IILUAc3oAlaAINH8AxewKv1ZL1Z79bHrHXJKmYOwB9Ynz+tRJ2/</latexit><latexit sha1_base64="6Pfd1HTC+2Hwxb4Kca9Ph8Fkb8U=">AAACFHicbVDLSsNAFJ34rPUVFdy4GSxC3ZREBF0W3eiiUME+oAlhMpm0Q2cmYWYilNjf8APc6ie4E7fu/QJ/w2mbhbYeuHA4517uvSdMGVXacb6speWV1bX10kZ5c2t7Z9fe22+rJJOYtHDCEtkNkSKMCtLSVDPSTSVBPGSkEw6vJ37ngUhFE3GvRynxOeoLGlOMtJEC+/A2aFS9EMnc49kYeopy2DiFgV1xas4UcJG4BamAAs3A/vaiBGecCI0ZUqrnOqn2cyQ1xYyMy16mSIrwEPVJz1CBOFF+Pr1/DE+MEsE4kaaEhlP190SOuFIjHppOjvRAzXsT8V9PmVMGJJpbr+NLP6cizTQReLY9zhjUCZwkBCMqCdZsZAjCkpoHIB4gibA2OZZNMu58DoukfVZznZp7d16pXxUZlcAROAZV4IILUAc3oAlaAINH8AxewKv1ZL1Z79bHrHXJKmYOwB9Ynz+tRJ2/</latexit><latexit sha1_base64="6Pfd1HTC+2Hwxb4Kca9Ph8Fkb8U=">AAACFHicbVDLSsNAFJ34rPUVFdy4GSxC3ZREBF0W3eiiUME+oAlhMpm0Q2cmYWYilNjf8APc6ie4E7fu/QJ/w2mbhbYeuHA4517uvSdMGVXacb6speWV1bX10kZ5c2t7Z9fe22+rJJOYtHDCEtkNkSKMCtLSVDPSTSVBPGSkEw6vJ37ngUhFE3GvRynxOeoLGlOMtJEC+/A2aFS9EMnc49kYeopy2DiFgV1xas4UcJG4BamAAs3A/vaiBGecCI0ZUqrnOqn2cyQ1xYyMy16mSIrwEPVJz1CBOFF+Pr1/DE+MEsE4kaaEhlP190SOuFIjHppOjvRAzXsT8V9PmVMGJJpbr+NLP6cizTQReLY9zhjUCZwkBCMqCdZsZAjCkpoHIB4gibA2OZZNMu58DoukfVZznZp7d16pXxUZlcAROAZV4IILUAc3oAlaAINH8AxewKv1ZL1Z79bHrHXJKmYOwB9Ynz+tRJ2/</latexit><latexit sha1_base64="6Pfd1HTC+2Hwxb4Kca9Ph8Fkb8U=">AAACFHicbVDLSsNAFJ34rPUVFdy4GSxC3ZREBF0W3eiiUME+oAlhMpm0Q2cmYWYilNjf8APc6ie4E7fu/QJ/w2mbhbYeuHA4517uvSdMGVXacb6speWV1bX10kZ5c2t7Z9fe22+rJJOYtHDCEtkNkSKMCtLSVDPSTSVBPGSkEw6vJ37ngUhFE3GvRynxOeoLGlOMtJEC+/A2aFS9EMnc49kYeopy2DiFgV1xas4UcJG4BamAAs3A/vaiBGecCI0ZUqrnOqn2cyQ1xYyMy16mSIrwEPVJz1CBOFF+Pr1/DE+MEsE4kaaEhlP190SOuFIjHppOjvRAzXsT8V9PmVMGJJpbr+NLP6cizTQReLY9zhjUCZwkBCMqCdZsZAjCkpoHIB4gibA2OZZNMu58DoukfVZznZp7d16pXxUZlcAROAZV4IILUAc3oAlaAINH8AxewKv1ZL1Z79bHrHXJKmYOwB9Ynz+tRJ2/</latexit>

IEFT(µ̄ ⇠ m)
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µ̄ changes with RGE
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Separate two scale to two one scale problem

Avoid large logs
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Exercise: 4-Fermi Theory
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Exercise: b decay

Calculate one-loop matching  
and RGE in EFT?
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Short Summary
Diagrammatic approach Path integral approach

Feynman diagrams Covariant Derivative Expansion

Easy to miss diagrams Systematic but difficult

Once matching is done

Running could be easy

Matching with loop expansion 

Running additional treatment

[ Cohen, Lu, Zhang, 2012.07851] 

[ Fuentes-Martin, et.al., 2012.08506 ] 

[ Carmona, et.al, 2112.10787 ] 
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Standard Model EFT
Bottom-up
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The Standard Model

17 elementary particles 19 parameters, all measured but
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Symmetry of the SM

Standard 
Model

SU(3)

SU(2) U(1)

SO(3,1)

SU(2) x SU(2)



Jiang-Hao Yu (ITP-CAS)
 51

New Physics (NP) Models

Neutrino

Baryon 
Asymmetry

Gauge
Unification Dark 

matter

Inflation

+ yt

t
m2

Higgs
=

 51

New Physics

experimental challengestheoretical motivation

Vacuum 
Stability

Flavor
Hierarchy

Higgs mass
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NP Motivated Simplified Model

SUSY

Extra Dimension

Composite Dynamics
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New Physics @ LHC
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Paradigm Shift

resonance bump hunting at the LHC distribution tail deviation at the LHC

Indirect searchesDirect signature

New physics beyond the LHC threshold: paradigm shift for BSM searches 
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Top-Down EFT

New Physics Models

EFT Operators

Integrate out and matching/running

Given new physics models, integrate out heavy particles and match to SMEFT

Decoupling theorem
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Canonical Seesaw Models

dim-6 operators
Radiative symmetry breaking

[ Du, Li, Yu, 2201.04646 ] 
[ Li, Zhang, Zhou, 2021,2022 ] 
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History of Weak Theory

Becquerel 
1896

Looking back to the past, we did not know the UV theory ahead

Pauli 
1933

Fermi 
1934

Four-fermi EFT

Gamov-Teller 1936 
Fierz 1937

vector current to 
Fermi(V/S), 
GT(A/T), P
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Four-Fermi EFT

Lee-Yang 1956 
Wu 1956

Complete charge current LEFT operators
~�Co · ~pe

With parity violation, Lee and Yang wrote the most general 4-fermi operators

[ Falkowski, et.al 2021] 
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Bottom-up Approach
PV Lesson: start from the complete bottom-up operators

Weinberg’s Folk theorem, 1979[ Weinberg 1933 - 2021 ] 

EFT Operators

UV unknown
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SMEFT

SMEFT provides systematic parametrization of

LHC probing scale

SMEFT

… all possible Lorentz inv. new physics!

UV model unspecified

power counting: canonical dim.

Most general Lagrangian with Lorentz and SM gauge symmetry

Standard model effective field theory (SMEFT)
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SMEFT Operators

power counting: canonical dim.

d.o.f: SM fields

symmetry: gauge/Lorentz
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SMEFT Operators

Dim-5 
Weinberg

Dim-6 
Buchmuller&Wyler

[ citation from inspire-hep ] 

1980 1990 2000 2010 2020
0

50

100

150

200

year

ci
ta
tio
n

Dim-6 
Warsaw/ y

ea
r



Jiang-Hao Yu (ITP-CAS)
 63

Dim-5 Weinberg Operator

Odd power of scalar, and SU(2)L transformation  ̄L�
µ⌫ R
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Red color: eliminated by equation of motion

Neutrino Majorana mass!Lepton number violation

The only operator at the dimension 5
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Dim-5 Operator
Dim-5 neutrino masses predicted by SMEFT and later observed!
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Dim-6 Operators
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Dim-6 Operators
Why completing dim-6 took more than 25 years?

Equation of motion (Field redefinition)

Integration by part (total derivatives)

Covariant derivative commutator

Bianchi identity

[Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010] 

80
[ Buchmuller, Wyler, 1986] 

59

tedious and prone-to-error

80-1-16-5+1 = 59 

Fierz identity
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EOM Redundancy
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Fierz Identity
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SMEFT Operators

[ Henning, Lu, Melia, Murayama, 2017] 
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Main Difficulties

2

Repeated fieldsDerivatives

30

Which 2 should be picked up?

QQQL
<latexit sha1_base64="0d+NK5WAtjm3e8/KEf7CebHWVH4=">AAACAHicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLBuwD2lAmk0kzdDIJMxOhhG78ALf6Ce7ErX/iF/gbTtostPXAhcM593LvPX7KmdK2/WVV1tY3Nreq27Wd3b39g/rhUVclmSS0QxKeyL6PFeVM0I5mmtN+KimOfU57/uS28HuPVCqWiAc9TakX47FgISNYF5LruvejesNu2nOgVeKUpAEl2qP69zBISBZToQnHSg0cO9VejqVmhNNZbZgpmmIywWM6MFTgmCovn986Q2dGCVCYSFNCo7n6eyLHsVLT2DedMdaRWvYK8V9PmVMiGiyt1+G1lzORZpoKstgeZhzpBBVpoIBJSjSfGoKJZOYBRCIsMdEms5pJxlnOYZV0L5qO3XTcy0brpsyoCidwCufgwBW04A7a0AECETzDC7xaT9ab9W59LForVjlzDH9gff4AfaiWug==</latexit><latexit sha1_base64="0d+NK5WAtjm3e8/KEf7CebHWVH4=">AAACAHicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLBuwD2lAmk0kzdDIJMxOhhG78ALf6Ce7ErX/iF/gbTtostPXAhcM593LvPX7KmdK2/WVV1tY3Nreq27Wd3b39g/rhUVclmSS0QxKeyL6PFeVM0I5mmtN+KimOfU57/uS28HuPVCqWiAc9TakX47FgISNYF5LruvejesNu2nOgVeKUpAEl2qP69zBISBZToQnHSg0cO9VejqVmhNNZbZgpmmIywWM6MFTgmCovn986Q2dGCVCYSFNCo7n6eyLHsVLT2DedMdaRWvYK8V9PmVMiGiyt1+G1lzORZpoKstgeZhzpBBVpoIBJSjSfGoKJZOYBRCIsMdEms5pJxlnOYZV0L5qO3XTcy0brpsyoCidwCufgwBW04A7a0AECETzDC7xaT9ab9W59LForVjlzDH9gff4AfaiWug==</latexit><latexit sha1_base64="0d+NK5WAtjm3e8/KEf7CebHWVH4=">AAACAHicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLBuwD2lAmk0kzdDIJMxOhhG78ALf6Ce7ErX/iF/gbTtostPXAhcM593LvPX7KmdK2/WVV1tY3Nreq27Wd3b39g/rhUVclmSS0QxKeyL6PFeVM0I5mmtN+KimOfU57/uS28HuPVCqWiAc9TakX47FgISNYF5LruvejesNu2nOgVeKUpAEl2qP69zBISBZToQnHSg0cO9VejqVmhNNZbZgpmmIywWM6MFTgmCovn986Q2dGCVCYSFNCo7n6eyLHsVLT2DedMdaRWvYK8V9PmVMiGiyt1+G1lzORZpoKstgeZhzpBBVpoIBJSjSfGoKJZOYBRCIsMdEms5pJxlnOYZV0L5qO3XTcy0brpsyoCidwCufgwBW04A7a0AECETzDC7xaT9ab9W59LForVjlzDH9gff4AfaiWug==</latexit><latexit sha1_base64="0d+NK5WAtjm3e8/KEf7CebHWVH4=">AAACAHicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLBuwD2lAmk0kzdDIJMxOhhG78ALf6Ce7ErX/iF/gbTtostPXAhcM593LvPX7KmdK2/WVV1tY3Nreq27Wd3b39g/rhUVclmSS0QxKeyL6PFeVM0I5mmtN+KimOfU57/uS28HuPVCqWiAc9TakX47FgISNYF5LruvejesNu2nOgVeKUpAEl2qP69zBISBZToQnHSg0cO9VejqVmhNNZbZgpmmIywWM6MFTgmCovn986Q2dGCVCYSFNCo7n6eyLHsVLT2DedMdaRWvYK8V9PmVMiGiyt1+G1lzORZpoKstgeZhzpBBVpoIBJSjSfGoKJZOYBRCIsMdEms5pJxlnOYZV0L5qO3XTcy0brpsyoCidwCufgwBW04A7a0AECETzDC7xaT9ab9W59LForVjlzDH9gff4AfaiWug==</latexit>

57

What flavor relations should
be imposed?

