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Outline
Overview on chiral symmetry

QCD chiral perturbation theory

Nuclear chiral effective theory

[ Hao Sun, Ming-Lei Xiao, J.H.Yu, 2206.07722 ] 
[ Hao Sun, Ming-Lei Xiao, J.H.Yu, 2210.14939 ] 

[ Hao Sun, Yi-Ning Wang, J.H.Yu, in préparation ] 

Electroweak chiral Lagrangian

Summary

[ Yong-Kang Li, Yi-Ning Wang, J.H.Yu, in préparation ] 

[ Chuan-Qiang Song, Hao Sun, J.H.Yu, 2405.15047 ] 

[ Hao Sun, Yi-Ning Wang, J.H.Yu, in préparation ] 

Axion effective field theory
[ Huayang Song, Hao Sun, J.H.Yu, 2305.16770 ] 
[ Huayang Song, Hao Sun, J.H.Yu, 2306.05999 ] 

[ Hao Sun, Yi-Ning Wang, J.H.Yu, 2211.11598 ] 

[ Xuan-He Li, Hao Sun, Feng-Jie Tang, J.H.Yu, 2404.14152 ] 

[ Hao Sun, J.H.Yu, in preparation ] 
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Outline

Review chiral Lagrangian at various scales: QCD, electroweak, TeV, nuclei scale
[ Weinberg 1933.5.3 - 2021.7.23 ] 

This talk is dedicated to the memory of Steven Weinberg (1933 - 2021)
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Outline
Among 15 top-cited papers, 7 are relevant to chiral symmetry, 5 relevant to effective field theory



Overview on Chiral Symmetry

5
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QCD at high and low scales
Perturbative QCD vs non-perturbative QCD

FactorizationSymmetry



Jiang-Hao Yu (ITP-CAS)7

Symmetries in QCD

Scale symmetry Chiral symmetry

Anomalous: trace anomaly Anomalous: axial anomaly

90% proton mass from gluon dynamics Eta-prime mass from instanton dynamics

Although anomalies, still approximate SU(3) x SU(3) symmetry for

Baryon number

Gell-mann SU(3)
U(1)A

U(3) x U(3)
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Chiral Symmetry
Enlarged SU(3) x SU(3) symmetry for small quark masses

Quark condensation breaks chiral vacuumVacuum is symmetric

Wigner-Weyl realization Nambu-Goldstone realization

Vafa-Witten Theorem Goldstone Theorem

Pion, K, eta are identified as 
8 Goldstone modes

Parity doubling for hadron spectra
Gell-man SU(3)
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Lagrangian for low energy pion
Most general scalar Lagrangian

Adler Zero condition Chiral Ward Identity PCAC relation

Current algebra, PCAC, sigma model, NJL model …

At low energy

Chiral symmetry Flavor symmetry relates matrix elements of multiplets 

Goldberger-Trieman, Callan-Trieman, Adler-Weisberger, etc
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Goldstone EFT and Power Counting
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Construct generic EFT for Goldstone at IR broken phase

Shift symmetry:

Gapless mode Weakly coupled at IR Non-linear transform under G/H

Goldstone mode is a fluctuation around the background in the direction of broken generator

Coset Construction
[Callan, Coleman, Wess, Zumino, 1969] 

Power counting: Derivative expansion

No interaction at long-wave limit 
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CCWZ Chiral Lagrangian

11

Define the nonlinear Goldstone matrix

Building block dµ(⇧), Eµ⌫(⇧)
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Dµ
<latexit sha1_base64="85q/O5B6ZhuRPSEScmeDReWFvSA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiHjxWMG2hDWWz3bRLdzdhdyOE0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcjvzO09UaRbLR5MlNBB4JFnECDZW8u8GfZEOqjW37s6BVolXkBoUaA2qX/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92is6sMkRRrGxJg+bq74kcC60zEdpOgc1YL3sz8T+vl5roOsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD4VG4K3/PIqaTfq3kW98XBZa94UcZThBE7hHDy4gibcQwt8IMDgGV7hzZHOi/PufCxaS04xcwx/4Hz+AKHGjpE=</latexit>

Building block
dµ = uµ

<latexit sha1_base64="E/6P2lTaMw+CaD4cGpOA8+BhdNw=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgqiRV0I1QdOOygn1AG8pkMmmHziRxHoVS+h1uXCji1o9x5984abPQ1gOXezjnXubOCVLOlHbdb6ewtr6xuVXcLu3s7u0flA+PWioxktAmSXgiOwFWlLOYNjXTnHZSSbEIOG0Ho7vMb4+pVCyJH/Ukpb7Ag5hFjGBtJT/s94RBN8hkvV+uuFV3DrRKvJxUIEejX/7qhQkxgsaacKxU13NT7U+x1IxwOiv1jKIpJiM8oF1LYyyo8qfzo2fozCohihJpK9Zorv7emGKh1EQEdlJgPVTLXib+53WNjq79KYtTo2lMFg9FhiOdoCwBFDJJieYTSzCRzN6KyBBLTLTNqWRD8Ja/vEpatap3Ua09XFbqt3kcRTiBUzgHD66gDvfQgCYQeIJneIU3Z+y8OO/Ox2K04OQ7x/AHzucP8nGRkA==</latexit>

[Callan, Coleman, Wess, Zumino, 1969] 

CCWZ Coset Symmetric Coset

QCD Chiral Lag EW Chiral Lag



QCD Chiral Perturbation Theory
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[ Hao Sun, Yi-Ning Wang, J.H.Yu, in préparation ] 

[ Chuan-Qiang Song, Hao Sun, J.H.Yu, 2405.15047 ] 
[ Xuan-He Li, Hao Sun, Feng-Jie Tang, J.H.Yu, 2404.14152 ] 
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Weinberg’s Folk Theorem
Weinberg developed a systematic procedure on effective Lagrangian in 1979

Weinberg’s Folk theorem

Effective 
Field Theory

Proper Degree of freedom

Global and local symmetry Power Counting scheme

Meson and baryon, external source

SU(2) x SU(2) / SU(2)

[ Weinberg 1933 - 2021 ] 



Jiang-Hao Yu (ITP-CAS)14

Naive Dimension Analysis (NDA)
Weinberg power counting on amplitude and NDA for LEC

Up to given order, only finite # of LEC are needed to renormalize the EFT

NDA Weinberg PC

Curved field space
Loop factor
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Building Blocks
Two kinds of parametrizations

Covariant derivative and chiral connection

External sourceExternal source

Covariant derivative and chiral connection

Symmetric coset Transform under H
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Redundancies
Equation of motion (field redefinition)

Integration by part (momentum conservation)

Ferz identity (Schouten identity)

Cayley-Hamilton relation (trace basis)
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Operator as Spinor Young Tensor
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Operator

Spinor Tensor Symmetrize indices

SL(2,C) x SU(N) 

On-shell Amplitude

On-shell Amplitude correspondence

SSYT 

Momentum conservation

[ Li, Ren, Xiao, Yu, Zheng, 2007.07899 ] 

[ Li, Ren, Xiao, Yu, Zheng, 2201.04639 ] 
[ Li, Ren, Xiao, Yu, Zheng, 2012.09188 ] 

[ Li, Ren, Shu, Xiao, Yu, Zheng, 2005.00008 ] 
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Adler Zero Condition for Goldstone Boson

18

Expand the soft-limit amplitude into the SSYT basis

Put constraints on the SSYT basis 

Amplitude (soft limit of external leg s)

[ Adler, 1965 ] 

[ Low, Shu, Xiao, Zheng, 2022] 
[ Sun, Xiao, Yu, 2206.07722 ] 
[ Sun, Xiao, Yu, 2210.14939 ] 

Chiral symmetry breaking: spurion technique

Chiral symmetry (PCAC)

At low energy

Goldberger-Trieman, Callan-Trieman, Adler-Weisberger, etc

Adler Zero condition
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Chiral Lagrangian for QCD and beyond

19

p2 order [ Weinberg, 1979 ] 

p4 order [ Gasser, Leutwyler, 1984, 1985 ] 

[ Fearing, Scherer 1994 ] 

[ Bijnens, Colangelo, Ecker, 1999 ] 

[ Bijnens, Hermansson, Wang,  2018 ] 

[ Fettes, Meisner, Mojzis, Steininger, 2000 ] 

[ Krause, 1990 ] 
[ Ecker, 1994 ] 

[ Oller, Verbeni, Prades, 2006 ] 

[ Frink, Meisner, 2006 ] 

[ Jiang, Chen, Liu, 2017 ] 

[ Jiang, Ge, Wang, 2014 ] 

Pure Meson sector Meson-Baryon sector

19

p6 orde

p8 orde

SU(2)  p3

SU(2) p4

p3 order

p5 order

p4 order

CP-odd

CP-odd

[ Song, Sun, J.H.Yu, 2405.15047 ] [ Li, Sun, Tang, J.H.Yu, 2404.14152 ] 
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Classifying Operators by CP