324

How about higher dimensional operators?

difficult to write down explicit form of operators
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Operator as Spinor Tensor

SO(3,1)

Easier to find more symmetries of the operator with spinor indices

Operator with explicit spinor indices

Operator has more symmetries than what we expect

SL(2,C)
�

<latexit sha1_base64="mLx+FFfgRsektn1vuW1zHX0Eml4=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047KCfUAbymRy0wydTMLMRCihGz/ArX6CO3Hrn/gF/oaTNgttPXDhcM693HuPn3KmtON8WZW19Y3Nrep2bWd3b/+gfnjUVUkmKXZowhPZ94lCzgR2NNMc+6lEEvsce/7ktvB7jygVS8SDnqboxWQsWMgo0YU0TCM2qjecpjOHvUrckjSgRHtU/x4GCc1iFJpyotTAdVLt5URqRjnOasNMYUrohIxxYKggMSovn986s8+MEthhIk0Jbc/V3xM5iZWaxr7pjImO1LJXiP96ypwSYbC0XofXXs5EmmkUdLE9zLitE7tIww6YRKr51BBCJTMP2DQiklBtMquZZNzlHFZJ96LpOk33/rLRuikzqsIJnMI5uHAFLbiDNnSAQgTP8AKv1pP1Zr1bH4vWilXOHMMfWJ8/FFuXGA==</latexit><latexit sha1_base64="mLx+FFfgRsektn1vuW1zHX0Eml4=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047KCfUAbymRy0wydTMLMRCihGz/ArX6CO3Hrn/gF/oaTNgttPXDhcM693HuPn3KmtON8WZW19Y3Nrep2bWd3b/+gfnjUVUkmKXZowhPZ94lCzgR2NNMc+6lEEvsce/7ktvB7jygVS8SDnqboxWQsWMgo0YU0TCM2qjecpjOHvUrckjSgRHtU/x4GCc1iFJpyotTAdVLt5URqRjnOasNMYUrohIxxYKggMSovn986s8+MEthhIk0Jbc/V3xM5iZWaxr7pjImO1LJXiP96ypwSYbC0XofXXs5EmmkUdLE9zLitE7tIww6YRKr51BBCJTMP2DQiklBtMquZZNzlHFZJ96LpOk33/rLRuikzqsIJnMI5uHAFLbiDNnSAQgTP8AKv1pP1Zr1bH4vWilXOHMMfWJ8/FFuXGA==</latexit><latexit sha1_base64="mLx+FFfgRsektn1vuW1zHX0Eml4=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047KCfUAbymRy0wydTMLMRCihGz/ArX6CO3Hrn/gF/oaTNgttPXDhcM693HuPn3KmtON8WZW19Y3Nrep2bWd3b/+gfnjUVUkmKXZowhPZ94lCzgR2NNMc+6lEEvsce/7ktvB7jygVS8SDnqboxWQsWMgo0YU0TCM2qjecpjOHvUrckjSgRHtU/x4GCc1iFJpyotTAdVLt5URqRjnOasNMYUrohIxxYKggMSovn986s8+MEthhIk0Jbc/V3xM5iZWaxr7pjImO1LJXiP96ypwSYbC0XofXXs5EmmkUdLE9zLitE7tIww6YRKr51BBCJTMP2DQiklBtMquZZNzlHFZJ96LpOk33/rLRuikzqsIJnMI5uHAFLbiDNnSAQgTP8AKv1pP1Zr1bH4vWilXOHMMfWJ8/FFuXGA==</latexit><latexit sha1_base64="mLx+FFfgRsektn1vuW1zHX0Eml4=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047KCfUAbymRy0wydTMLMRCihGz/ArX6CO3Hrn/gF/oaTNgttPXDhcM693HuPn3KmtON8WZW19Y3Nrep2bWd3b/+gfnjUVUkmKXZowhPZ94lCzgR2NNMc+6lEEvsce/7ktvB7jygVS8SDnqboxWQsWMgo0YU0TCM2qjecpjOHvUrckjSgRHtU/x4GCc1iFJpyotTAdVLt5URqRjnOasNMYUrohIxxYKggMSovn986s8+MEthhIk0Jbc/V3xM5iZWaxr7pjImO1LJXiP96ypwSYbC0XofXXs5EmmkUdLE9zLitE7tIww6YRKr51BBCJTMP2DQiklBtMquZZNzlHFZJ96LpOk33/rLRuikzqsIJnMI5uHAFLbiDNnSAQgTP8AKv1pP1Zr1bH4vWilXOHMMfWJ8/FFuXGA==</latexit>

2 (2, 0)
<latexit sha1_base64="q3MAYsovVDXnjzwINhfZ2C5l3YU=">AAACBXicbVDLSgNBEOz1GeMr6tHLYBAiSNgNgh6DXjxGMA9JljA7O5sMmZldZmaFsOTsB3jVT/AmXv0Ov8DfcJLsQRMLGoqqbrq7goQzbVz3y1lZXVvf2CxsFbd3dvf2SweHLR2nitAmiXmsOgHWlDNJm4YZTjuJolgEnLaD0c3Ubz9SpVks7804ob7AA8kiRrCx0kOPSVSpnbtn/VLZrbozoGXi5aQMORr90ncvjEkqqDSEY627npsYP8PKMMLppNhLNU0wGeEB7VoqsaDaz2YHT9CpVUIUxcqWNGim/p7IsNB6LALbKbAZ6kVvKv7raXvKkIYL60105WdMJqmhksy3RylHJkbTSFDIFCWGjy3BRDH7ACJDrDAxNriiTcZbzGGZtGpVz616dxfl+nWeUQGO4QQq4MEl1OEWGtAEAgKe4QVenSfnzXl3PuatK04+cwR/4Hz+AMPbl98=</latexit><latexit sha1_base64="q3MAYsovVDXnjzwINhfZ2C5l3YU=">AAACBXicbVDLSgNBEOz1GeMr6tHLYBAiSNgNgh6DXjxGMA9JljA7O5sMmZldZmaFsOTsB3jVT/AmXv0Ov8DfcJLsQRMLGoqqbrq7goQzbVz3y1lZXVvf2CxsFbd3dvf2SweHLR2nitAmiXmsOgHWlDNJm4YZTjuJolgEnLaD0c3Ubz9SpVks7804ob7AA8kiRrCx0kOPSVSpnbtn/VLZrbozoGXi5aQMORr90ncvjEkqqDSEY627npsYP8PKMMLppNhLNU0wGeEB7VoqsaDaz2YHT9CpVUIUxcqWNGim/p7IsNB6LALbKbAZ6kVvKv7raXvKkIYL60105WdMJqmhksy3RylHJkbTSFDIFCWGjy3BRDH7ACJDrDAxNriiTcZbzGGZtGpVz616dxfl+nWeUQGO4QQq4MEl1OEWGtAEAgKe4QVenSfnzXl3PuatK04+cwR/4Hz+AMPbl98=</latexit><latexit sha1_base64="q3MAYsovVDXnjzwINhfZ2C5l3YU=">AAACBXicbVDLSgNBEOz1GeMr6tHLYBAiSNgNgh6DXjxGMA9JljA7O5sMmZldZmaFsOTsB3jVT/AmXv0Ov8DfcJLsQRMLGoqqbrq7goQzbVz3y1lZXVvf2CxsFbd3dvf2SweHLR2nitAmiXmsOgHWlDNJm4YZTjuJolgEnLaD0c3Ubz9SpVks7804ob7AA8kiRrCx0kOPSVSpnbtn/VLZrbozoGXi5aQMORr90ncvjEkqqDSEY627npsYP8PKMMLppNhLNU0wGeEB7VoqsaDaz2YHT9CpVUIUxcqWNGim/p7IsNB6LALbKbAZ6kVvKv7raXvKkIYL60105WdMJqmhksy3RylHJkbTSFDIFCWGjy3BRDH7ACJDrDAxNriiTcZbzGGZtGpVz616dxfl+nWeUQGO4QQq4MEl1OEWGtAEAgKe4QVenSfnzXl3PuatK04+cwR/4Hz+AMPbl98=</latexit><latexit sha1_base64="q3MAYsovVDXnjzwINhfZ2C5l3YU=">AAACBXicbVDLSgNBEOz1GeMr6tHLYBAiSNgNgh6DXjxGMA9JljA7O5sMmZldZmaFsOTsB3jVT/AmXv0Ov8DfcJLsQRMLGoqqbrq7goQzbVz3y1lZXVvf2CxsFbd3dvf2SweHLR2nitAmiXmsOgHWlDNJm4YZTjuJolgEnLaD0c3Ubz9SpVks7804ob7AA8kiRrCx0kOPSVSpnbtn/VLZrbozoGXi5aQMORr90ncvjEkqqDSEY627npsYP8PKMMLppNhLNU0wGeEB7VoqsaDaz2YHT9CpVUIUxcqWNGim/p7IsNB6LALbKbAZ6kVvKv7raXvKkIYL60105WdMJqmhksy3RylHJkbTSFDIFCWGjy3BRDH7ACJDrDAxNriiTcZbzGGZtGpVz616dxfl+nWeUQGO4QQq4MEl1OEWGtAEAgKe4QVenSfnzXl3PuatK04+cwR/4Hz+AMPbl98=</latexit>

Spinor-helicity

�↵������
<latexit sha1_base64="uicNdJaXmb7XuxBkSMJPWz03YQs=">AAACOHicbVDLSgNBEJz1bXxFPXoZDIKnsCuC4inoxWMEEwWzhN7ZTjI4s7vM9Aoh+C9+hx/gVa/evAWvfoGTZJEYLRioqu6mpyvKlLTk++/e3PzC4tLyymppbX1jc6u8vdO0aW4ENkSqUnMbgUUlE2yQJIW3mUHQkcKb6P5iVL95QGNlmlxTP8NQQzeRHSmAnNUun7WUa46h3QKV9YD/yAhpSnVB6ykZoyJolyt+1R+D/yVBQSqsQL1dHrbiVOQaExIKrL0L/IzCARiSQuFjqZVbzEDcQxfvHE1Aow0H4xsf+YFzYt5JjXsJ8bE7PTEAbW1fR65TA/XsbG1k/luz7is9jGfWU+c0HMgkywkTMdneyRWnlI9S5LE0KEj1HQFhpDuAix4YEOSyLrlkgtkc/pLmUTXwq8HVcaV2XmS0wvbYPjtkATthNXbJ6qzBBHtiL+yVvXnP3oc39D4nrXNeMbPLfsH7+gZTla23</latexit><latexit sha1_base64="uicNdJaXmb7XuxBkSMJPWz03YQs=">AAACOHicbVDLSgNBEJz1bXxFPXoZDIKnsCuC4inoxWMEEwWzhN7ZTjI4s7vM9Aoh+C9+hx/gVa/evAWvfoGTZJEYLRioqu6mpyvKlLTk++/e3PzC4tLyymppbX1jc6u8vdO0aW4ENkSqUnMbgUUlE2yQJIW3mUHQkcKb6P5iVL95QGNlmlxTP8NQQzeRHSmAnNUun7WUa46h3QKV9YD/yAhpSnVB6ykZoyJolyt+1R+D/yVBQSqsQL1dHrbiVOQaExIKrL0L/IzCARiSQuFjqZVbzEDcQxfvHE1Aow0H4xsf+YFzYt5JjXsJ8bE7PTEAbW1fR65TA/XsbG1k/luz7is9jGfWU+c0HMgkywkTMdneyRWnlI9S5LE0KEj1HQFhpDuAix4YEOSyLrlkgtkc/pLmUTXwq8HVcaV2XmS0wvbYPjtkATthNXbJ6qzBBHtiL+yVvXnP3oc39D4nrXNeMbPLfsH7+gZTla23</latexit><latexit sha1_base64="uicNdJaXmb7XuxBkSMJPWz03YQs=">AAACOHicbVDLSgNBEJz1bXxFPXoZDIKnsCuC4inoxWMEEwWzhN7ZTjI4s7vM9Aoh+C9+hx/gVa/evAWvfoGTZJEYLRioqu6mpyvKlLTk++/e3PzC4tLyymppbX1jc6u8vdO0aW4ENkSqUnMbgUUlE2yQJIW3mUHQkcKb6P5iVL95QGNlmlxTP8NQQzeRHSmAnNUun7WUa46h3QKV9YD/yAhpSnVB6ykZoyJolyt+1R+D/yVBQSqsQL1dHrbiVOQaExIKrL0L/IzCARiSQuFjqZVbzEDcQxfvHE1Aow0H4xsf+YFzYt5JjXsJ8bE7PTEAbW1fR65TA/XsbG1k/luz7is9jGfWU+c0HMgkywkTMdneyRWnlI9S5LE0KEj1HQFhpDuAix4YEOSyLrlkgtkc/pLmUTXwq8HVcaV2XmS0wvbYPjtkATthNXbJ6qzBBHtiL+yVvXnP3oc39D4nrXNeMbPLfsH7+gZTla23</latexit><latexit sha1_base64="uicNdJaXmb7XuxBkSMJPWz03YQs=">AAACOHicbVDLSgNBEJz1bXxFPXoZDIKnsCuC4inoxWMEEwWzhN7ZTjI4s7vM9Aoh+C9+hx/gVa/evAWvfoGTZJEYLRioqu6mpyvKlLTk++/e3PzC4tLyymppbX1jc6u8vdO0aW4ENkSqUnMbgUUlE2yQJIW3mUHQkcKb6P5iVL95QGNlmlxTP8NQQzeRHSmAnNUun7WUa46h3QKV9YD/yAhpSnVB6ykZoyJolyt+1R+D/yVBQSqsQL1dHrbiVOQaExIKrL0L/IzCARiSQuFjqZVbzEDcQxfvHE1Aow0H4xsf+YFzYt5JjXsJ8bE7PTEAbW1fR65TA/XsbG1k/luz7is9jGfWU+c0HMgkywkTMdneyRWnlI9S5LE0KEj1HQFhpDuAix4YEOSyLrlkgtkc/pLmUTXwq8HVcaV2XmS0wvbYPjtkATthNXbJ6qzBBHtiL+yVvXnP3oc39D4nrXNeMbPLfsH7+gZTla23</latexit>