Hilbert series

Parity and charge conjugation are the outer automorphism of the Lorentz and internal symmetry

[ Hao Sun, Yi-Ning Wang, J.H.Yu, 2211.11598 ] 

[ Sun, Wang, Yu, in préparation ] 



Jiang-Hao Yu (ITP-CAS)

Operator Bases for Generic EFT up to All Order
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https://abc4eft.hepforge.org/

Amplitude Basis Construction for Effective Field Theory [ Li, Ren, Xiao, Yu, Zheng, 2201.04639 ] 

Fully Automatic

Gravity EFT

Dark matter EFT
Sterile neutrino EFT

Axion EFT
…

Standard model EFT
Low energy EFT



Electroweak Chiral Lagrangian
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[ Hao Sun, Ming-Lei Xiao, J.H.Yu, 2206.07722 ] 
[ Hao Sun, Ming-Lei Xiao, J.H.Yu, 2210.14939 ] 
[ Hao Sun, Yi-Ning Wang, J.H.Yu, 2211.11598 ] 

[ Li, Xu, J.H.Yu, Zhu, 2019 ] 
[ Xu, J.H.Yu, Zhu, 2020 ] 

[ J.H.Yu, 2016, 2017 ] 

[ Qi, J.H.Yu, Zhu, 2020 ] 

[ Fordi, Schmitz, J.H.Yu, 2010 ] 
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Weinberg’s Standard Model
Electroweak unification inspired by QCD chiral dynamics

Weinberg 2004

Custodial symmetry:

Gell-mann-Levi model

[ Weinberg 1933 - 2021 ] 
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Electroweak chiral Lagrangian

24

Matching

Running

approximate custodial symmetry 
SU(2) x SU(2) approximate chiral symmetry 

SU(3) x SU(3)

SM fields and Goldstone meson and baryon

Standard Model Effective Field Theory Low Energy Effective Field Theory

Electroweak Chiral Lagrangian QCD Chiral Lagrangian

SM Fermion masses from Higgs VEV Baryon masses around cutoff scale from Trace anomaly 
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Ingredients of electroweak chiral Lagrangian
Three ingredients: field, symmetry and power counting

Chiral dimension (NDA)
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Spurion Technique

26

The SU(2) spurion is introduced to parametrize custodial symmetry breaking

Littlewood-Richarson rules Symmetric highest weight

Gauge Singlet
[ Sun, Xiao, Yu, 2206.07722 ] 
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Results at LO/NLO/NNLO
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Compared with literatures, new 6 (9) operators found at NLO

NNLO Basis

NLO 2-fermion

NLO bosonic

NLO 4-fermion

LO Lagrangian [ Weinberg, 1979 ] 

[ Appelquist, Bernard, 1980 ] 
[ Longhitano, 1980, 1981 ] 
[ Feruglio, 1993 ] 

[ Sun, Xiao, Yu, 2206.07722 ] 

[ Buchalla, Cata, Krause, 2014 ] 

[ Pich, Rosell, Santos, Sanz-Cillero, 2015, 2018 ] 

[ Sun, Xiao, Yu, 2210.14939 ] 

[ Buchalla, Cata, Krause, 2014 ] 

6 term missing
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Which EFT? SMEFT or HEFT

28

Does the SMEFT cover all kinds of new physics scenarios?

Coleman Weinberg Higgs Pseudo-Goldstone HiggsTadpole-induced Higgs

V (�) = �µ3
p

�†�+m2�†�V (�) = �m2�†�+ �(�†�)2
<latexit sha1_base64="xkMElozjvu+FYmewRMp5lQUsEQo=">AAACKHicbVBdS8MwFE3n15xfVR99CQ5hQxztEPRFHPri4wT3AWs30jTdwpK2JKkwyn6OL/4VX0QU2au/xHTrg04PBE7Oufcm93gxo1JZ1sworKyurW8UN0tb2zu7e+b+QVtGicCkhSMWia6HJGE0JC1FFSPdWBDEPUY63vg28zuPREgahQ9qEhOXo2FIA4qR0tLAvG5XnHhEq/AKnvF+HWaXvuOj4ZCIjMNT6DA9zkewsuxV+/XSwCxbNWsO+JfYOSmDHM2B+eb4EU44CRVmSMqebcXKTZFQFDMyLTmJJDHCYzQkPU1DxIl00/miU3iiFR8GkdAnVHCu/uxIEZdywj1dyZEayWUvE//zeokKLt2UhnGiSIgXDwUJgyqCWWrQp4JgxSaaICyo/ivEIyQQVjrbLAR7eeW/pF2v2VbNvj8vN27yOIrgCByDCrDBBWiAO9AELYDBE3gB7+DDeDZejU9jtigtGHnPIfgF4+sb9fGkGw==</latexit><latexit sha1_base64="xkMElozjvu+FYmewRMp5lQUsEQo=">AAACKHicbVBdS8MwFE3n15xfVR99CQ5hQxztEPRFHPri4wT3AWs30jTdwpK2JKkwyn6OL/4VX0QU2au/xHTrg04PBE7Oufcm93gxo1JZ1sworKyurW8UN0tb2zu7e+b+QVtGicCkhSMWia6HJGE0JC1FFSPdWBDEPUY63vg28zuPREgahQ9qEhOXo2FIA4qR0tLAvG5XnHhEq/AKnvF+HWaXvuOj4ZCIjMNT6DA9zkewsuxV+/XSwCxbNWsO+JfYOSmDHM2B+eb4EU44CRVmSMqebcXKTZFQFDMyLTmJJDHCYzQkPU1DxIl00/miU3iiFR8GkdAnVHCu/uxIEZdywj1dyZEayWUvE//zeokKLt2UhnGiSIgXDwUJgyqCWWrQp4JgxSaaICyo/ivEIyQQVjrbLAR7eeW/pF2v2VbNvj8vN27yOIrgCByDCrDBBWiAO9AELYDBE3gB7+DDeDZejU9jtigtGHnPIfgF4+sb9fGkGw==</latexit><latexit sha1_base64="xkMElozjvu+FYmewRMp5lQUsEQo=">AAACKHicbVBdS8MwFE3n15xfVR99CQ5hQxztEPRFHPri4wT3AWs30jTdwpK2JKkwyn6OL/4VX0QU2au/xHTrg04PBE7Oufcm93gxo1JZ1sworKyurW8UN0tb2zu7e+b+QVtGicCkhSMWia6HJGE0JC1FFSPdWBDEPUY63vg28zuPREgahQ9qEhOXo2FIA4qR0tLAvG5XnHhEq/AKnvF+HWaXvuOj4ZCIjMNT6DA9zkewsuxV+/XSwCxbNWsO+JfYOSmDHM2B+eb4EU44CRVmSMqebcXKTZFQFDMyLTmJJDHCYzQkPU1DxIl00/miU3iiFR8GkdAnVHCu/uxIEZdywj1dyZEayWUvE//zeokKLt2UhnGiSIgXDwUJgyqCWWrQp4JgxSaaICyo/ivEIyQQVjrbLAR7eeW/pF2v2VbNvj8vN27yOIrgCByDCrDBBWiAO9AELYDBE3gB7+DDeDZejU9jtigtGHnPIfgF4+sb9fGkGw==</latexit><latexit sha1_base64="xkMElozjvu+FYmewRMp5lQUsEQo=">AAACKHicbVBdS8MwFE3n15xfVR99CQ5hQxztEPRFHPri4wT3AWs30jTdwpK2JKkwyn6OL/4VX0QU2au/xHTrg04PBE7Oufcm93gxo1JZ1sworKyurW8UN0tb2zu7e+b+QVtGicCkhSMWia6HJGE0JC1FFSPdWBDEPUY63vg28zuPREgahQ9qEhOXo2FIA4qR0tLAvG5XnHhEq/AKnvF+HWaXvuOj4ZCIjMNT6DA9zkewsuxV+/XSwCxbNWsO+JfYOSmDHM2B+eb4EU44CRVmSMqebcXKTZFQFDMyLTmJJDHCYzQkPU1DxIl00/miU3iiFR8GkdAnVHCu/uxIEZdywj1dyZEayWUvE//zeokKLt2UhnGiSIgXDwUJgyqCWWrQp4JgxSaaICyo/ivEIyQQVjrbLAR7eeW/pF2v2VbNvj8vN27yOIrgCByDCrDBBWiAO9AELYDBE3gB7+DDeDZejU9jtigtGHnPIfgF4+sb9fGkGw==</latexit>

V (�) = �(�†�)2 + ✏(�†�)2 log
�†�

µ2 V (�) = �a sin2(�/f) + b sin4(�/f)

Landau-Ginzburg Higgs

Fundamental 
particle

Partial 
Fundamental

(condensate)

Conformal 
particle

Composite 
particle

Depending on nature of the Higgs boson and decoupling feature of new particle  

[ Agrawal, Saha, Xu, Yu, Yuan, 1907.02078 ] 

[ Cohen, Craig, Lu, Sutherland, 2021 ] 
Also [ Falkowski, Rattazzi 2019 ] 
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Nature of the Higgs Boson
Before the Higgs discovery, and after …

What is dynamics at EW scale? What is dynamics at TeV scale?