�
<latexit sha1_base64="mLx+FFfgRsektn1vuW1zHX0Eml4=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047KCfUAbymRy0wydTMLMRCihGz/ArX6CO3Hrn/gF/oaTNgttPXDhcM693HuPn3KmtON8WZW19Y3Nrep2bWd3b/+gfnjUVUkmKXZowhPZ94lCzgR2NNMc+6lEEvsce/7ktvB7jygVS8SDnqboxWQsWMgo0YU0TCM2qjecpjOHvUrckjSgRHtU/x4GCc1iFJpyotTAdVLt5URqRjnOasNMYUrohIxxYKggMSovn986s8+MEthhIk0Jbc/V3xM5iZWaxr7pjImO1LJXiP96ypwSYbC0XofXXs5EmmkUdLE9zLitE7tIww6YRKr51BBCJTMP2DQiklBtMquZZNzlHFZJ96LpOk33/rLRuikzqsIJnMI5uHAFLbiDNnSAQgTP8AKv1pP1Zr1bH4vWilXOHMMfWJ8/FFuXGA==</latexit><latexit sha1_base64="mLx+FFfgRsektn1vuW1zHX0Eml4=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047KCfUAbymRy0wydTMLMRCihGz/ArX6CO3Hrn/gF/oaTNgttPXDhcM693HuPn3KmtON8WZW19Y3Nrep2bWd3b/+gfnjUVUkmKXZowhPZ94lCzgR2NNMc+6lEEvsce/7ktvB7jygVS8SDnqboxWQsWMgo0YU0TCM2qjecpjOHvUrckjSgRHtU/x4GCc1iFJpyotTAdVLt5URqRjnOasNMYUrohIxxYKggMSovn986s8+MEthhIk0Jbc/V3xM5iZWaxr7pjImO1LJXiP96ypwSYbC0XofXXs5EmmkUdLE9zLitE7tIww6YRKr51BBCJTMP2DQiklBtMquZZNzlHFZJ96LpOk33/rLRuikzqsIJnMI5uHAFLbiDNnSAQgTP8AKv1pP1Zr1bH4vWilXOHMMfWJ8/FFuXGA==</latexit><latexit sha1_base64="mLx+FFfgRsektn1vuW1zHX0Eml4=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047KCfUAbymRy0wydTMLMRCihGz/ArX6CO3Hrn/gF/oaTNgttPXDhcM693HuPn3KmtON8WZW19Y3Nrep2bWd3b/+gfnjUVUkmKXZowhPZ94lCzgR2NNMc+6lEEvsce/7ktvB7jygVS8SDnqboxWQsWMgo0YU0TCM2qjecpjOHvUrckjSgRHtU/x4GCc1iFJpyotTAdVLt5URqRjnOasNMYUrohIxxYKggMSovn986s8+MEthhIk0Jbc/V3xM5iZWaxr7pjImO1LJXiP96ypwSYbC0XofXXs5EmmkUdLE9zLitE7tIww6YRKr51BBCJTMP2DQiklBtMquZZNzlHFZJ96LpOk33/rLRuikzqsIJnMI5uHAFLbiDNnSAQgTP8AKv1pP1Zr1bH4vWilXOHMMfWJ8/FFuXGA==</latexit><latexit sha1_base64="mLx+FFfgRsektn1vuW1zHX0Eml4=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl047KCfUAbymRy0wydTMLMRCihGz/ArX6CO3Hrn/gF/oaTNgttPXDhcM693HuPn3KmtON8WZW19Y3Nrep2bWd3b/+gfnjUVUkmKXZowhPZ94lCzgR2NNMc+6lEEvsce/7ktvB7jygVS8SDnqboxWQsWMgo0YU0TCM2qjecpjOHvUrckjSgRHtU/x4GCc1iFJpyotTAdVLt5URqRjnOasNMYUrohIxxYKggMSovn986s8+MEthhIk0Jbc/V3xM5iZWaxr7pjImO1LJXiP96ypwSYbC0XofXXs5EmmkUdLE9zLitE7tIww6YRKr51BBCJTMP2DQiklBtMquZZNzlHFZJ96LpOk33/rLRuikzqsIJnMI5uHAFLbiDNnSAQgTP8AKv1pP1Zr1bH4vWilXOHMMfWJ8/FFuXGA==</latexit>

SU(2)l ⇥ SU(2)r
<latexit sha1_base64="C7E8K5Hjp+W7E86aNpchl2EKAXs=">AAAB/3icbVBNS8NAEJ34WetXVPDiZbEI9VKSKuix6MVjRdMW2lA22027dLMJuxuhxB78K148KOLVv+HNf+O2zUFbHyy8eW+GmX1BwpnSjvNtLS2vrK6tFzaKm1vbO7v23n5Dxakk1CMxj2UrwIpyJqinmea0lUiKo4DTZjC8nvjNByoVi8W9HiXUj3BfsJARrI3UtQ/vvHL1tMtRR7OIKjQrZdcuORVnCrRI3JyUIEe9a391ejFJIyo04Viptusk2s+w1IxwOi52UkUTTIa4T9uGCmyW+dn0/jE6MUoPhbE0T2g0VX9PZDhSahQFpjPCeqDmvYn4n9dOdXjpZ0wkqaaCzBaFKUc6RpMwUI9JSjQfGYKJZOZWRAZYYqJNZEUTgjv/5UXSqFbcs0r19rxUu8rjKMARHEMZXLiAGtxAHTwg8AjP8Apv1pP1Yr1bH7PWJSufOYA/sD5/ABszlDs=</latexit>
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Operator as Spinor Tensor
Dim-8 operators: 993 (44807) operators for 1 (3) generations

Unified construction of Lorentz & gauge structures by Young Tableau

( )
<latexit sha1_base64="Js3TDh9ZbXJa3DgvJWXkgm+KRok=">AAACEXicbVBLSgNBEO3xG+NvNEs3jUGImzAjgi6DblxGMB/IhNDTqck06fnQXSMMIafwAG71CO7ErSfwBF7DTjILTXxNw+O9Kqrq+akUGh3ny1pb39jc2i7tlHf39g8O7aPjtk4yxaHFE5mors80SBFDCwVK6KYKWORL6Pjj25nfeQSlRRI/YJ5CP2KjWASCMzTSwK54EgKsUc886ikxCvF8YFedujMHXSVuQaqkQHNgf3vDhGcRxMgl07rnOin2J0yh4BKmZS/TkDI+ZiPoGRqzCHR/Ml9+Ss+MMqRBosyPkc7V3x0TFmmdR76pjBiGetmbif962qwSwnBpPAbX/YmI0wwh5ovpQSYpJnQWDx0KBRxlbgjjSpgDKA+ZYhxNiGWTjLucwyppX9Rdp+7eX1YbN0VGJXJCTkmNuOSKNMgdaZIW4SQnz+SFvFpP1pv1bn0sStesoqdC/sD6/AEB1pxM</latexit><latexit sha1_base64="Js3TDh9ZbXJa3DgvJWXkgm+KRok=">AAACEXicbVBLSgNBEO3xG+NvNEs3jUGImzAjgi6DblxGMB/IhNDTqck06fnQXSMMIafwAG71CO7ErSfwBF7DTjILTXxNw+O9Kqrq+akUGh3ny1pb39jc2i7tlHf39g8O7aPjtk4yxaHFE5mors80SBFDCwVK6KYKWORL6Pjj25nfeQSlRRI/YJ5CP2KjWASCMzTSwK54EgKsUc886ikxCvF8YFedujMHXSVuQaqkQHNgf3vDhGcRxMgl07rnOin2J0yh4BKmZS/TkDI+ZiPoGRqzCHR/Ml9+Ss+MMqRBosyPkc7V3x0TFmmdR76pjBiGetmbif962qwSwnBpPAbX/YmI0wwh5ovpQSYpJnQWDx0KBRxlbgjjSpgDKA+ZYhxNiGWTjLucwyppX9Rdp+7eX1YbN0VGJXJCTkmNuOSKNMgdaZIW4SQnz+SFvFpP1pv1bn0sStesoqdC/sD6/AEB1pxM</latexit><latexit sha1_base64="Js3TDh9ZbXJa3DgvJWXkgm+KRok=">AAACEXicbVBLSgNBEO3xG+NvNEs3jUGImzAjgi6DblxGMB/IhNDTqck06fnQXSMMIafwAG71CO7ErSfwBF7DTjILTXxNw+O9Kqrq+akUGh3ny1pb39jc2i7tlHf39g8O7aPjtk4yxaHFE5mors80SBFDCwVK6KYKWORL6Pjj25nfeQSlRRI/YJ5CP2KjWASCMzTSwK54EgKsUc886ikxCvF8YFedujMHXSVuQaqkQHNgf3vDhGcRxMgl07rnOin2J0yh4BKmZS/TkDI+ZiPoGRqzCHR/Ml9+Ss+MMqRBosyPkc7V3x0TFmmdR76pjBiGetmbif962qwSwnBpPAbX/YmI0wwh5ovpQSYpJnQWDx0KBRxlbgjjSpgDKA+ZYhxNiGWTjLucwyppX9Rdp+7eX1YbN0VGJXJCTkmNuOSKNMgdaZIW4SQnz+SFvFpP1pv1bn0sStesoqdC/sD6/AEB1pxM</latexit><latexit sha1_base64="Js3TDh9ZbXJa3DgvJWXkgm+KRok=">AAACEXicbVBLSgNBEO3xG+NvNEs3jUGImzAjgi6DblxGMB/IhNDTqck06fnQXSMMIafwAG71CO7ErSfwBF7DTjILTXxNw+O9Kqrq+akUGh3ny1pb39jc2i7tlHf39g8O7aPjtk4yxaHFE5mors80SBFDCwVK6KYKWORL6Pjj25nfeQSlRRI/YJ5CP2KjWASCMzTSwK54EgKsUc886ikxCvF8YFedujMHXSVuQaqkQHNgf3vDhGcRxMgl07rnOin2J0yh4BKmZS/TkDI+ZiPoGRqzCHR/Ml9+Ss+MMqRBosyPkc7V3x0TFmmdR76pjBiGetmbif962qwSwnBpPAbX/YmI0wwh5ovpQSYpJnQWDx0KBRxlbgjjSpgDKA+ZYhxNiGWTjLucwyppX9Rdp+7eX1YbN0VGJXJCTkmNuOSKNMgdaZIW4SQnz+SFvFpP1pv1bn0sStesoqdC/sD6/AEB1pxM</latexit>

( )
<latexit sha1_base64="Js3TDh9ZbXJa3DgvJWXkgm+KRok=">AAACEXicbVBLSgNBEO3xG+NvNEs3jUGImzAjgi6DblxGMB/IhNDTqck06fnQXSMMIafwAG71CO7ErSfwBF7DTjILTXxNw+O9Kqrq+akUGh3ny1pb39jc2i7tlHf39g8O7aPjtk4yxaHFE5mors80SBFDCwVK6KYKWORL6Pjj25nfeQSlRRI/YJ5CP2KjWASCMzTSwK54EgKsUc886ikxCvF8YFedujMHXSVuQaqkQHNgf3vDhGcRxMgl07rnOin2J0yh4BKmZS/TkDI+ZiPoGRqzCHR/Ml9+Ss+MMqRBosyPkc7V3x0TFmmdR76pjBiGetmbif962qwSwnBpPAbX/YmI0wwh5ovpQSYpJnQWDx0KBRxlbgjjSpgDKA+ZYhxNiGWTjLucwyppX9Rdp+7eX1YbN0VGJXJCTkmNuOSKNMgdaZIW4SQnz+SFvFpP1pv1bn0sStesoqdC/sD6/AEB1pxM</latexit><latexit sha1_base64="Js3TDh9ZbXJa3DgvJWXkgm+KRok=">AAACEXicbVBLSgNBEO3xG+NvNEs3jUGImzAjgi6DblxGMB/IhNDTqck06fnQXSMMIafwAG71CO7ErSfwBF7DTjILTXxNw+O9Kqrq+akUGh3ny1pb39jc2i7tlHf39g8O7aPjtk4yxaHFE5mors80SBFDCwVK6KYKWORL6Pjj25nfeQSlRRI/YJ5CP2KjWASCMzTSwK54EgKsUc886ikxCvF8YFedujMHXSVuQaqkQHNgf3vDhGcRxMgl07rnOin2J0yh4BKmZS/TkDI+ZiPoGRqzCHR/Ml9+Ss+MMqRBosyPkc7V3x0TFmmdR76pjBiGetmbif962qwSwnBpPAbX/YmI0wwh5ovpQSYpJnQWDx0KBRxlbgjjSpgDKA+ZYhxNiGWTjLucwyppX9Rdp+7eX1YbN0VGJXJCTkmNuOSKNMgdaZIW4SQnz+SFvFpP1pv1bn0sStesoqdC/sD6/AEB1pxM</latexit><latexit sha1_base64="Js3TDh9ZbXJa3DgvJWXkgm+KRok=">AAACEXicbVBLSgNBEO3xG+NvNEs3jUGImzAjgi6DblxGMB/IhNDTqck06fnQXSMMIafwAG71CO7ErSfwBF7DTjILTXxNw+O9Kqrq+akUGh3ny1pb39jc2i7tlHf39g8O7aPjtk4yxaHFE5mors80SBFDCwVK6KYKWORL6Pjj25nfeQSlRRI/YJ5CP2KjWASCMzTSwK54EgKsUc886ikxCvF8YFedujMHXSVuQaqkQHNgf3vDhGcRxMgl07rnOin2J0yh4BKmZS/TkDI+ZiPoGRqzCHR/Ml9+Ss+MMqRBosyPkc7V3x0TFmmdR76pjBiGetmbif962qwSwnBpPAbX/YmI0wwh5ovpQSYpJnQWDx0KBRxlbgjjSpgDKA+ZYhxNiGWTjLucwyppX9Rdp+7eX1YbN0VGJXJCTkmNuOSKNMgdaZIW4SQnz+SFvFpP1pv1bn0sStesoqdC/sD6/AEB1pxM</latexit><latexit sha1_base64="Js3TDh9ZbXJa3DgvJWXkgm+KRok=">AAACEXicbVBLSgNBEO3xG+NvNEs3jUGImzAjgi6DblxGMB/IhNDTqck06fnQXSMMIafwAG71CO7ErSfwBF7DTjILTXxNw+O9Kqrq+akUGh3ny1pb39jc2i7tlHf39g8O7aPjtk4yxaHFE5mors80SBFDCwVK6KYKWORL6Pjj25nfeQSlRRI/YJ5CP2KjWASCMzTSwK54EgKsUc886ikxCvF8YFedujMHXSVuQaqkQHNgf3vDhGcRxMgl07rnOin2J0yh4BKmZS/TkDI+ZiPoGRqzCHR/Ml9+Ss+MMqRBosyPkc7V3x0TFmmdR76pjBiGetmbif962qwSwnBpPAbX/YmI0wwh5ovpQSYpJnQWDx0KBRxlbgjjSpgDKA+ZYhxNiGWTjLucwyppX9Rdp+7eX1YbN0VGJXJCTkmNuOSKNMgdaZIW4SQnz+SFvFpP1pv1bn0sStesoqdC/sD6/AEB1pxM</latexit>

+
<latexit sha1_base64="wveYuweAWAfmG071bNY19x2D2Hg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLsbCcZMju7zMwKYQl+gFf9BG/i1W/xC/wNJ8keNLGgoajqprsrSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/Pbj6g0j+WDmSToR3Qo+YAzaqzUuOiXK27VnYOsEi8nFchR75e/e2HM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVVCMoiVLWnIXP09kdFI60kU2M6ImpFe9mbiv562p4wwXFpvBjd+xmWSGpRssX2QCmJiMouChFwhM2JiCWWK2wcIG1FFmbGBlWwy3nIOq6R1WfXcqte4qtRu84yKcAKncA4eXEMN7qEOTWCA8Awv8Oo8OW/Ou/OxaC04+cwx/IHz+QNTv5WI</latexit><latexit sha1_base64="wveYuweAWAfmG071bNY19x2D2Hg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLsbCcZMju7zMwKYQl+gFf9BG/i1W/xC/wNJ8keNLGgoajqprsrSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/Pbj6g0j+WDmSToR3Qo+YAzaqzUuOiXK27VnYOsEi8nFchR75e/e2HM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVVCMoiVLWnIXP09kdFI60kU2M6ImpFe9mbiv562p4wwXFpvBjd+xmWSGpRssX2QCmJiMouChFwhM2JiCWWK2wcIG1FFmbGBlWwy3nIOq6R1WfXcqte4qtRu84yKcAKncA4eXEMN7qEOTWCA8Awv8Oo8OW/Ou/OxaC04+cwx/IHz+QNTv5WI</latexit><latexit sha1_base64="wveYuweAWAfmG071bNY19x2D2Hg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLsbCcZMju7zMwKYQl+gFf9BG/i1W/xC/wNJ8keNLGgoajqprsrSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/Pbj6g0j+WDmSToR3Qo+YAzaqzUuOiXK27VnYOsEi8nFchR75e/e2HM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVVCMoiVLWnIXP09kdFI60kU2M6ImpFe9mbiv562p4wwXFpvBjd+xmWSGpRssX2QCmJiMouChFwhM2JiCWWK2wcIG1FFmbGBlWwy3nIOq6R1WfXcqte4qtRu84yKcAKncA4eXEMN7qEOTWCA8Awv8Oo8OW/Ou/OxaC04+cwx/IHz+QNTv5WI</latexit><latexit sha1_base64="wveYuweAWAfmG071bNY19x2D2Hg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLsbCcZMju7zMwKYQl+gFf9BG/i1W/xC/wNJ8keNLGgoajqprsrSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/Pbj6g0j+WDmSToR3Qo+YAzaqzUuOiXK27VnYOsEi8nFchR75e/e2HM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVVCMoiVLWnIXP09kdFI60kU2M6ImpFe9mbiv562p4wwXFpvBjd+xmWSGpRssX2QCmJiMouChFwhM2JiCWWK2wcIG1FFmbGBlWwy3nIOq6R1WfXcqte4qtRu84yKcAKncA4eXEMN7qEOTWCA8Awv8Oo8OW/Ou/OxaC04+cwx/IHz+QNTv5WI</latexit>

+
<latexit sha1_base64="wveYuweAWAfmG071bNY19x2D2Hg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLsbCcZMju7zMwKYQl+gFf9BG/i1W/xC/wNJ8keNLGgoajqprsrSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/Pbj6g0j+WDmSToR3Qo+YAzaqzUuOiXK27VnYOsEi8nFchR75e/e2HM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVVCMoiVLWnIXP09kdFI60kU2M6ImpFe9mbiv562p4wwXFpvBjd+xmWSGpRssX2QCmJiMouChFwhM2JiCWWK2wcIG1FFmbGBlWwy3nIOq6R1WfXcqte4qtRu84yKcAKncA4eXEMN7qEOTWCA8Awv8Oo8OW/Ou/OxaC04+cwx/IHz+QNTv5WI</latexit><latexit sha1_base64="wveYuweAWAfmG071bNY19x2D2Hg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLsbCcZMju7zMwKYQl+gFf9BG/i1W/xC/wNJ8keNLGgoajqprsrSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/Pbj6g0j+WDmSToR3Qo+YAzaqzUuOiXK27VnYOsEi8nFchR75e/e2HM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVVCMoiVLWnIXP09kdFI60kU2M6ImpFe9mbiv562p4wwXFpvBjd+xmWSGpRssX2QCmJiMouChFwhM2JiCWWK2wcIG1FFmbGBlWwy3nIOq6R1WfXcqte4qtRu84yKcAKncA4eXEMN7qEOTWCA8Awv8Oo8OW/Ou/OxaC04+cwx/IHz+QNTv5WI</latexit><latexit sha1_base64="wveYuweAWAfmG071bNY19x2D2Hg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLsbCcZMju7zMwKYQl+gFf9BG/i1W/xC/wNJ8keNLGgoajqprsrSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/Pbj6g0j+WDmSToR3Qo+YAzaqzUuOiXK27VnYOsEi8nFchR75e/e2HM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVVCMoiVLWnIXP09kdFI60kU2M6ImpFe9mbiv562p4wwXFpvBjd+xmWSGpRssX2QCmJiMouChFwhM2JiCWWK2wcIG1FFmbGBlWwy3nIOq6R1WfXcqte4qtRu84yKcAKncA4eXEMN7qEOTWCA8Awv8Oo8OW/Ou/OxaC04+cwx/IHz+QNTv5WI</latexit><latexit sha1_base64="wveYuweAWAfmG071bNY19x2D2Hg=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXhMwDwgWcLsbCcZMju7zMwKYQl+gFf9BG/i1W/xC/wNJ8keNLGgoajqprsrSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/Pbj6g0j+WDmSToR3Qo+YAzaqzUuOiXK27VnYOsEi8nFchR75e/e2HM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVVCMoiVLWnIXP09kdFI60kU2M6ImpFe9mbiv562p4wwXFpvBjd+xmWSGpRssX2QCmJiMouChFwhM2JiCWWK2wcIG1FFmbGBlWwy3nIOq6R1WfXcqte4qtRu84yKcAKncA4eXEMN7qEOTWCA8Awv8Oo8OW/Ou/OxaC04+cwx/IHz+QNTv5WI</latexit>