Weak dynamics @ EW scale

Technicolor, etc

Strong dynamics @ EW scale

SM, SUSY, etc

Fundamental Composite
strong dynamics at TeVweak dynamics at TeV
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Higgs as Goldstone Boson
From QCD to composite Higgs to little Higgs

Mpl

⇤confine ⇠ GeV

m⇡

QCD 
dimensional 

transmutation

⇤ < 850 MeV

M2
⇡+ �M2

⇡0 = 3e2

16⇡2⇤2

Mpl

mh

Strong dynamics 
with global symmetry

Rho meson!

m2 = � 6y2
t

16⇡2⇤2

⇤ < 500 GeV Ruled out!

Mpl

mh

Strong dynamics 
with global symmetry

⇤ ' 10 TeV

mt0

+ · · ·

m2 ⇠ 6y2t
16⇡2

m2
t0

T-prime!
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Vacuum misalignment

EW symmetry breakingHiggs potential with only boson sector

V (�) = �a sin2(�/f) + b sin4(�/f)

+�(100 GeV)2 = +

+= (m0)2
⇤2

16⇡2

�
�6y2t + 6y2t

�

ytyt

t

6y2t
16⇡2

m2
t0 log

⇤2

m2
t0

+

There is no vacuum for pion, how to obtain the Higgs vacuum? 
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Model Buildings
G/H coset and fermion assignment with symmetries

Little Higgs (2000) Composite Higgs (2004) Neutral Naturalness (2015)

fundamental top partner partial composite top partner Colorless top partner

Collective symmetry breaking

LR symmetry

Minimal Composite Higgs

LR Z2 Higgs

Mirror Twin Higgs

Littlest Higgs

Minimal neutral naturalness

Z2/SU(6) symmetry

[Xu, Yu, Zhu, 2018] 

[Li, Xu, Yu, Zhu, 2019] 

[Chacko, Goh, Harnik 2006] 

[Agashe, Contino, Pomarol 2004] [Arkani-hamed, et.al. 2000] 

[Yu, 2016] 

[Foadi, Schmidt, Yu, 2010] 
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Effective Field Theory for Composite Higgs

Integrate out heavy PNGB other than the Higgs

SO(5)/SO(4) EFT SO(6)/SO(5) EFT

If all other PNGB heavy If one light PNGB (singlet)

EW chiral Lagrangian

triplet, doublet
usually heavy 

Integrate out heavy composite states

G/H with composite states

G/H

m⇢
<latexit sha1_base64="vhoJ1bD2E/QFm/h2yx9wpGgpHJw=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48R3CSQLGF2MpsMmcc6MyuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090Vp5wZ6/vfXmltfWNzq7xd2dnd2z+oHh61jMo0oSFRXOlOjA3lTNLQMstpJ9UUi5jTdjy+nfntJ6oNU/LBTlIaCTyULGEEWyd1RD/v6ZGa9qs1v+7PgVZJUJAaFGj2q1+9gSKZoNISjo3pBn5qoxxrywin00ovMzTFZIyHtOuoxIKaKJ/fO0VnThmgRGlX0qK5+nsix8KYiYhdp8B2ZJa9mfif181sch3lTKaZpZIsFiUZR1ah2fNowDQllk8cwUQzdysiI6wxsS6iigshWH55lbQu6oFfD+4va42bIo4ynMApnEMAV9CAO2hCCAQ4PMMrvHmP3ov37n0sWkteMXMMf+B9/gBp3pAz</latexit><latexit sha1_base64="vhoJ1bD2E/QFm/h2yx9wpGgpHJw=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48R3CSQLGF2MpsMmcc6MyuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090Vp5wZ6/vfXmltfWNzq7xd2dnd2z+oHh61jMo0oSFRXOlOjA3lTNLQMstpJ9UUi5jTdjy+nfntJ6oNU/LBTlIaCTyULGEEWyd1RD/v6ZGa9qs1v+7PgVZJUJAaFGj2q1+9gSKZoNISjo3pBn5qoxxrywin00ovMzTFZIyHtOuoxIKaKJ/fO0VnThmgRGlX0qK5+nsix8KYiYhdp8B2ZJa9mfif181sch3lTKaZpZIsFiUZR1ah2fNowDQllk8cwUQzdysiI6wxsS6iigshWH55lbQu6oFfD+4va42bIo4ynMApnEMAV9CAO2hCCAQ4PMMrvHmP3ov37n0sWkteMXMMf+B9/gBp3pAz</latexit><latexit sha1_base64="vhoJ1bD2E/QFm/h2yx9wpGgpHJw=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48R3CSQLGF2MpsMmcc6MyuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090Vp5wZ6/vfXmltfWNzq7xd2dnd2z+oHh61jMo0oSFRXOlOjA3lTNLQMstpJ9UUi5jTdjy+nfntJ6oNU/LBTlIaCTyULGEEWyd1RD/v6ZGa9qs1v+7PgVZJUJAaFGj2q1+9gSKZoNISjo3pBn5qoxxrywin00ovMzTFZIyHtOuoxIKaKJ/fO0VnThmgRGlX0qK5+nsix8KYiYhdp8B2ZJa9mfif181sch3lTKaZpZIsFiUZR1ah2fNowDQllk8cwUQzdysiI6wxsS6iigshWH55lbQu6oFfD+4va42bIo4ynMApnEMAV9CAO2hCCAQ4PMMrvHmP3ov37n0sWkteMXMMf+B9/gBp3pAz</latexit><latexit sha1_base64="vhoJ1bD2E/QFm/h2yx9wpGgpHJw=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48R3CSQLGF2MpsMmcc6MyuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090Vp5wZ6/vfXmltfWNzq7xd2dnd2z+oHh61jMo0oSFRXOlOjA3lTNLQMstpJ9UUi5jTdjy+nfntJ6oNU/LBTlIaCTyULGEEWyd1RD/v6ZGa9qs1v+7PgVZJUJAaFGj2q1+9gSKZoNISjo3pBn5qoxxrywin00ovMzTFZIyHtOuoxIKaKJ/fO0VnThmgRGlX0qK5+nsix8KYiYhdp8B2ZJa9mfif181sch3lTKaZpZIsFiUZR1ah2fNowDQllk8cwUQzdysiI6wxsS6iigshWH55lbQu6oFfD+4va42bIo4ynMApnEMAV9CAO2hCCAQ4PMMrvHmP3ov37n0sWkteMXMMf+B9/gBp3pAz</latexit>
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<latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit>

[Qi, Yu, Zhu, 2019] 
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Heavy composite states

[Li, Xu, Yu, Zhu, 2019] 
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<latexit sha1_base64="1NeVVaOBPvrl+Zj6xIlK2QQrcEA=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqhg2mhNLtiBoUXGLDciuwnWikcSSwFY1vZ37rCbXhSj7YSYJhTIeSDzij1knNrh6pnuyVK37Vn4OskiAnFchR75W/un3F0hilZYIa0wn8xIYZ1ZYzgdNSNzWYUDamQ+w4KmmMJszm107JmVP6ZKC0K2nJXP09kdHYmEkcuc6Y2pFZ9mbif14ntYPrMOMySS1Ktlg0SAWxisxeJ32ukVkxcYQyzd2thI2opsy6gEouhGD55VXSvKgGfjW4v6zUbvI4inACp3AOAVxBDe6gDg1g8AjP8ApvnvJevHfvY9Fa8PKZY/gD7/MHo+6PKA==</latexit><latexit sha1_base64="1NeVVaOBPvrl+Zj6xIlK2QQrcEA=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqhg2mhNLtiBoUXGLDciuwnWikcSSwFY1vZ37rCbXhSj7YSYJhTIeSDzij1knNrh6pnuyVK37Vn4OskiAnFchR75W/un3F0hilZYIa0wn8xIYZ1ZYzgdNSNzWYUDamQ+w4KmmMJszm107JmVP6ZKC0K2nJXP09kdHYmEkcuc6Y2pFZ9mbif14ntYPrMOMySS1Ktlg0SAWxisxeJ32ukVkxcYQyzd2thI2opsy6gEouhGD55VXSvKgGfjW4v6zUbvI4inACp3AOAVxBDe6gDg1g8AjP8ApvnvJevHfvY9Fa8PKZY/gD7/MHo+6PKA==</latexit><latexit sha1_base64="1NeVVaOBPvrl+Zj6xIlK2QQrcEA=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqhg2mhNLtiBoUXGLDciuwnWikcSSwFY1vZ37rCbXhSj7YSYJhTIeSDzij1knNrh6pnuyVK37Vn4OskiAnFchR75W/un3F0hilZYIa0wn8xIYZ1ZYzgdNSNzWYUDamQ+w4KmmMJszm107JmVP6ZKC0K2nJXP09kdHYmEkcuc6Y2pFZ9mbif14ntYPrMOMySS1Ktlg0SAWxisxeJ32ukVkxcYQyzd2thI2opsy6gEouhGD55VXSvKgGfjW4v6zUbvI4inACp3AOAVxBDe6gDg1g8AjP8ApvnvJevHfvY9Fa8PKZY/gD7/MHo+6PKA==</latexit><latexit sha1_base64="1NeVVaOBPvrl+Zj6xIlK2QQrcEA=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqhg2mhNLtiBoUXGLDciuwnWikcSSwFY1vZ37rCbXhSj7YSYJhTIeSDzij1knNrh6pnuyVK37Vn4OskiAnFchR75W/un3F0hilZYIa0wn8xIYZ1ZYzgdNSNzWYUDamQ+w4KmmMJszm107JmVP6ZKC0K2nJXP09kdHYmEkcuc6Y2pFZ9mbif14ntYPrMOMySS1Ktlg0SAWxisxeJ32ukVkxcYQyzd2thI2opsy6gEouhGD55VXSvKgGfjW4v6zUbvI4inACp3AOAVxBDe6gDg1g8AjP8ApvnvJevHfvY9Fa8PKZY/gD7/MHo+6PKA==</latexit>