=<latexit sha1_base64="dcUQ6RTbPwrlDHiBIqYHS9la6WA=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBch6MVjAuYByRJmZ3uTIbOzy8ysEELwA7zqJ3gTr36LX+BvOEn2oIkFDUVVN91dQSq4Nq775RTW1jc2t4rbpZ3dvf2D8uFRSyeZYthkiUhUJ6AaBZfYNNwI7KQKaRwIbAeju5nffkSleSIfzDhFP6YDySPOqLFS46ZfrrhVdw6ySrycVCBHvV/+7oUJy2KUhgmqdddzU+NPqDKcCZyWepnGlLIRHWDXUklj1P5kfuiUnFklJFGibElD5urviQmNtR7Hge2MqRnqZW8m/utpe8oQw6X1Jrr2J1ymmUHJFtujTBCTkFkUJOQKmRFjSyhT3D5A2JAqyowNrGST8ZZzWCWti6rnVr3GZaV2m2dUhBM4hXPw4ApqcA91aAIDhGd4gVfnyXlz3p2PRWvByWeO4Q+czx9wgZWa</latexit><latexit sha1_base64="dcUQ6RTbPwrlDHiBIqYHS9la6WA=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBch6MVjAuYByRJmZ3uTIbOzy8ysEELwA7zqJ3gTr36LX+BvOEn2oIkFDUVVN91dQSq4Nq775RTW1jc2t4rbpZ3dvf2D8uFRSyeZYthkiUhUJ6AaBZfYNNwI7KQKaRwIbAeju5nffkSleSIfzDhFP6YDySPOqLFS46ZfrrhVdw6ySrycVCBHvV/+7oUJy2KUhgmqdddzU+NPqDKcCZyWepnGlLIRHWDXUklj1P5kfuiUnFklJFGibElD5urviQmNtR7Hge2MqRnqZW8m/utpe8oQw6X1Jrr2J1ymmUHJFtujTBCTkFkUJOQKmRFjSyhT3D5A2JAqyowNrGST8ZZzWCWti6rnVr3GZaV2m2dUhBM4hXPw4ApqcA91aAIDhGd4gVfnyXlz3p2PRWvByWeO4Q+czx9wgZWa</latexit><latexit sha1_base64="dcUQ6RTbPwrlDHiBIqYHS9la6WA=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBch6MVjAuYByRJmZ3uTIbOzy8ysEELwA7zqJ3gTr36LX+BvOEn2oIkFDUVVN91dQSq4Nq775RTW1jc2t4rbpZ3dvf2D8uFRSyeZYthkiUhUJ6AaBZfYNNwI7KQKaRwIbAeju5nffkSleSIfzDhFP6YDySPOqLFS46ZfrrhVdw6ySrycVCBHvV/+7oUJy2KUhgmqdddzU+NPqDKcCZyWepnGlLIRHWDXUklj1P5kfuiUnFklJFGibElD5urviQmNtR7Hge2MqRnqZW8m/utpe8oQw6X1Jrr2J1ymmUHJFtujTBCTkFkUJOQKmRFjSyhT3D5A2JAqyowNrGST8ZZzWCWti6rnVr3GZaV2m2dUhBM4hXPw4ApqcA91aAIDhGd4gVfnyXlz3p2PRWvByWeO4Q+czx9wgZWa</latexit><latexit sha1_base64="dcUQ6RTbPwrlDHiBIqYHS9la6WA=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoBch6MVjAuYByRJmZ3uTIbOzy8ysEELwA7zqJ3gTr36LX+BvOEn2oIkFDUVVN91dQSq4Nq775RTW1jc2t4rbpZ3dvf2D8uFRSyeZYthkiUhUJ6AaBZfYNNwI7KQKaRwIbAeju5nffkSleSIfzDhFP6YDySPOqLFS46ZfrrhVdw6ySrycVCBHvV/+7oUJy2KUhgmqdddzU+NPqDKcCZyWepnGlLIRHWDXUklj1P5kfuiUnFklJFGibElD5urviQmNtR7Hge2MqRnqZW8m/utpe8oQw6X1Jrr2J1ymmUHJFtujTBCTkFkUJOQKmRFjSyhT3D5A2JAqyowNrGST8ZZzWCWti6rnVr3GZaV2m2dUhBM4hXPw4ApqcA91aAIDhGd4gVfnyXlz3p2PRWvByWeO4Q+czx9wgZWa</latexit>⇥
<latexit sha1_base64="UmxMqc1XYsyDCaPLVzyCImfHMGU=">AAACAnicbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9CGMpnctGMnkzAzEUrozg9wq5/gTtz6I36Bv+G0zUJbDwwczrmXc+cEqeDauO6Xs7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6AdUouMSm4UZgJ1VI40BgOxjdTP32IyrNE3lvxin6MR1IHnFGjZVaPcNj1P1K1a25M5Bl4hWkCgUa/cp3L0xYFqM0TFCtu56bGj+nynAmcFLuZRpTykZ0gF1LJbUhfj67dkJOrRKSKFH2SUNm6u+NnMZaj+PATsbUDPWiNxX/9bQ9ZYjhQryJrvycyzQzKNk8PcoEMQmZ9kFCrpAZMbaEMsXtBwgbUkWZsa2VbTPeYg/LpHVe89yad3dRrV8XHZXgGE7gDDy4hDrcQgOawOABnuEFXp0n5815dz7moytOsXMEf+B8/gDJnZgN</latexit><latexit sha1_base64="UmxMqc1XYsyDCaPLVzyCImfHMGU=">AAACAnicbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9CGMpnctGMnkzAzEUrozg9wq5/gTtz6I36Bv+G0zUJbDwwczrmXc+cEqeDauO6Xs7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6AdUouMSm4UZgJ1VI40BgOxjdTP32IyrNE3lvxin6MR1IHnFGjZVaPcNj1P1K1a25M5Bl4hWkCgUa/cp3L0xYFqM0TFCtu56bGj+nynAmcFLuZRpTykZ0gF1LJbUhfj67dkJOrRKSKFH2SUNm6u+NnMZaj+PATsbUDPWiNxX/9bQ9ZYjhQryJrvycyzQzKNk8PcoEMQmZ9kFCrpAZMbaEMsXtBwgbUkWZsa2VbTPeYg/LpHVe89yad3dRrV8XHZXgGE7gDDy4hDrcQgOawOABnuEFXp0n5815dz7moytOsXMEf+B8/gDJnZgN</latexit><latexit sha1_base64="UmxMqc1XYsyDCaPLVzyCImfHMGU=">AAACAnicbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9CGMpnctGMnkzAzEUrozg9wq5/gTtz6I36Bv+G0zUJbDwwczrmXc+cEqeDauO6Xs7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6AdUouMSm4UZgJ1VI40BgOxjdTP32IyrNE3lvxin6MR1IHnFGjZVaPcNj1P1K1a25M5Bl4hWkCgUa/cp3L0xYFqM0TFCtu56bGj+nynAmcFLuZRpTykZ0gF1LJbUhfj67dkJOrRKSKFH2SUNm6u+NnMZaj+PATsbUDPWiNxX/9bQ9ZYjhQryJrvycyzQzKNk8PcoEMQmZ9kFCrpAZMbaEMsXtBwgbUkWZsa2VbTPeYg/LpHVe89yad3dRrV8XHZXgGE7gDDy4hDrcQgOawOABnuEFXp0n5815dz7moytOsXMEf+B8/gDJnZgN</latexit><latexit sha1_base64="UmxMqc1XYsyDCaPLVzyCImfHMGU=">AAACAnicbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9CGMpnctGMnkzAzEUrozg9wq5/gTtz6I36Bv+G0zUJbDwwczrmXc+cEqeDauO6Xs7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6AdUouMSm4UZgJ1VI40BgOxjdTP32IyrNE3lvxin6MR1IHnFGjZVaPcNj1P1K1a25M5Bl4hWkCgUa/cp3L0xYFqM0TFCtu56bGj+nynAmcFLuZRpTykZ0gF1LJbUhfj67dkJOrRKSKFH2SUNm6u+NnMZaj+PATsbUDPWiNxX/9bQ9ZYjhQryJrvycyzQzKNk8PcoEMQmZ9kFCrpAZMbaEMsXtBwgbUkWZsa2VbTPeYg/LpHVe89yad3dRrV8XHZXgGE7gDDy4hDrcQgOawOABnuEFXp0n5815dz7moytOsXMEf+B8/gDJnZgN</latexit>
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Operator as Spinor Tensor
Young tensor method (No need EOM&IBP)

2 ⇠<latexit sha1_base64="64RQj6WX4WgTS5Rgz5FkDGot9vc=">AAACAHicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A2lMlk0gydmYSZiVBCN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufeeIOVMG9f9cipr6xubW9Xt2s7u3v5B/fCoq5NMEdohCU9UP8CaciZpxzDDaT9VFIuA014wuS383iNVmiXywUxT6gs8lixiBJtCGmomRvWG23TnQKvEK0kDSrRH9e9hmJBMUGkIx1oPPDc1fo6VYYTTWW2YaZpiMsFjOrBUYkG1n89vnaEzq4QoSpQtadBc/T2RY6H1VAS2U2AT62WvEP/1tD0lpuHSehNd+zmTaWaoJIvtUcaRSVCRBgqZosTwqSWYKGYfQCTGChNjM6vZZLzlHFZJ96LpuU3v/rLRuikzqsIJnMI5eHAFLbiDNnSAQAzP8AKvzpPz5rw7H4vWilPOHMMfOJ8/ISqXIA==</latexit><latexit sha1_base64="64RQj6WX4WgTS5Rgz5FkDGot9vc=">AAACAHicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A2lMlk0gydmYSZiVBCN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufeeIOVMG9f9cipr6xubW9Xt2s7u3v5B/fCoq5NMEdohCU9UP8CaciZpxzDDaT9VFIuA014wuS383iNVmiXywUxT6gs8lixiBJtCGmomRvWG23TnQKvEK0kDSrRH9e9hmJBMUGkIx1oPPDc1fo6VYYTTWW2YaZpiMsFjOrBUYkG1n89vnaEzq4QoSpQtadBc/T2RY6H1VAS2U2AT62WvEP/1tD0lpuHSehNd+zmTaWaoJIvtUcaRSVCRBgqZosTwqSWYKGYfQCTGChNjM6vZZLzlHFZJ96LpuU3v/rLRuikzqsIJnMI5eHAFLbiDNnSAQAzP8AKvzpPz5rw7H4vWilPOHMMfOJ8/ISqXIA==</latexit><latexit sha1_base64="64RQj6WX4WgTS5Rgz5FkDGot9vc=">AAACAHicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A2lMlk0gydmYSZiVBCN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufeeIOVMG9f9cipr6xubW9Xt2s7u3v5B/fCoq5NMEdohCU9UP8CaciZpxzDDaT9VFIuA014wuS383iNVmiXywUxT6gs8lixiBJtCGmomRvWG23TnQKvEK0kDSrRH9e9hmJBMUGkIx1oPPDc1fo6VYYTTWW2YaZpiMsFjOrBUYkG1n89vnaEzq4QoSpQtadBc/T2RY6H1VAS2U2AT62WvEP/1tD0lpuHSehNd+zmTaWaoJIvtUcaRSVCRBgqZosTwqSWYKGYfQCTGChNjM6vZZLzlHFZJ96LpuU3v/rLRuikzqsIJnMI5eHAFLbiDNnSAQAzP8AKvzpPz5rw7H4vWilPOHMMfOJ8/ISqXIA==</latexit><latexit sha1_base64="64RQj6WX4WgTS5Rgz5FkDGot9vc=">AAACAHicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A2lMlk0gydmYSZiVBCN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufeeIOVMG9f9cipr6xubW9Xt2s7u3v5B/fCoq5NMEdohCU9UP8CaciZpxzDDaT9VFIuA014wuS383iNVmiXywUxT6gs8lixiBJtCGmomRvWG23TnQKvEK0kDSrRH9e9hmJBMUGkIx1oPPDc1fo6VYYTTWW2YaZpiMsFjOrBUYkG1n89vnaEzq4QoSpQtadBc/T2RY6H1VAS2U2AT62WvEP/1tD0lpuHSehNd+zmTaWaoJIvtUcaRSVCRBgqZosTwqSWYKGYfQCTGChNjM6vZZLzlHFZJ96LpuU3v/rLRuikzqsIJnMI5eHAFLbiDNnSAQAzP8AKvzpPz5rw7H4vWilPOHMMfOJ8/ISqXIA==</latexit>⇠<latexit sha1_base64="64RQj6WX4WgTS5Rgz5FkDGot9vc=">AAACAHicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A2lMlk0gydmYSZiVBCN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufeeIOVMG9f9cipr6xubW9Xt2s7u3v5B/fCoq5NMEdohCU9UP8CaciZpxzDDaT9VFIuA014wuS383iNVmiXywUxT6gs8lixiBJtCGmomRvWG23TnQKvEK0kDSrRH9e9hmJBMUGkIx1oPPDc1fo6VYYTTWW2YaZpiMsFjOrBUYkG1n89vnaEzq4QoSpQtadBc/T2RY6H1VAS2U2AT62WvEP/1tD0lpuHSehNd+zmTaWaoJIvtUcaRSVCRBgqZosTwqSWYKGYfQCTGChNjM6vZZLzlHFZJ96LpuU3v/rLRuikzqsIJnMI5eHAFLbiDNnSAQAzP8AKvzpPz5rw7H4vWilPOHMMfOJ8/ISqXIA==</latexit><latexit sha1_base64="64RQj6WX4WgTS5Rgz5FkDGot9vc=">AAACAHicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A2lMlk0gydmYSZiVBCN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufeeIOVMG9f9cipr6xubW9Xt2s7u3v5B/fCoq5NMEdohCU9UP8CaciZpxzDDaT9VFIuA014wuS383iNVmiXywUxT6gs8lixiBJtCGmomRvWG23TnQKvEK0kDSrRH9e9hmJBMUGkIx1oPPDc1fo6VYYTTWW2YaZpiMsFjOrBUYkG1n89vnaEzq4QoSpQtadBc/T2RY6H1VAS2U2AT62WvEP/1tD0lpuHSehNd+zmTaWaoJIvtUcaRSVCRBgqZosTwqSWYKGYfQCTGChNjM6vZZLzlHFZJ96LpuU3v/rLRuikzqsIJnMI5eHAFLbiDNnSAQAzP8AKvzpPz5rw7H4vWilPOHMMfOJ8/ISqXIA==</latexit><latexit sha1_base64="64RQj6WX4WgTS5Rgz5FkDGot9vc=">AAACAHicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A2lMlk0gydmYSZiVBCN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufeeIOVMG9f9cipr6xubW9Xt2s7u3v5B/fCoq5NMEdohCU9UP8CaciZpxzDDaT9VFIuA014wuS383iNVmiXywUxT6gs8lixiBJtCGmomRvWG23TnQKvEK0kDSrRH9e9hmJBMUGkIx1oPPDc1fo6VYYTTWW2YaZpiMsFjOrBUYkG1n89vnaEzq4QoSpQtadBc/T2RY6H1VAS2U2AT62WvEP/1tD0lpuHSehNd+zmTaWaoJIvtUcaRSVCRBgqZosTwqSWYKGYfQCTGChNjM6vZZLzlHFZJ96LpuU3v/rLRuikzqsIJnMI5eHAFLbiDNnSAQAzP8AKvzpPz5rw7H4vWilPOHMMfOJ8/ISqXIA==</latexit><latexit sha1_base64="64RQj6WX4WgTS5Rgz5FkDGot9vc=">AAACAHicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+4A2lMlk0gydmYSZiVBCN36AW/0Ed+LWP/EL/A0nbRbaeuDC4Zx7ufeeIOVMG9f9cipr6xubW9Xt2s7u3v5B/fCoq5NMEdohCU9UP8CaciZpxzDDaT9VFIuA014wuS383iNVmiXywUxT6gs8lixiBJtCGmomRvWG23TnQKvEK0kDSrRH9e9hmJBMUGkIx1oPPDc1fo6VYYTTWW2YaZpiMsFjOrBUYkG1n89vnaEzq4QoSpQtadBc/T2RY6H1VAS2U2AT62WvEP/1tD0lpuHSehNd+zmTaWaoJIvtUcaRSVCRBgqZosTwqSWYKGYfQCTGChNjM6vZZLzlHFZJ96LpuU3v/rLRuikzqsIJnMI5eHAFLbiDNnSAQAzP8AKvzpPz5rw7H4vWilPOHMMfOJ8/ISqXIA==</latexit>