W, Z boson
<latexit sha1_base64="NmyER7xBQeJzMO9EXtrQs2QxG/s=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgQcpuL3osevFYwX7QdinZNNuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwkRwYz3vGxU2Nre2d4q7pb39g8Oj8vFJy6hUU9akSijdCYlhgkvWtNwK1kk0I3EoWDuc3M399hPThiv5aKcJC2IykjzilFgnddtXuItDZZQclCte1VsArxM/JxXI0RiUv/pDRdOYSUsFMabne4kNMqItp4LNSv3UsITQCRmxnqOSxMwE2eLiGb5wyhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QQZl0lqmaTLRVEqsFV4/j4ecs2oFVNHCNXc3YrpmGhCrQup5ELwV19eJ61a1feq/kOtUr/N4yjCGZzDJfhwDXW4hwY0gYKEZ3iFN2TQC3pHH8vWAspnTuEP0OcPcoyQGg==</latexit><latexit sha1_base64="NmyER7xBQeJzMO9EXtrQs2QxG/s=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgQcpuL3osevFYwX7QdinZNNuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwkRwYz3vGxU2Nre2d4q7pb39g8Oj8vFJy6hUU9akSijdCYlhgkvWtNwK1kk0I3EoWDuc3M399hPThiv5aKcJC2IykjzilFgnddtXuItDZZQclCte1VsArxM/JxXI0RiUv/pDRdOYSUsFMabne4kNMqItp4LNSv3UsITQCRmxnqOSxMwE2eLiGb5wyhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QQZl0lqmaTLRVEqsFV4/j4ecs2oFVNHCNXc3YrpmGhCrQup5ELwV19eJ61a1feq/kOtUr/N4yjCGZzDJfhwDXW4hwY0gYKEZ3iFN2TQC3pHH8vWAspnTuEP0OcPcoyQGg==</latexit><latexit sha1_base64="NmyER7xBQeJzMO9EXtrQs2QxG/s=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgQcpuL3osevFYwX7QdinZNNuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwkRwYz3vGxU2Nre2d4q7pb39g8Oj8vFJy6hUU9akSijdCYlhgkvWtNwK1kk0I3EoWDuc3M399hPThiv5aKcJC2IykjzilFgnddtXuItDZZQclCte1VsArxM/JxXI0RiUv/pDRdOYSUsFMabne4kNMqItp4LNSv3UsITQCRmxnqOSxMwE2eLiGb5wyhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QQZl0lqmaTLRVEqsFV4/j4ecs2oFVNHCNXc3YrpmGhCrQup5ELwV19eJ61a1feq/kOtUr/N4yjCGZzDJfhwDXW4hwY0gYKEZ3iFN2TQC3pHH8vWAspnTuEP0OcPcoyQGg==</latexit><latexit sha1_base64="NmyER7xBQeJzMO9EXtrQs2QxG/s=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgQcpuL3osevFYwX7QdinZNNuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwkRwYz3vGxU2Nre2d4q7pb39g8Oj8vFJy6hUU9akSijdCYlhgkvWtNwK1kk0I3EoWDuc3M399hPThiv5aKcJC2IykjzilFgnddtXuItDZZQclCte1VsArxM/JxXI0RiUv/pDRdOYSUsFMabne4kNMqItp4LNSv3UsITQCRmxnqOSxMwE2eLiGb5wyhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QQZl0lqmaTLRVEqsFV4/j4ecs2oFVNHCNXc3YrpmGhCrQup5ELwV19eJ61a1feq/kOtUr/N4yjCGZzDJfhwDXW4hwY0gYKEZ3iFN2TQC3pHH8vWAspnTuEP0OcPcoyQGg==</latexit>

W, Z boson
<latexit sha1_base64="NmyER7xBQeJzMO9EXtrQs2QxG/s=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgQcpuL3osevFYwX7QdinZNNuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwkRwYz3vGxU2Nre2d4q7pb39g8Oj8vFJy6hUU9akSijdCYlhgkvWtNwK1kk0I3EoWDuc3M399hPThiv5aKcJC2IykjzilFgnddtXuItDZZQclCte1VsArxM/JxXI0RiUv/pDRdOYSUsFMabne4kNMqItp4LNSv3UsITQCRmxnqOSxMwE2eLiGb5wyhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QQZl0lqmaTLRVEqsFV4/j4ecs2oFVNHCNXc3YrpmGhCrQup5ELwV19eJ61a1feq/kOtUr/N4yjCGZzDJfhwDXW4hwY0gYKEZ3iFN2TQC3pHH8vWAspnTuEP0OcPcoyQGg==</latexit><latexit sha1_base64="NmyER7xBQeJzMO9EXtrQs2QxG/s=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgQcpuL3osevFYwX7QdinZNNuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwkRwYz3vGxU2Nre2d4q7pb39g8Oj8vFJy6hUU9akSijdCYlhgkvWtNwK1kk0I3EoWDuc3M399hPThiv5aKcJC2IykjzilFgnddtXuItDZZQclCte1VsArxM/JxXI0RiUv/pDRdOYSUsFMabne4kNMqItp4LNSv3UsITQCRmxnqOSxMwE2eLiGb5wyhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QQZl0lqmaTLRVEqsFV4/j4ecs2oFVNHCNXc3YrpmGhCrQup5ELwV19eJ61a1feq/kOtUr/N4yjCGZzDJfhwDXW4hwY0gYKEZ3iFN2TQC3pHH8vWAspnTuEP0OcPcoyQGg==</latexit><latexit sha1_base64="NmyER7xBQeJzMO9EXtrQs2QxG/s=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgQcpuL3osevFYwX7QdinZNNuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwkRwYz3vGxU2Nre2d4q7pb39g8Oj8vFJy6hUU9akSijdCYlhgkvWtNwK1kk0I3EoWDuc3M399hPThiv5aKcJC2IykjzilFgnddtXuItDZZQclCte1VsArxM/JxXI0RiUv/pDRdOYSUsFMabne4kNMqItp4LNSv3UsITQCRmxnqOSxMwE2eLiGb5wyhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QQZl0lqmaTLRVEqsFV4/j4ecs2oFVNHCNXc3YrpmGhCrQup5ELwV19eJ61a1feq/kOtUr/N4yjCGZzDJfhwDXW4hwY0gYKEZ3iFN2TQC3pHH8vWAspnTuEP0OcPcoyQGg==</latexit><latexit sha1_base64="NmyER7xBQeJzMO9EXtrQs2QxG/s=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgQcpuL3osevFYwX7QdinZNNuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwkRwYz3vGxU2Nre2d4q7pb39g8Oj8vFJy6hUU9akSijdCYlhgkvWtNwK1kk0I3EoWDuc3M399hPThiv5aKcJC2IykjzilFgnddtXuItDZZQclCte1VsArxM/JxXI0RiUv/pDRdOYSUsFMabne4kNMqItp4LNSv3UsITQCRmxnqOSxMwE2eLiGb5wyhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QQZl0lqmaTLRVEqsFV4/j4ecs2oFVNHCNXc3YrpmGhCrQup5ELwV19eJ61a1feq/kOtUr/N4yjCGZzDJfhwDXW4hwY0gYKEZ3iFN2TQC3pHH8vWAspnTuEP0OcPcoyQGg==</latexit>

W, Z boson
<latexit sha1_base64="NmyER7xBQeJzMO9EXtrQs2QxG/s=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgQcpuL3osevFYwX7QdinZNNuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwkRwYz3vGxU2Nre2d4q7pb39g8Oj8vFJy6hUU9akSijdCYlhgkvWtNwK1kk0I3EoWDuc3M399hPThiv5aKcJC2IykjzilFgnddtXuItDZZQclCte1VsArxM/JxXI0RiUv/pDRdOYSUsFMabne4kNMqItp4LNSv3UsITQCRmxnqOSxMwE2eLiGb5wyhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QQZl0lqmaTLRVEqsFV4/j4ecs2oFVNHCNXc3YrpmGhCrQup5ELwV19eJ61a1feq/kOtUr/N4yjCGZzDJfhwDXW4hwY0gYKEZ3iFN2TQC3pHH8vWAspnTuEP0OcPcoyQGg==</latexit><latexit sha1_base64="NmyER7xBQeJzMO9EXtrQs2QxG/s=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgQcpuL3osevFYwX7QdinZNNuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwkRwYz3vGxU2Nre2d4q7pb39g8Oj8vFJy6hUU9akSijdCYlhgkvWtNwK1kk0I3EoWDuc3M399hPThiv5aKcJC2IykjzilFgnddtXuItDZZQclCte1VsArxM/JxXI0RiUv/pDRdOYSUsFMabne4kNMqItp4LNSv3UsITQCRmxnqOSxMwE2eLiGb5wyhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QQZl0lqmaTLRVEqsFV4/j4ecs2oFVNHCNXc3YrpmGhCrQup5ELwV19eJ61a1feq/kOtUr/N4yjCGZzDJfhwDXW4hwY0gYKEZ3iFN2TQC3pHH8vWAspnTuEP0OcPcoyQGg==</latexit><latexit sha1_base64="NmyER7xBQeJzMO9EXtrQs2QxG/s=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgQcpuL3osevFYwX7QdinZNNuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwkRwYz3vGxU2Nre2d4q7pb39g8Oj8vFJy6hUU9akSijdCYlhgkvWtNwK1kk0I3EoWDuc3M399hPThiv5aKcJC2IykjzilFgnddtXuItDZZQclCte1VsArxM/JxXI0RiUv/pDRdOYSUsFMabne4kNMqItp4LNSv3UsITQCRmxnqOSxMwE2eLiGb5wyhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QQZl0lqmaTLRVEqsFV4/j4ecs2oFVNHCNXc3YrpmGhCrQup5ELwV19eJ61a1feq/kOtUr/N4yjCGZzDJfhwDXW4hwY0gYKEZ3iFN2TQC3pHH8vWAspnTuEP0OcPcoyQGg==</latexit><latexit sha1_base64="NmyER7xBQeJzMO9EXtrQs2QxG/s=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgQcpuL3osevFYwX7QdinZNNuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwkRwYz3vGxU2Nre2d4q7pb39g8Oj8vFJy6hUU9akSijdCYlhgkvWtNwK1kk0I3EoWDuc3M399hPThiv5aKcJC2IykjzilFgnddtXuItDZZQclCte1VsArxM/JxXI0RiUv/pDRdOYSUsFMabne4kNMqItp4LNSv3UsITQCRmxnqOSxMwE2eLiGb5wyhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QQZl0lqmaTLRVEqsFV4/j4ecs2oFVNHCNXc3YrpmGhCrQup5ELwV19eJ61a1feq/kOtUr/N4yjCGZzDJfhwDXW4hwY0gYKEZ3iFN2TQC3pHH8vWAspnTuEP0OcPcoyQGg==</latexit>W, Z boson

<latexit sha1_base64="NmyER7xBQeJzMO9EXtrQs2QxG/s=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgQcpuL3osevFYwX7QdinZNNuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwkRwYz3vGxU2Nre2d4q7pb39g8Oj8vFJy6hUU9akSijdCYlhgkvWtNwK1kk0I3EoWDuc3M399hPThiv5aKcJC2IykjzilFgnddtXuItDZZQclCte1VsArxM/JxXI0RiUv/pDRdOYSUsFMabne4kNMqItp4LNSv3UsITQCRmxnqOSxMwE2eLiGb5wyhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QQZl0lqmaTLRVEqsFV4/j4ecs2oFVNHCNXc3YrpmGhCrQup5ELwV19eJ61a1feq/kOtUr/N4yjCGZzDJfhwDXW4hwY0gYKEZ3iFN2TQC3pHH8vWAspnTuEP0OcPcoyQGg==</latexit><latexit sha1_base64="NmyER7xBQeJzMO9EXtrQs2QxG/s=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgQcpuL3osevFYwX7QdinZNNuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwkRwYz3vGxU2Nre2d4q7pb39g8Oj8vFJy6hUU9akSijdCYlhgkvWtNwK1kk0I3EoWDuc3M399hPThiv5aKcJC2IykjzilFgnddtXuItDZZQclCte1VsArxM/JxXI0RiUv/pDRdOYSUsFMabne4kNMqItp4LNSv3UsITQCRmxnqOSxMwE2eLiGb5wyhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QQZl0lqmaTLRVEqsFV4/j4ecs2oFVNHCNXc3YrpmGhCrQup5ELwV19eJ61a1feq/kOtUr/N4yjCGZzDJfhwDXW4hwY0gYKEZ3iFN2TQC3pHH8vWAspnTuEP0OcPcoyQGg==</latexit><latexit sha1_base64="NmyER7xBQeJzMO9EXtrQs2QxG/s=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgQcpuL3osevFYwX7QdinZNNuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwkRwYz3vGxU2Nre2d4q7pb39g8Oj8vFJy6hUU9akSijdCYlhgkvWtNwK1kk0I3EoWDuc3M399hPThiv5aKcJC2IykjzilFgnddtXuItDZZQclCte1VsArxM/JxXI0RiUv/pDRdOYSUsFMabne4kNMqItp4LNSv3UsITQCRmxnqOSxMwE2eLiGb5wyhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QQZl0lqmaTLRVEqsFV4/j4ecs2oFVNHCNXc3YrpmGhCrQup5ELwV19eJ61a1feq/kOtUr/N4yjCGZzDJfhwDXW4hwY0gYKEZ3iFN2TQC3pHH8vWAspnTuEP0OcPcoyQGg==</latexit><latexit sha1_base64="NmyER7xBQeJzMO9EXtrQs2QxG/s=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgQcpuL3osevFYwX7QdinZNNuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwkRwYz3vGxU2Nre2d4q7pb39g8Oj8vFJy6hUU9akSijdCYlhgkvWtNwK1kk0I3EoWDuc3M399hPThiv5aKcJC2IykjzilFgnddtXuItDZZQclCte1VsArxM/JxXI0RiUv/pDRdOYSUsFMabne4kNMqItp4LNSv3UsITQCRmxnqOSxMwE2eLiGb5wyhBHSruSFi/U3xMZiY2ZxqHrjIkdm1VvLv7n9VIb3QQZl0lqmaTLRVEqsFV4/j4ecs2oFVNHCNXc3YrpmGhCrQup5ELwV19eJ61a1feq/kOtUr/N4yjCGZzDJfhwDXW4hwY0gYKEZ3iFN2TQC3pHH8vWAspnTuEP0OcPcoyQGg==</latexit>
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tL
<latexit sha1_base64="CMdFLmhjm6ebvJ5crMkHWv+ueSk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EiGXQxsIiovmA5Ah7m71kyd7esTsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9mfvuJayNi9YiThPsRHSoRCkbRSg/Yv+uXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGVnwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1XPrXr3l5X6dR5HEU7gFM7BgxrU4RYa0AQGQ3iGV3hzpPPivDsfi9aCk88cwx84nz8uhI23</latexit><latexit sha1_base64="CMdFLmhjm6ebvJ5crMkHWv+ueSk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EiGXQxsIiovmA5Ah7m71kyd7esTsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9mfvuJayNi9YiThPsRHSoRCkbRSg/Yv+uXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGVnwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1XPrXr3l5X6dR5HEU7gFM7BgxrU4RYa0AQGQ3iGV3hzpPPivDsfi9aCk88cwx84nz8uhI23</latexit><latexit sha1_base64="CMdFLmhjm6ebvJ5crMkHWv+ueSk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EiGXQxsIiovmA5Ah7m71kyd7esTsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9mfvuJayNi9YiThPsRHSoRCkbRSg/Yv+uXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGVnwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1XPrXr3l5X6dR5HEU7gFM7BgxrU4RYa0AQGQ3iGV3hzpPPivDsfi9aCk88cwx84nz8uhI23</latexit><latexit sha1_base64="CMdFLmhjm6ebvJ5crMkHWv+ueSk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EiGXQxsIiovmA5Ah7m71kyd7esTsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9mfvuJayNi9YiThPsRHSoRCkbRSg/Yv+uXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGVnwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1XPrXr3l5X6dR5HEU7gFM7BgxrU4RYa0AQGQ3iGV3hzpPPivDsfi9aCk88cwx84nz8uhI23</latexit>
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<latexit sha1_base64="CMdFLmhjm6ebvJ5crMkHWv+ueSk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EiGXQxsIiovmA5Ah7m71kyd7esTsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9mfvuJayNi9YiThPsRHSoRCkbRSg/Yv+uXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGVnwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1XPrXr3l5X6dR5HEU7gFM7BgxrU4RYa0AQGQ3iGV3hzpPPivDsfi9aCk88cwx84nz8uhI23</latexit><latexit sha1_base64="CMdFLmhjm6ebvJ5crMkHWv+ueSk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EiGXQxsIiovmA5Ah7m71kyd7esTsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9mfvuJayNi9YiThPsRHSoRCkbRSg/Yv+uXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGVnwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1XPrXr3l5X6dR5HEU7gFM7BgxrU4RYa0AQGQ3iGV3hzpPPivDsfi9aCk88cwx84nz8uhI23</latexit><latexit sha1_base64="CMdFLmhjm6ebvJ5crMkHWv+ueSk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EiGXQxsIiovmA5Ah7m71kyd7esTsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9mfvuJayNi9YiThPsRHSoRCkbRSg/Yv+uXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGVnwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1XPrXr3l5X6dR5HEU7gFM7BgxrU4RYa0AQGQ3iGV3hzpPPivDsfi9aCk88cwx84nz8uhI23</latexit><latexit sha1_base64="CMdFLmhjm6ebvJ5crMkHWv+ueSk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EiGXQxsIiovmA5Ah7m71kyd7esTsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9mfvuJayNi9YiThPsRHSoRCkbRSg/Yv+uXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGVnwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1XPrXr3l5X6dR5HEU7gFM7BgxrU4RYa0AQGQ3iGV3hzpPPivDsfi9aCk88cwx84nz8uhI23</latexit>
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<latexit sha1_base64="CMdFLmhjm6ebvJ5crMkHWv+ueSk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EiGXQxsIiovmA5Ah7m71kyd7esTsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9mfvuJayNi9YiThPsRHSoRCkbRSg/Yv+uXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGVnwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1XPrXr3l5X6dR5HEU7gFM7BgxrU4RYa0AQGQ3iGV3hzpPPivDsfi9aCk88cwx84nz8uhI23</latexit><latexit sha1_base64="CMdFLmhjm6ebvJ5crMkHWv+ueSk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EiGXQxsIiovmA5Ah7m71kyd7esTsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9mfvuJayNi9YiThPsRHSoRCkbRSg/Yv+uXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGVnwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1XPrXr3l5X6dR5HEU7gFM7BgxrU4RYa0AQGQ3iGV3hzpPPivDsfi9aCk88cwx84nz8uhI23</latexit><latexit sha1_base64="CMdFLmhjm6ebvJ5crMkHWv+ueSk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EiGXQxsIiovmA5Ah7m71kyd7esTsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9mfvuJayNi9YiThPsRHSoRCkbRSg/Yv+uXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGVnwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1XPrXr3l5X6dR5HEU7gFM7BgxrU4RYa0AQGQ3iGV3hzpPPivDsfi9aCk88cwx84nz8uhI23</latexit><latexit sha1_base64="CMdFLmhjm6ebvJ5crMkHWv+ueSk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EiGXQxsIiovmA5Ah7m71kyd7esTsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9mfvuJayNi9YiThPsRHSoRCkbRSg/Yv+uXK27VnYOsEi8nFcjR6Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGVnwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEpaF1XPrXr3l5X6dR5HEU7gFM7BgxrU4RYa0AQGQ3iGV3hzpPPivDsfi9aCk88cwx84nz8uhI23</latexit>
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Coleman-Weinberg effective potential