30

7

2

EOM

IBP

Traditional method

[ Hays, Martin, Sanz, Setford, 2018]

https://www.koushare.com/video/videodetail/12645

[ Li, Ren, Shu, Xiao, Yu, Zheng, 2005.00008 ] 

[ Li, Ren, Xiao, Yu, Zheng, 2007.07899 ] 
[ Li, Ren, Xiao, Yu, Zheng, 2201.04639 ] 
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Repeated Fields with Flavor

[Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010] 

[Grzadkowski, et.al. v3 2017] 

162

81

57 Flavor relations not easy task!

[Alonso, Chang, Jenkins, Manohar, Shotwell 2014] 

Another difficulty to write down the independent EFT operators
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Flavor Symmetry
According to Schur-Weyl theorem, flavor tensor decomposed via S(nf) symmetry

19 x 3 = 57

S3 :
<latexit sha1_base64="GuxP/Mc0kS0GxsYe/J+g3GYJeJE=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoHgKevEY0U0CyRJmZ3uTIbMPZmaFsOTkB3jVT/AmXv0Sv8DfcJLsQaMFDUVVN91dfiq40rb9aZWWlldW18rrlY3Nre2d6u5eSyWZZOiyRCSy41OFgsfoaq4FdlKJNPIFtv3R9dRvP6BUPInv9ThFL6KDmIecUW0k965/ekn61Zpdt2cgf4lTkBoUaParX70gYVmEsWaCKtV17FR7OZWaM4GTSi9TmFI2ogPsGhrTCJWXz46dkCOjBCRMpKlYk5n6cyKnkVLjyDedEdVDtehNxX89ZU4ZYrCwXocXXs7jNNMYs/n2MBNEJ2QaBwm4RKbF2BDKJDcPEDakkjJtQquYZJzFHP6S1kndsevO7VmtcVVkVIYDOIRjcOAcGnADTXCBAYcneIYX69F6td6s93lrySpm9uEXrI9vo8qWxA==</latexit><latexit sha1_base64="GuxP/Mc0kS0GxsYe/J+g3GYJeJE=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoHgKevEY0U0CyRJmZ3uTIbMPZmaFsOTkB3jVT/AmXv0Sv8DfcJLsQaMFDUVVN91dfiq40rb9aZWWlldW18rrlY3Nre2d6u5eSyWZZOiyRCSy41OFgsfoaq4FdlKJNPIFtv3R9dRvP6BUPInv9ThFL6KDmIecUW0k965/ekn61Zpdt2cgf4lTkBoUaParX70gYVmEsWaCKtV17FR7OZWaM4GTSi9TmFI2ogPsGhrTCJWXz46dkCOjBCRMpKlYk5n6cyKnkVLjyDedEdVDtehNxX89ZU4ZYrCwXocXXs7jNNMYs/n2MBNEJ2QaBwm4RKbF2BDKJDcPEDakkjJtQquYZJzFHP6S1kndsevO7VmtcVVkVIYDOIRjcOAcGnADTXCBAYcneIYX69F6td6s93lrySpm9uEXrI9vo8qWxA==</latexit><latexit sha1_base64="GuxP/Mc0kS0GxsYe/J+g3GYJeJE=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoHgKevEY0U0CyRJmZ3uTIbMPZmaFsOTkB3jVT/AmXv0Sv8DfcJLsQaMFDUVVN91dfiq40rb9aZWWlldW18rrlY3Nre2d6u5eSyWZZOiyRCSy41OFgsfoaq4FdlKJNPIFtv3R9dRvP6BUPInv9ThFL6KDmIecUW0k965/ekn61Zpdt2cgf4lTkBoUaParX70gYVmEsWaCKtV17FR7OZWaM4GTSi9TmFI2ogPsGhrTCJWXz46dkCOjBCRMpKlYk5n6cyKnkVLjyDedEdVDtehNxX89ZU4ZYrCwXocXXs7jNNMYs/n2MBNEJ2QaBwm4RKbF2BDKJDcPEDakkjJtQquYZJzFHP6S1kndsevO7VmtcVVkVIYDOIRjcOAcGnADTXCBAYcneIYX69F6td6s93lrySpm9uEXrI9vo8qWxA==</latexit><latexit sha1_base64="GuxP/Mc0kS0GxsYe/J+g3GYJeJE=">AAACAXicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoHgKevEY0U0CyRJmZ3uTIbMPZmaFsOTkB3jVT/AmXv0Sv8DfcJLsQaMFDUVVN91dfiq40rb9aZWWlldW18rrlY3Nre2d6u5eSyWZZOiyRCSy41OFgsfoaq4FdlKJNPIFtv3R9dRvP6BUPInv9ThFL6KDmIecUW0k965/ekn61Zpdt2cgf4lTkBoUaParX70gYVmEsWaCKtV17FR7OZWaM4GTSi9TmFI2ogPsGhrTCJWXz46dkCOjBCRMpKlYk5n6cyKnkVLjyDedEdVDtehNxX89ZU4ZYrCwXocXXs7jNNMYs/n2MBNEJ2QaBwm4RKbF2BDKJDcPEDakkjJtQquYZJzFHP6S1kndsevO7VmtcVVkVIYDOIRjcOAcGnADTXCBAYcneIYX69F6td6s93lrySpm9uEXrI9vo8qWxA==</latexit>

SU(nf ) :
<latexit sha1_base64="lMHVba9C4HXHGMkH7yZpKEXtQkc=">AAACBHicbVBNS8NAEJ3Ur1q/qh69BItQLyURQfFU9OKxomkLbSibzaRdutmE3Y1QSq/+AK/6E7yJV/+Hv8C/4bbNQVsfDDzem2FmXpByprTjfFmFldW19Y3iZmlre2d3r7x/0FRJJil6NOGJbAdEIWcCPc00x3YqkcQBx1YwvJn6rUeUiiXiQY9S9GPSFyxilGgjte+9quhFp1e9csWpOTPYy8TNSQVyNHrl726Y0CxGoSknSnVcJ9X+mEjNKMdJqZspTAkdkj52DBUkRuWPZ/dO7BOjhHaUSFNC2zP198SYxEqN4sB0xkQP1KI3Ff/1lDllgOHCeh1d+mMm0kyjoPPtUcZtndjTROyQSaSajwwhVDLzgE0HRBKqTW4lk4y7mMMyaZ7VXKfm3p1X6td5RkU4gmOoggsXUIdbaIAHFDg8wwu8Wk/Wm/VufcxbC1Y+cwh/YH3+APAMmAk=</latexit><latexit sha1_base64="lMHVba9C4HXHGMkH7yZpKEXtQkc=">AAACBHicbVBNS8NAEJ3Ur1q/qh69BItQLyURQfFU9OKxomkLbSibzaRdutmE3Y1QSq/+AK/6E7yJV/+Hv8C/4bbNQVsfDDzem2FmXpByprTjfFmFldW19Y3iZmlre2d3r7x/0FRJJil6NOGJbAdEIWcCPc00x3YqkcQBx1YwvJn6rUeUiiXiQY9S9GPSFyxilGgjte+9quhFp1e9csWpOTPYy8TNSQVyNHrl726Y0CxGoSknSnVcJ9X+mEjNKMdJqZspTAkdkj52DBUkRuWPZ/dO7BOjhHaUSFNC2zP198SYxEqN4sB0xkQP1KI3Ff/1lDllgOHCeh1d+mMm0kyjoPPtUcZtndjTROyQSaSajwwhVDLzgE0HRBKqTW4lk4y7mMMyaZ7VXKfm3p1X6td5RkU4gmOoggsXUIdbaIAHFDg8wwu8Wk/Wm/VufcxbC1Y+cwh/YH3+APAMmAk=</latexit><latexit sha1_base64="lMHVba9C4HXHGMkH7yZpKEXtQkc=">AAACBHicbVBNS8NAEJ3Ur1q/qh69BItQLyURQfFU9OKxomkLbSibzaRdutmE3Y1QSq/+AK/6E7yJV/+Hv8C/4bbNQVsfDDzem2FmXpByprTjfFmFldW19Y3iZmlre2d3r7x/0FRJJil6NOGJbAdEIWcCPc00x3YqkcQBx1YwvJn6rUeUiiXiQY9S9GPSFyxilGgjte+9quhFp1e9csWpOTPYy8TNSQVyNHrl726Y0CxGoSknSnVcJ9X+mEjNKMdJqZspTAkdkj52DBUkRuWPZ/dO7BOjhHaUSFNC2zP198SYxEqN4sB0xkQP1KI3Ff/1lDllgOHCeh1d+mMm0kyjoPPtUcZtndjTROyQSaSajwwhVDLzgE0HRBKqTW4lk4y7mMMyaZ7VXKfm3p1X6td5RkU4gmOoggsXUIdbaIAHFDg8wwu8Wk/Wm/VufcxbC1Y+cwh/YH3+APAMmAk=</latexit><latexit sha1_base64="lMHVba9C4HXHGMkH7yZpKEXtQkc=">AAACBHicbVBNS8NAEJ3Ur1q/qh69BItQLyURQfFU9OKxomkLbSibzaRdutmE3Y1QSq/+AK/6E7yJV/+Hv8C/4bbNQVsfDDzem2FmXpByprTjfFmFldW19Y3iZmlre2d3r7x/0FRJJil6NOGJbAdEIWcCPc00x3YqkcQBx1YwvJn6rUeUiiXiQY9S9GPSFyxilGgjte+9quhFp1e9csWpOTPYy8TNSQVyNHrl726Y0CxGoSknSnVcJ9X+mEjNKMdJqZspTAkdkj52DBUkRuWPZ/dO7BOjhHaUSFNC2zP198SYxEqN4sB0xkQP1KI3Ff/1lDllgOHCeh1d+mMm0kyjoPPtUcZtndjTROyQSaSajwwhVDLzgE0HRBKqTW4lk4y7mMMyaZ7VXKfm3p1X6td5RkU4gmOoggsXUIdbaIAHFDg8wwu8Wk/Wm/VufcxbC1Y+cwh/YH3+APAMmAk=</latexit>

[ Li, Ren, Xiao, Yu, Zheng, 2201.04639 ] 
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SMEFT Operators
Dimension-5 Dimension-6 Dimension-7

[Weinberg, 1979] 

[Lehman, 2014] [Buchmuller, Wyler, 1986] [Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010] 

Dimension-8 Dimension-9
[ Li, Ren, Shu, Xiao, Yu, Zheng, 2020] [ Li, Ren, Xiao, Yu, Zheng, 2020] 

2
84

993

[Liao, Ma, 2020] [Murphy, 2020] 

[Liao, Ma, 2016] 
[ Henning, Lu, Melia, Murayama, 2015] 
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LEFT Operators

Dimension-5 Dimension-6 Dimension-7

[Liao, Ma, Wang, 2020] [Jenkins, Manohar, Stoffer, 2017] 

Dimension-8 Dimension-9
[ Li, Ren, Xiao, Yu, Zheng, 2020] 

10
120 166

783 3774

[Murphy, 2020] 
[ Li, Ren, Xiao, Yu, Zheng, 2020] 

[ Li, Ren, Xiao, Yu, Zheng, 2020] 
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vSMEFT and vLEFT

Dimension-5 Dimension-6 Dimension-7

[Liao, Ma, 2017] 
[Aguila, Bar-Shalom, Soni, Wudka, 2009] 

Dimension-8 Dimension-9
[ Li, Ren, Xiao, Yu, Zheng, 2021] 

29

323 1358

[ Li, Ren, Xiao, Yu, Zheng, 2021] 

[Bhattacharya, Wudka, 2016] 

2
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Mathematica Code: ABC4EFT

https://abc4eft.hepforge.org/

Amplitude Basis Construction for Effective Field Theory

[ Li, Ren, Xiao, Yu, Zheng, 2201.04639 ] 
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Dim-6 Operators
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Dim-6 Operators
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Dim-6 RGE
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4-Fermi EFT: From Beta to NSI