Higgs nonlinearity
Shape of Higgs potential

EW Chiral Lagrangian

[Li, Xu, Yu, Zhu, 2019] [Agrawal, Saha, Xu, Yu, Yuan, 2019] 
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[ Yong-Kang Li, Yi-Ning Wang, J.H.Yu, in préparation ] 

[ Hao Sun, Yi-Ning Wang, J.H.Yu, in préparation ] 



Jiang-Hao Yu (ITP-CAS)36

Historical overview on nuclear force

Yukawa Pion 
Theory

1935

One-Boson

Exchange 

Model

1936 - 1960

Weinberg 
nuclear chiral 

EFT

1990 - 

N-N from 
quark/chiral-
bag model


1970 - 1980

Two-Pion

Exchange


1950 - 1980

High precision 
potential

1990 - 

Proca, Kemmer,  
Moller,  

Rosenfeld and  
Schwinger, 

Pauli, …

Taketani,  
Nakamura 

Sasaki, Bruckner,  
Watson, …

AV18,  
CD Bonn,  

Nijm,  
Reid93 

…
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Why chiral nuclear force?
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Meson Exchange Model Chiral EFT

Chiral Ward Identity

Goldberger-Treiman Relation

Perturbative derivative expansionModeling only 
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Chiral Nuclear Force
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Meson Exchange Model Chiral EFT

Repulsive central
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Weinberg’s nuclear force
Hard-core nucleon-nucleon interaction

= 2(1-2+2/2) = 0 = (0-2+4/2) = 0

Weinberg power counting

Weinberg 2021

2PR Diagrams2PI Diagrams

Breakdown in perturbation theory = nuclear bound statesNuclear potential from Irre. 2PI only

Resumed by Schrodinger equation

[ Weinberg 1933 - 2021 ] 
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Pionless effective field theory
At low energy, the NN contact interaction shows non-perturbative nature (nuclei bound states)

Natural scattering length Unnatural scattering length

Infrared enhancement!

Weinberg, 1991 Kaplan, Savage, Wise 1998

Effective Range Expansion

Expansion breaking when

Irrelevant Relevant

Expansion converge
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Chiral effective field theory
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Dim = 2(1-2+2/2) = 0

Weinberg power counting

Dim = 2+2-2+2(1-2+2/2) = 2

nucleon pole

mN enhancement

Pinch singularity

Irreducible

[ Weinberg, 1990 ]

2PR Diagrams

1. calculate nuclear potential from irreducible diagrams 2. Truncated nuclear potential is iterated to all order

pinch diagrams subtracted

Solve Schrodinger equation
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Power counting schemes
Complicated due to non-perturbative natures and renormalization problems

Weinberg Scheme

KSW Scheme

Modified Weinberg

Renormalization problem!

Converge problem!

Pion are perturbative

Solve both but why?

[ Nogga, Timmermans, van Kolck, 2005 ]

[ S. Wu, B. W. Long, 2019 ]
[ Epelbaum, Gegelia, 2012 ]



Jiang-Hao Yu (ITP-CAS)

High precision nuclear force

43

[ Entem, Machleidt, Nosyk, 2020 ] 

Weinberg scheme

[ from L. S. Geng’s slides ]
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NN and 3N Operators 

NLO

LO

NNLO

[ Petschauer, Haidenbauer, Kaiser, Meisner, Weise, 2016 ] 

[ Petschauer, Kaiser, 2013 ] 

[ Weinberg 1990 ] 

[ van Kolck, Ordonez, 1992 ] 

[ Sun, Wang, Yu, in préparation ] 

Nucleon-nucleon sector 3 nucleon sector

[ Nasoni, Filandri, Girlanda, 2023 ] [ Girlanda, Pastore, Schiavilla, Viviani, 2010 ] 
[ Xiao, Geng, Ren, 2019 ] 

[ Weinberg 1991 ] 
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Nuclear Weak Currents
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[ Epelbaum, 2018 ] 

Explore the nuclear weak currents (EDM, 0vbb, etc) in chiral EFT

[ Cirigliano, Dekens, de Vries, Graesser, Mereghetti, 2017] 
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Ab initio nuclear structure
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Neutrinoless double beta decay
Operators at different level

Nucleon-nucleon with 
lepton source

Meson-nucleon with 
lepton source

Pure meson with lepton 
source

⇤QCD
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EW scale
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<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>

Standard model effective field theory up to dim-9

Low energy effective field theory up to dim-9



Jiang-Hao Yu (ITP-CAS)

weak currents of nuclear processes (intensity frontier)

Low energy probe of high energy physics

48

Flavor physics: pion, kaon, bottom, …

Neutrino physics: NSI, CEvNS, 0vbb, …

Rare process: cLFV, mu-e conversion, …

high intensity, low cost!

high energy, high cost!