TeV scale
<latexit sha1_base64="5Y9PBttVaetjuHV1Jm3Z1hUKufA=">AAACBXicbVC7TsNAEFyHVwivACXNiQiJKrLTQBlBQxmkvFBiRefzOjnlfLbuzkhRlJoPoIVPoEO0fAdfwG9wSVxAwkgrjWZ2tbsTpIJr47pfTmFjc2t7p7hb2ts/ODwqH5+0dZIphi2WiER1A6pRcIktw43AbqqQxoHATjC+nfudR1SaJ7JpJin6MR1KHnFGjZUemtgmmlGBg3LFrboLkHXi5aQCORqD8nc/TFgWozRMUK17npsaf0qV4UzgrNTPNKaUjekQe5ZKGqP2p4uDZ+TCKiGJEmVLGrJQf09Maaz1JA5sZ0zNSK96c/FfT9tTRhiurDfRtT/lMs0MSrbcHmWCmITMIyEhV8iMmFhCmeL2AcJGVFFmbHAlm4y3msM6adeqnlv17muV+k2eURHO4BwuwYMrqMMdNKAFDGJ4hhd4dZ6cN+fd+Vi2Fpx85hT+wPn8AWXPmOI=</latexit><latexit sha1_base64="5Y9PBttVaetjuHV1Jm3Z1hUKufA=">AAACBXicbVC7TsNAEFyHVwivACXNiQiJKrLTQBlBQxmkvFBiRefzOjnlfLbuzkhRlJoPoIVPoEO0fAdfwG9wSVxAwkgrjWZ2tbsTpIJr47pfTmFjc2t7p7hb2ts/ODwqH5+0dZIphi2WiER1A6pRcIktw43AbqqQxoHATjC+nfudR1SaJ7JpJin6MR1KHnFGjZUemtgmmlGBg3LFrboLkHXi5aQCORqD8nc/TFgWozRMUK17npsaf0qV4UzgrNTPNKaUjekQe5ZKGqP2p4uDZ+TCKiGJEmVLGrJQf09Maaz1JA5sZ0zNSK96c/FfT9tTRhiurDfRtT/lMs0MSrbcHmWCmITMIyEhV8iMmFhCmeL2AcJGVFFmbHAlm4y3msM6adeqnlv17muV+k2eURHO4BwuwYMrqMMdNKAFDGJ4hhd4dZ6cN+fd+Vi2Fpx85hT+wPn8AWXPmOI=</latexit><latexit sha1_base64="5Y9PBttVaetjuHV1Jm3Z1hUKufA=">AAACBXicbVC7TsNAEFyHVwivACXNiQiJKrLTQBlBQxmkvFBiRefzOjnlfLbuzkhRlJoPoIVPoEO0fAdfwG9wSVxAwkgrjWZ2tbsTpIJr47pfTmFjc2t7p7hb2ts/ODwqH5+0dZIphi2WiER1A6pRcIktw43AbqqQxoHATjC+nfudR1SaJ7JpJin6MR1KHnFGjZUemtgmmlGBg3LFrboLkHXi5aQCORqD8nc/TFgWozRMUK17npsaf0qV4UzgrNTPNKaUjekQe5ZKGqP2p4uDZ+TCKiGJEmVLGrJQf09Maaz1JA5sZ0zNSK96c/FfT9tTRhiurDfRtT/lMs0MSrbcHmWCmITMIyEhV8iMmFhCmeL2AcJGVFFmbHAlm4y3msM6adeqnlv17muV+k2eURHO4BwuwYMrqMMdNKAFDGJ4hhd4dZ6cN+fd+Vi2Fpx85hT+wPn8AWXPmOI=</latexit><latexit sha1_base64="5Y9PBttVaetjuHV1Jm3Z1hUKufA=">AAACBXicbVC7TsNAEFyHVwivACXNiQiJKrLTQBlBQxmkvFBiRefzOjnlfLbuzkhRlJoPoIVPoEO0fAdfwG9wSVxAwkgrjWZ2tbsTpIJr47pfTmFjc2t7p7hb2ts/ODwqH5+0dZIphi2WiER1A6pRcIktw43AbqqQxoHATjC+nfudR1SaJ7JpJin6MR1KHnFGjZUemtgmmlGBg3LFrboLkHXi5aQCORqD8nc/TFgWozRMUK17npsaf0qV4UzgrNTPNKaUjekQe5ZKGqP2p4uDZ+TCKiGJEmVLGrJQf09Maaz1JA5sZ0zNSK96c/FfT9tTRhiurDfRtT/lMs0MSrbcHmWCmITMIyEhV8iMmFhCmeL2AcJGVFFmbHAlm4y3msM6adeqnlv17muV+k2eURHO4BwuwYMrqMMdNKAFDGJ4hhd4dZ6cN+fd+Vi2Fpx85hT+wPn8AWXPmOI=</latexit>

UV models

Standard model EFT
EW scale

<latexit sha1_base64="XMq0qwQwUNh3REYsd0yHuhOcRP0=">AAACBHicbVDLSgNBEOz1GeMr6tHLYBA8hd1c9BgUwWME84BkCbOzvcmQ2dllZlYIS65+gFf9BG/i1f/wC/wNJ8keNLGgoajqprsrSAXXxnW/nLX1jc2t7dJOeXdv/+CwcnTc1kmmGLZYIhLVDahGwSW2DDcCu6lCGgcCO8H4ZuZ3HlFpnsgHM0nRj+lQ8ogzaqzUve0QzajAQaXq1tw5yCrxClKFAs1B5bsfJiyLURomqNY9z02Nn1NlOBM4LfczjSllYzrEnqWSxqj9fH7vlJxbJSRRomxJQ+bq74mcxlpP4sB2xtSM9LI3E//1tD1lhOHSehNd+TmXaWZQssX2KBPEJGSWCAm5QmbExBLKFLcPEDaiijJjcyvbZLzlHFZJu17z3Jp3X682rouMSnAKZ3ABHlxCA+6gCS1gIOAZXuDVeXLenHfnY9G65hQzJ/AHzucPhYSYZQ==</latexit><latexit sha1_base64="XMq0qwQwUNh3REYsd0yHuhOcRP0=">AAACBHicbVDLSgNBEOz1GeMr6tHLYBA8hd1c9BgUwWME84BkCbOzvcmQ2dllZlYIS65+gFf9BG/i1f/wC/wNJ8keNLGgoajqprsrSAXXxnW/nLX1jc2t7dJOeXdv/+CwcnTc1kmmGLZYIhLVDahGwSW2DDcCu6lCGgcCO8H4ZuZ3HlFpnsgHM0nRj+lQ8ogzaqzUve0QzajAQaXq1tw5yCrxClKFAs1B5bsfJiyLURomqNY9z02Nn1NlOBM4LfczjSllYzrEnqWSxqj9fH7vlJxbJSRRomxJQ+bq74mcxlpP4sB2xtSM9LI3E//1tD1lhOHSehNd+TmXaWZQssX2KBPEJGSWCAm5QmbExBLKFLcPEDaiijJjcyvbZLzlHFZJu17z3Jp3X682rouMSnAKZ3ABHlxCA+6gCS1gIOAZXuDVeXLenHfnY9G65hQzJ/AHzucPhYSYZQ==</latexit><latexit sha1_base64="XMq0qwQwUNh3REYsd0yHuhOcRP0=">AAACBHicbVDLSgNBEOz1GeMr6tHLYBA8hd1c9BgUwWME84BkCbOzvcmQ2dllZlYIS65+gFf9BG/i1f/wC/wNJ8keNLGgoajqprsrSAXXxnW/nLX1jc2t7dJOeXdv/+CwcnTc1kmmGLZYIhLVDahGwSW2DDcCu6lCGgcCO8H4ZuZ3HlFpnsgHM0nRj+lQ8ogzaqzUve0QzajAQaXq1tw5yCrxClKFAs1B5bsfJiyLURomqNY9z02Nn1NlOBM4LfczjSllYzrEnqWSxqj9fH7vlJxbJSRRomxJQ+bq74mcxlpP4sB2xtSM9LI3E//1tD1lhOHSehNd+TmXaWZQssX2KBPEJGSWCAm5QmbExBLKFLcPEDaiijJjcyvbZLzlHFZJu17z3Jp3X682rouMSnAKZ3ABHlxCA+6gCS1gIOAZXuDVeXLenHfnY9G65hQzJ/AHzucPhYSYZQ==</latexit><latexit sha1_base64="XMq0qwQwUNh3REYsd0yHuhOcRP0=">AAACBHicbVDLSgNBEOz1GeMr6tHLYBA8hd1c9BgUwWME84BkCbOzvcmQ2dllZlYIS65+gFf9BG/i1f/wC/wNJ8keNLGgoajqprsrSAXXxnW/nLX1jc2t7dJOeXdv/+CwcnTc1kmmGLZYIhLVDahGwSW2DDcCu6lCGgcCO8H4ZuZ3HlFpnsgHM0nRj+lQ8ogzaqzUve0QzajAQaXq1tw5yCrxClKFAs1B5bsfJiyLURomqNY9z02Nn1NlOBM4LfczjSllYzrEnqWSxqj9fH7vlJxbJSRRomxJQ+bq74mcxlpP4sB2xtSM9LI3E//1tD1lhOHSehNd+TmXaWZQssX2KBPEJGSWCAm5QmbExBLKFLcPEDaiijJjcyvbZLzlHFZJu17z3Jp3X682rouMSnAKZ3ABHlxCA+6gCS1gIOAZXuDVeXLenHfnY9G65hQzJ/AHzucPhYSYZQ==</latexit>

⇤QCD
<latexit sha1_base64="MQcCZfG/qiWkcGTN+75/P0wSq/w=">AAACD3icbVBLTsMwFHTKr5RfCks2FhUSqypBSLCsKAsWLFqJfqQmihzHaa3aTmQ7oCrqITgAWzgCO8SWI3ACroHbZgEtI1kazczTe54wZVRpx/mySmvrG5tb5e3Kzu7e/oFdPeyqJJOYdHDCEtkPkSKMCtLRVDPSTyVBPGSkF46bM7/3QKSiibjXk5T4HA0FjSlG2kiBXfXuTDhCQe5JDtvNm2lg15y6MwdcJW5BaqBAK7C/vSjBGSdCY4aUGrhOqv0cSU0xI9OKlymSIjxGQzIwVCBOlJ/PT5/CU6NEME6keULDufp7IkdcqQkPTZIjPVLL3kz811PmlBGJltbr+MrPqUgzTQRebI8zBnUCZ+XAiEqCNZsYgrCk5gMQj5BEWJsKK6YZd7mHVdI9r7tO3W1f1BrXRUdlcAxOwBlwwSVogFvQAh2AwSN4Bi/g1Xqy3qx362MRLVnFzBH4A+vzB+GDnFU=</latexit><latexit sha1_base64="MQcCZfG/qiWkcGTN+75/P0wSq/w=">AAACD3icbVBLTsMwFHTKr5RfCks2FhUSqypBSLCsKAsWLFqJfqQmihzHaa3aTmQ7oCrqITgAWzgCO8SWI3ACroHbZgEtI1kazczTe54wZVRpx/mySmvrG5tb5e3Kzu7e/oFdPeyqJJOYdHDCEtkPkSKMCtLRVDPSTyVBPGSkF46bM7/3QKSiibjXk5T4HA0FjSlG2kiBXfXuTDhCQe5JDtvNm2lg15y6MwdcJW5BaqBAK7C/vSjBGSdCY4aUGrhOqv0cSU0xI9OKlymSIjxGQzIwVCBOlJ/PT5/CU6NEME6keULDufp7IkdcqQkPTZIjPVLL3kz811PmlBGJltbr+MrPqUgzTQRebI8zBnUCZ+XAiEqCNZsYgrCk5gMQj5BEWJsKK6YZd7mHVdI9r7tO3W1f1BrXRUdlcAxOwBlwwSVogFvQAh2AwSN4Bi/g1Xqy3qx362MRLVnFzBH4A+vzB+GDnFU=</latexit><latexit sha1_base64="MQcCZfG/qiWkcGTN+75/P0wSq/w=">AAACD3icbVBLTsMwFHTKr5RfCks2FhUSqypBSLCsKAsWLFqJfqQmihzHaa3aTmQ7oCrqITgAWzgCO8SWI3ACroHbZgEtI1kazczTe54wZVRpx/mySmvrG5tb5e3Kzu7e/oFdPeyqJJOYdHDCEtkPkSKMCtLRVDPSTyVBPGSkF46bM7/3QKSiibjXk5T4HA0FjSlG2kiBXfXuTDhCQe5JDtvNm2lg15y6MwdcJW5BaqBAK7C/vSjBGSdCY4aUGrhOqv0cSU0xI9OKlymSIjxGQzIwVCBOlJ/PT5/CU6NEME6keULDufp7IkdcqQkPTZIjPVLL3kz811PmlBGJltbr+MrPqUgzTQRebI8zBnUCZ+XAiEqCNZsYgrCk5gMQj5BEWJsKK6YZd7mHVdI9r7tO3W1f1BrXRUdlcAxOwBlwwSVogFvQAh2AwSN4Bi/g1Xqy3qx362MRLVnFzBH4A+vzB+GDnFU=</latexit><latexit sha1_base64="MQcCZfG/qiWkcGTN+75/P0wSq/w=">AAACD3icbVBLTsMwFHTKr5RfCks2FhUSqypBSLCsKAsWLFqJfqQmihzHaa3aTmQ7oCrqITgAWzgCO8SWI3ACroHbZgEtI1kazczTe54wZVRpx/mySmvrG5tb5e3Kzu7e/oFdPeyqJJOYdHDCEtkPkSKMCtLRVDPSTyVBPGSkF46bM7/3QKSiibjXk5T4HA0FjSlG2kiBXfXuTDhCQe5JDtvNm2lg15y6MwdcJW5BaqBAK7C/vSjBGSdCY4aUGrhOqv0cSU0xI9OKlymSIjxGQzIwVCBOlJ/PT5/CU6NEME6keULDufp7IkdcqQkPTZIjPVLL3kz811PmlBGJltbr+MrPqUgzTQRebI8zBnUCZ+XAiEqCNZsYgrCk5gMQj5BEWJsKK6YZd7mHVdI9r7tO3W1f1BrXRUdlcAxOwBlwwSVogFvQAh2AwSN4Bi/g1Xqy3qx362MRLVnFzBH4A+vzB+GDnFU=</latexit>