Intensity frontier

Energy frontier
<latexit sha1_base64="TV/xeBt1Cr+AT9BuTD3ABDBVXNc=">AAAB+nicbVDLTgIxFO3gC/E16NJNIzFxRWaMUZdEN64MRnkkMCGdUqCh7UzaOyoZ+RQ3LjTGrV/izr+xwCwUPMlNTs65t733hLHgBjzv28ktLa+sruXXCxubW9s7bnG3bqJEU1ajkYh0MySGCa5YDTgI1ow1IzIUrBEOLyd+455pwyN1B6OYBZL0Fe9xSsBKHbfYBvYIWqbXVXxLiWDjjlvyyt4UeJH4GSmhDNWO+9XuRjSRTAEVxJiW78UQpEQDp/a9QjsxLCZ0SPqsZakikpkgna4+xodW6eJepG0pwFP190RKpDEjGdpOSWBg5r2J+J/XSqB3HqRcxQkwRWcf9RKBIcKTHHCXa0ZBjCwhVHO7K6YDogkFm1bBhuDPn7xI6sdl/7R8cnNSqlxkceTRPjpAR8hHZ6iCrlAV1RBFD+gZvaI358l5cd6dj1lrzslm9tAfOJ8/OKWT/A==</latexit>

NP Scale

⇤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>

mW
<latexit sha1_base64="2q7ImVMV0/Ukx9LrQnG2rmusCO0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJczO9iZDZmeXmVkhLDn4AV71E7yJVz/FL/A3nCR70GhBQ1HVTXdXkAqujet+OqWV1bX1jfJmZWt7Z3evun/Q1kmmGLZYIhLVDahGwSW2DDcCu6lCGgcCO8H4euZ3HlBpnsh7M0nRj+lQ8ogzaqx0Fw86g2rNrbtzkL/EK0gNCjQH1a9+mLAsRmmYoFr3PDc1fk6V4UzgtNLPNKaUjekQe5ZKGqP28/mpU3JilZBEibIlDZmrPydyGms9iQPbGVMz0sveTPzX0/aUEYZL60106edcpplByRbbo0wQk5BZGCTkCpkRE0soU9w+QNiIKsqMjaxik/GWc/hL2md1z617t+e1xlWRURmO4BhOwYMLaMANNKEFDIbwBM/w4jw6r86b875oLTnFzCH8gvPxDStClpQ=</latexit><latexit sha1_base64="2q7ImVMV0/Ukx9LrQnG2rmusCO0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJczO9iZDZmeXmVkhLDn4AV71E7yJVz/FL/A3nCR70GhBQ1HVTXdXkAqujet+OqWV1bX1jfJmZWt7Z3evun/Q1kmmGLZYIhLVDahGwSW2DDcCu6lCGgcCO8H4euZ3HlBpnsh7M0nRj+lQ8ogzaqx0Fw86g2rNrbtzkL/EK0gNCjQH1a9+mLAsRmmYoFr3PDc1fk6V4UzgtNLPNKaUjekQe5ZKGqP28/mpU3JilZBEibIlDZmrPydyGms9iQPbGVMz0sveTPzX0/aUEYZL60106edcpplByRbbo0wQk5BZGCTkCpkRE0soU9w+QNiIKsqMjaxik/GWc/hL2md1z617t+e1xlWRURmO4BhOwYMLaMANNKEFDIbwBM/w4jw6r86b875oLTnFzCH8gvPxDStClpQ=</latexit><latexit sha1_base64="2q7ImVMV0/Ukx9LrQnG2rmusCO0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJczO9iZDZmeXmVkhLDn4AV71E7yJVz/FL/A3nCR70GhBQ1HVTXdXkAqujet+OqWV1bX1jfJmZWt7Z3evun/Q1kmmGLZYIhLVDahGwSW2DDcCu6lCGgcCO8H4euZ3HlBpnsh7M0nRj+lQ8ogzaqx0Fw86g2rNrbtzkL/EK0gNCjQH1a9+mLAsRmmYoFr3PDc1fk6V4UzgtNLPNKaUjekQe5ZKGqP28/mpU3JilZBEibIlDZmrPydyGms9iQPbGVMz0sveTPzX0/aUEYZL60106edcpplByRbbo0wQk5BZGCTkCpkRE0soU9w+QNiIKsqMjaxik/GWc/hL2md1z617t+e1xlWRURmO4BhOwYMLaMANNKEFDIbwBM/w4jw6r86b875oLTnFzCH8gvPxDStClpQ=</latexit><latexit sha1_base64="2q7ImVMV0/Ukx9LrQnG2rmusCO0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJczO9iZDZmeXmVkhLDn4AV71E7yJVz/FL/A3nCR70GhBQ1HVTXdXkAqujet+OqWV1bX1jfJmZWt7Z3evun/Q1kmmGLZYIhLVDahGwSW2DDcCu6lCGgcCO8H4euZ3HlBpnsh7M0nRj+lQ8ogzaqx0Fw86g2rNrbtzkL/EK0gNCjQH1a9+mLAsRmmYoFr3PDc1fk6V4UzgtNLPNKaUjekQe5ZKGqP28/mpU3JilZBEibIlDZmrPydyGms9iQPbGVMz0sveTPzX0/aUEYZL60106edcpplByRbbo0wQk5BZGCTkCpkRE0soU9w+QNiIKsqMjaxik/GWc/hL2md1z617t+e1xlWRURmO4BhOwYMLaMANNKEFDIbwBM/w4jw6r86b875oLTnFzCH8gvPxDStClpQ=</latexit>

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>

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>



Axion Effective Field Theory
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[ Huayang Song, Hao Sun, J.H.Yu, 2305.16770 ] 
[ Huayang Song, Hao Sun, J.H.Yu, 2306.05999 ] 

[ Hao Sun, J.H.Yu, in preparation ] 
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U(1)A Problem
Where is the 9th Goldstone boson? Eta-prime?

Chiral condensate

Quark mass

Non-vanishing total derivative due to instanton

Under the chiral transformation, path integral measure changes and the Lagrangian becomes 

Total derivative absorbed to current

U(1)A AnomalyChiral Anomaly
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Instanton and ’t Hooft Lagrangian
Under the QCD vacuum

Integrating out instanton induces the following fermion path integral

Fermion integral in an instanton bg Fermion integral without gauge bg, but determinant

the Lagrangian becomes

Sum over all (anti-)instantons, obtain the ’t Hooft effective Lagrangian

Configuration localized in Euclidean space and time
What is an instanton?

Tunnelling between different vacua 
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Spurion Transformation
The U(1)A relevant Lagrangian

Chiral transformation Spurion transformation

+

Choose the phase making the Dirac mass phase real, obtain the rephasing invariant

Massless u quark 

Theta phase induces physical effects! 
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Chiral Lagrangian
Chiral Lagrangian for SU(3)L x SU(3)R x U(1)A, invariant under spurion transformation
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EDM in Chiral Lagrangian
Pion-Nucleon Lagrangian

Massless up quark Axion P/CP symmetry

CP-violating

rotate away theta

Ruled out!
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PQ Symmetry and Axion

Theta becomes dynamical dof by introducing additional U(1)PQ

1.Goldstone of global U(1)PQ breaking

2. U(1)PQ are anomalous under QCD

Induces Theta phase and eta-prime

[ Weinberg 1933 - 2021 ] 

U(1)PQ axion particle

The U(1)A symmetry for chiral quarks

Under PQ symmetry, again the spurion analysis
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KSVZ and DFSZ Axion
Consider UV setup, the PQ transformation with the spurion 

KSVZ: SM are PQ neutral
DFSZ: SM are PQ charged Spurion transformation

Integrate out Q 
No kinetic term

With shift symmetry
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Instanton Analysis

Instanton diagrams, where a is a spurion of the theta parameter

Below scale f, take Georgi-Kaplan-Randall basis (only axion transform under U(1)PQ, other invariant)
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Chiral Lagrangian with Axion

Depending on quark mass

Chiral Lagrangian for SU(3)L x SU(3)R x U(1)A again + axion currents
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Axion EFT Operators

5959

Adler zero conditions for axion
[ Song, Sun, J.H.Yu, 2305.16770 ] 

Majoron, Goldstone for LNV, leading order at dim-8

Parity: 

Axion - Nucleon chiral Lagrangian
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Explicit PQ Breaking
Axion becomes pseudo-Goldstone due to explicit PQ breaking

Axion quality problem

spurion analysis 

Instanton 
effects

UV breaking

gravity

SM 

Yukawa

CPV Effective 
Operators

Small Instanton 
effects

Enhanced symmetry

1. Discrete gauge

2. Composite dynamics

3. Extra dimension

’t Hooft eff. Lag

Heavy axion
New QCD

Partially brokenFlavor connection

flavion

axiflavon

Increase axion mass Higher dim OpCKM phase

Multi-axion
Majoron-axion

CPV Op

New CPV effects

[ Hu, Jiang, Li, Xiao, Yu, 2009.01452 ] 
[ Sun, Wang, Yu, in progress ] 
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From high scale models to low scale descriptions

Axion effective field theories
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Axion chiral Lagrangian

Axion probes at low energy

RGE

[ Bauer, Neubert, Renner, Schäuble, Thamm, 2021]

[ Di Luzio, Levati, Paradisi, 2023 ]
[ Dekens, de Vries, Shain, 2022 ]

[ Georgi, Kaplan, Randall, 1986 ]

[ Vonk, Guo, Meissner, 2021 ]
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Summary
Revisit tower of EFTs based on Young tensor and Adler zero/spurion technique
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NP Scale

New physics scenarios, (SUSY, pNGB Higgs)