Low energy EFT

Chiral Lagrangian
MeV scale

<latexit sha1_base64="o47VGq8bIT2YBP5hELI5n8Pr82s=">AAACBXicbVDLSgNBEOyNrxhfUY9eBoPgKezmosegFy9CBPOQZAmzs51kyMzuMjMrhCVnP8CrfoI38ep3+AX+hpNkD5pY0FBUddPdFSSCa+O6X05hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUfAIm4YbgZ1EIZWBwHYwvp757UdUmsfRvZkk6Es6jPiAM2qs9HCLLaIZFdgvV9yqOwdZJV5OKpCj0S9/98KYpRIjwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1NKIStZ/ND56SM6uEZBArW5Ehc/X3REal1hMZ2E5JzUgvezPxX0/bU0YYLq03g0s/41GSGozYYvsgFcTEZBYJCblCZsTEEsoUtw8QNqKKMmODK9lkvOUcVkmrVvXcqndXq9Sv8oyKcAKncA4eXEAdbqABTWAg4Rle4NV5ct6cd+dj0Vpw8plj+APn8wdaaJjb</latexit><latexit sha1_base64="o47VGq8bIT2YBP5hELI5n8Pr82s=">AAACBXicbVDLSgNBEOyNrxhfUY9eBoPgKezmosegFy9CBPOQZAmzs51kyMzuMjMrhCVnP8CrfoI38ep3+AX+hpNkD5pY0FBUddPdFSSCa+O6X05hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUfAIm4YbgZ1EIZWBwHYwvp757UdUmsfRvZkk6Es6jPiAM2qs9HCLLaIZFdgvV9yqOwdZJV5OKpCj0S9/98KYpRIjwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1NKIStZ/ND56SM6uEZBArW5Ehc/X3REal1hMZ2E5JzUgvezPxX0/bU0YYLq03g0s/41GSGozYYvsgFcTEZBYJCblCZsTEEsoUtw8QNqKKMmODK9lkvOUcVkmrVvXcqndXq9Sv8oyKcAKncA4eXEAdbqABTWAg4Rle4NV5ct6cd+dj0Vpw8plj+APn8wdaaJjb</latexit><latexit sha1_base64="o47VGq8bIT2YBP5hELI5n8Pr82s=">AAACBXicbVDLSgNBEOyNrxhfUY9eBoPgKezmosegFy9CBPOQZAmzs51kyMzuMjMrhCVnP8CrfoI38ep3+AX+hpNkD5pY0FBUddPdFSSCa+O6X05hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUfAIm4YbgZ1EIZWBwHYwvp757UdUmsfRvZkk6Es6jPiAM2qs9HCLLaIZFdgvV9yqOwdZJV5OKpCj0S9/98KYpRIjwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1NKIStZ/ND56SM6uEZBArW5Ehc/X3REal1hMZ2E5JzUgvezPxX0/bU0YYLq03g0s/41GSGozYYvsgFcTEZBYJCblCZsTEEsoUtw8QNqKKMmODK9lkvOUcVkmrVvXcqndXq9Sv8oyKcAKncA4eXEAdbqABTWAg4Rle4NV5ct6cd+dj0Vpw8plj+APn8wdaaJjb</latexit><latexit sha1_base64="o47VGq8bIT2YBP5hELI5n8Pr82s=">AAACBXicbVDLSgNBEOyNrxhfUY9eBoPgKezmosegFy9CBPOQZAmzs51kyMzuMjMrhCVnP8CrfoI38ep3+AX+hpNkD5pY0FBUddPdFSSCa+O6X05hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUfAIm4YbgZ1EIZWBwHYwvp757UdUmsfRvZkk6Es6jPiAM2qs9HCLLaIZFdgvV9yqOwdZJV5OKpCj0S9/98KYpRIjwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1NKIStZ/ND56SM6uEZBArW5Ehc/X3REal1hMZ2E5JzUgvezPxX0/bU0YYLq03g0s/41GSGozYYvsgFcTEZBYJCblCZsTEEsoUtw8QNqKKMmODK9lkvOUcVkmrVvXcqndXq9Sv8oyKcAKncA4eXEAdbqABTWAg4Rle4NV5ct6cd+dj0Vpw8plj+APn8wdaaJjb</latexit>

Energy
<latexit sha1_base64="uk/99QyMLKjbdarEn9bsWyQ+6fQ=">AAACAnicbVDLSsNAFL2pr1pfVZdugkVwVZJudFkUwWUF+4A2lMnkph07mYSZiRBCd36AW/0Ed+LWH/EL/A2nbRbaeuDC4Zx7ufceP+FMacf5skpr6xubW+Xtys7u3v5B9fCoo+JUUmzTmMey5xOFnAlsa6Y59hKJJPI5dv3J9czvPqJULBb3OkvQi8hIsJBRoo3UuREoR9mwWnPqzhz2KnELUoMCrWH1exDENI1QaMqJUn3XSbSXE6kZ5TitDFKFCaETMsK+oYJEqLx8fu3UPjNKYIexNCW0PVd/T+QkUiqLfNMZET1Wy95M/NdT5pQxBkvrdXjp5UwkqUZBF9vDlNs6tmd52AGTSDXPDCFUMvOATcdEEqpNahWTjLucwyrpNOquU3fvGrXmVZFRGU7gFM7BhQtowi20oA0UHuAZXuDVerLerHfrY9FasoqZY/gD6/MHqH6X9w==</latexit><latexit sha1_base64="uk/99QyMLKjbdarEn9bsWyQ+6fQ=">AAACAnicbVDLSsNAFL2pr1pfVZdugkVwVZJudFkUwWUF+4A2lMnkph07mYSZiRBCd36AW/0Ed+LWH/EL/A2nbRbaeuDC4Zx7ufceP+FMacf5skpr6xubW+Xtys7u3v5B9fCoo+JUUmzTmMey5xOFnAlsa6Y59hKJJPI5dv3J9czvPqJULBb3OkvQi8hIsJBRoo3UuREoR9mwWnPqzhz2KnELUoMCrWH1exDENI1QaMqJUn3XSbSXE6kZ5TitDFKFCaETMsK+oYJEqLx8fu3UPjNKYIexNCW0PVd/T+QkUiqLfNMZET1Wy95M/NdT5pQxBkvrdXjp5UwkqUZBF9vDlNs6tmd52AGTSDXPDCFUMvOATcdEEqpNahWTjLucwyrpNOquU3fvGrXmVZFRGU7gFM7BhQtowi20oA0UHuAZXuDVerLerHfrY9FasoqZY/gD6/MHqH6X9w==</latexit><latexit sha1_base64="uk/99QyMLKjbdarEn9bsWyQ+6fQ=">AAACAnicbVDLSsNAFL2pr1pfVZdugkVwVZJudFkUwWUF+4A2lMnkph07mYSZiRBCd36AW/0Ed+LWH/EL/A2nbRbaeuDC4Zx7ufceP+FMacf5skpr6xubW+Xtys7u3v5B9fCoo+JUUmzTmMey5xOFnAlsa6Y59hKJJPI5dv3J9czvPqJULBb3OkvQi8hIsJBRoo3UuREoR9mwWnPqzhz2KnELUoMCrWH1exDENI1QaMqJUn3XSbSXE6kZ5TitDFKFCaETMsK+oYJEqLx8fu3UPjNKYIexNCW0PVd/T+QkUiqLfNMZET1Wy95M/NdT5pQxBkvrdXjp5UwkqUZBF9vDlNs6tmd52AGTSDXPDCFUMvOATcdEEqpNahWTjLucwyrpNOquU3fvGrXmVZFRGU7gFM7BhQtowi20oA0UHuAZXuDVerLerHfrY9FasoqZY/gD6/MHqH6X9w==</latexit><latexit sha1_base64="uk/99QyMLKjbdarEn9bsWyQ+6fQ=">AAACAnicbVDLSsNAFL2pr1pfVZdugkVwVZJudFkUwWUF+4A2lMnkph07mYSZiRBCd36AW/0Ed+LWH/EL/A2nbRbaeuDC4Zx7ufceP+FMacf5skpr6xubW+Xtys7u3v5B9fCoo+JUUmzTmMey5xOFnAlsa6Y59hKJJPI5dv3J9czvPqJULBb3OkvQi8hIsJBRoo3UuREoR9mwWnPqzhz2KnELUoMCrWH1exDENI1QaMqJUn3XSbSXE6kZ5TitDFKFCaETMsK+oYJEqLx8fu3UPjNKYIexNCW0PVd/T+QkUiqLfNMZET1Wy95M/NdT5pQxBkvrdXjp5UwkqUZBF9vDlNs6tmd52AGTSDXPDCFUMvOATcdEEqpNahWTjLucwyrpNOquU3fvGrXmVZFRGU7gFM7BhQtowi20oA0UHuAZXuDVerLerHfrY9FasoqZY/gD6/MHqH6X9w==</latexit>

many models ….. 

[ Du, Li, Tang, Vihonen, Yu, 2021] 

NoVA T2K Dayaba RENO CHOOZ

[ Du, Li, Tang, Vihonen, Yu, 2022] 

Dune/HyperK
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Complete Dim-6 UV Resonances

New LHC searches!

[ de Blas, Criado, 
Perez-Victoria, Santiago, 2017]

[ Li, Ni, Xiao, Yu, Zheng, 2204.03660 ] 



Jiang-Hao Yu (ITP-CAS)
 85

Complete Dim-7 UV Resonances

More LHC searches!

[ Li, Ni, Xiao, Yu, Zheng, 2204.03660 ] 



Jiang-Hao Yu (ITP-CAS)
 86

Chiral Lagrangian
Bottom-up
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The Sigma Model
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Symmetry Realization

m⇡ = 0
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Chiral Symmetry
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Goldstone Theorem
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EFT Ladder
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Chiral Lagrangian
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Explicit Symmetry Breaking
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Pseudo-Goldstone Boson

= B0
f2

2
hs(U† + U)i
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Chiral Lagrangian at p4
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Chiral Lagrangian Counting

[ Graf, Henning, Lu, Melia, Murayama, 2020] 
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Custodial Symmetry
Consider the Higgs sector (gauge-less limit)

EW chiral Lagrangian

LHiggs =
(v +H)2

4
Tr

⇥
(Dµ

U)†DµU
⇤
� �

4
(H2 � v

2)2
<latexit sha1_base64="5SNmPy484UQEnknpH4YNmMXOZVo="></latexit>
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EW Chiral Lagrangian
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HEFT Lagrangian
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Unitarity Violation
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Higgs EFT
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SMEFT vs HEFT
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Unitarity Restoration
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Unitarity Restoration
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Yukawa Sector



Jiang-Hao Yu (ITP-CAS)
 106

HEFT Lagrangian
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HEFT NLO Operators

[ Sun, Xiao, Yu, 2206.07722 ] 

Complete NLO Lagrangian is written recently!
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SMEFT vs HEFT
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Other EFTs

Heavy Quark Effective Theory

Soft Collinear Effective Theory

Gravity EFT

…..



Jiang-Hao Yu (ITP-CAS)
 110

Summary

Take home message 1:

Core of EFTs: d.o.f separation, symmetry, power counting, decoupling

Take home message 2:

All QFTs are EFT, and EFT is renormalizable and predictive

Take home message 3:

EFT would reproduce full theory results with matching and running

Take home message 4:

SMEFT (NP), Chiral Lagrangian (QCD), EW Chiral Lagrangian



Thanks for your attention!