Standard model effective field theory

Low energy effective field theory
⇤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>

mW
<latexit sha1_base64="2q7ImVMV0/Ukx9LrQnG2rmusCO0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJczO9iZDZmeXmVkhLDn4AV71E7yJVz/FL/A3nCR70GhBQ1HVTXdXkAqujet+OqWV1bX1jfJmZWt7Z3evun/Q1kmmGLZYIhLVDahGwSW2DDcCu6lCGgcCO8H4euZ3HlBpnsh7M0nRj+lQ8ogzaqx0Fw86g2rNrbtzkL/EK0gNCjQH1a9+mLAsRmmYoFr3PDc1fk6V4UzgtNLPNKaUjekQe5ZKGqP28/mpU3JilZBEibIlDZmrPydyGms9iQPbGVMz0sveTPzX0/aUEYZL60106edcpplByRbbo0wQk5BZGCTkCpkRE0soU9w+QNiIKsqMjaxik/GWc/hL2md1z617t+e1xlWRURmO4BhOwYMLaMANNKEFDIbwBM/w4jw6r86b875oLTnFzCH8gvPxDStClpQ=</latexit><latexit sha1_base64="2q7ImVMV0/Ukx9LrQnG2rmusCO0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJczO9iZDZmeXmVkhLDn4AV71E7yJVz/FL/A3nCR70GhBQ1HVTXdXkAqujet+OqWV1bX1jfJmZWt7Z3evun/Q1kmmGLZYIhLVDahGwSW2DDcCu6lCGgcCO8H4euZ3HlBpnsh7M0nRj+lQ8ogzaqx0Fw86g2rNrbtzkL/EK0gNCjQH1a9+mLAsRmmYoFr3PDc1fk6V4UzgtNLPNKaUjekQe5ZKGqP28/mpU3JilZBEibIlDZmrPydyGms9iQPbGVMz0sveTPzX0/aUEYZL60106edcpplByRbbo0wQk5BZGCTkCpkRE0soU9w+QNiIKsqMjaxik/GWc/hL2md1z617t+e1xlWRURmO4BhOwYMLaMANNKEFDIbwBM/w4jw6r86b875oLTnFzCH8gvPxDStClpQ=</latexit><latexit sha1_base64="2q7ImVMV0/Ukx9LrQnG2rmusCO0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJczO9iZDZmeXmVkhLDn4AV71E7yJVz/FL/A3nCR70GhBQ1HVTXdXkAqujet+OqWV1bX1jfJmZWt7Z3evun/Q1kmmGLZYIhLVDahGwSW2DDcCu6lCGgcCO8H4euZ3HlBpnsh7M0nRj+lQ8ogzaqx0Fw86g2rNrbtzkL/EK0gNCjQH1a9+mLAsRmmYoFr3PDc1fk6V4UzgtNLPNKaUjekQe5ZKGqP28/mpU3JilZBEibIlDZmrPydyGms9iQPbGVMz0sveTPzX0/aUEYZL60106edcpplByRbbo0wQk5BZGCTkCpkRE0soU9w+QNiIKsqMjaxik/GWc/hL2md1z617t+e1xlWRURmO4BhOwYMLaMANNKEFDIbwBM/w4jw6r86b875oLTnFzCH8gvPxDStClpQ=</latexit><latexit sha1_base64="2q7ImVMV0/Ukx9LrQnG2rmusCO0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJczO9iZDZmeXmVkhLDn4AV71E7yJVz/FL/A3nCR70GhBQ1HVTXdXkAqujet+OqWV1bX1jfJmZWt7Z3evun/Q1kmmGLZYIhLVDahGwSW2DDcCu6lCGgcCO8H4euZ3HlBpnsh7M0nRj+lQ8ogzaqx0Fw86g2rNrbtzkL/EK0gNCjQH1a9+mLAsRmmYoFr3PDc1fk6V4UzgtNLPNKaUjekQe5ZKGqP28/mpU3JilZBEibIlDZmrPydyGms9iQPbGVMz0sveTPzX0/aUEYZL60106edcpplByRbbo0wQk5BZGCTkCpkRE0soU9w+QNiIKsqMjaxik/GWc/hL2md1z617t+e1xlWRURmO4BhOwYMLaMANNKEFDIbwBM/w4jw6r86b875oLTnFzCH8gvPxDStClpQ=</latexit>

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>

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>

Electroweak chiral Lagrangian with Higgs

QCD chiral Lagrangian with heavy baryon

Chiral nuclear force and nuclear matrix

RGE running effects not so small

Matching and running at different scales

Strong coupling region

chiral expansion is perturbative!

Avoid large Log!

Bottom-up UV Resonances



Jiang-Hao Yu (ITP-CAS)

Five years (2019 - 2023) on reorganizing effective field theories among several scales

Tower of effective field theories
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<latexit sha1_base64="TV/xeBt1Cr+AT9BuTD3ABDBVXNc=">AAAB+nicbVDLTgIxFO3gC/E16NJNIzFxRWaMUZdEN64MRnkkMCGdUqCh7UzaOyoZ+RQ3LjTGrV/izr+xwCwUPMlNTs65t733hLHgBjzv28ktLa+sruXXCxubW9s7bnG3bqJEU1ajkYh0MySGCa5YDTgI1ow1IzIUrBEOLyd+455pwyN1B6OYBZL0Fe9xSsBKHbfYBvYIWqbXVXxLiWDjjlvyyt4UeJH4GSmhDNWO+9XuRjSRTAEVxJiW78UQpEQDp/a9QjsxLCZ0SPqsZakikpkgna4+xodW6eJepG0pwFP190RKpDEjGdpOSWBg5r2J+J/XSqB3HqRcxQkwRWcf9RKBIcKTHHCXa0ZBjCwhVHO7K6YDogkFm1bBhuDPn7xI6sdl/7R8cnNSqlxkceTRPjpAR8hHZ6iCrlAV1RBFD+gZvaI358l5cd6dj1lrzslm9tAfOJ8/OKWT/A==</latexit>

NP Scale

Bottom-up UV Resonance Completion

Standard model effective field theory

Low energy effective field theory
⇤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>

mW
<latexit sha1_base64="2q7ImVMV0/Ukx9LrQnG2rmusCO0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJczO9iZDZmeXmVkhLDn4AV71E7yJVz/FL/A3nCR70GhBQ1HVTXdXkAqujet+OqWV1bX1jfJmZWt7Z3evun/Q1kmmGLZYIhLVDahGwSW2DDcCu6lCGgcCO8H4euZ3HlBpnsh7M0nRj+lQ8ogzaqx0Fw86g2rNrbtzkL/EK0gNCjQH1a9+mLAsRmmYoFr3PDc1fk6V4UzgtNLPNKaUjekQe5ZKGqP28/mpU3JilZBEibIlDZmrPydyGms9iQPbGVMz0sveTPzX0/aUEYZL60106edcpplByRbbo0wQk5BZGCTkCpkRE0soU9w+QNiIKsqMjaxik/GWc/hL2md1z617t+e1xlWRURmO4BhOwYMLaMANNKEFDIbwBM/w4jw6r86b875oLTnFzCH8gvPxDStClpQ=</latexit><latexit sha1_base64="2q7ImVMV0/Ukx9LrQnG2rmusCO0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJczO9iZDZmeXmVkhLDn4AV71E7yJVz/FL/A3nCR70GhBQ1HVTXdXkAqujet+OqWV1bX1jfJmZWt7Z3evun/Q1kmmGLZYIhLVDahGwSW2DDcCu6lCGgcCO8H4euZ3HlBpnsh7M0nRj+lQ8ogzaqx0Fw86g2rNrbtzkL/EK0gNCjQH1a9+mLAsRmmYoFr3PDc1fk6V4UzgtNLPNKaUjekQe5ZKGqP28/mpU3JilZBEibIlDZmrPydyGms9iQPbGVMz0sveTPzX0/aUEYZL60106edcpplByRbbo0wQk5BZGCTkCpkRE0soU9w+QNiIKsqMjaxik/GWc/hL2md1z617t+e1xlWRURmO4BhOwYMLaMANNKEFDIbwBM/w4jw6r86b875oLTnFzCH8gvPxDStClpQ=</latexit><latexit sha1_base64="2q7ImVMV0/Ukx9LrQnG2rmusCO0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJczO9iZDZmeXmVkhLDn4AV71E7yJVz/FL/A3nCR70GhBQ1HVTXdXkAqujet+OqWV1bX1jfJmZWt7Z3evun/Q1kmmGLZYIhLVDahGwSW2DDcCu6lCGgcCO8H4euZ3HlBpnsh7M0nRj+lQ8ogzaqx0Fw86g2rNrbtzkL/EK0gNCjQH1a9+mLAsRmmYoFr3PDc1fk6V4UzgtNLPNKaUjekQe5ZKGqP28/mpU3JilZBEibIlDZmrPydyGms9iQPbGVMz0sveTPzX0/aUEYZL60106edcpplByRbbo0wQk5BZGCTkCpkRE0soU9w+QNiIKsqMjaxik/GWc/hL2md1z617t+e1xlWRURmO4BhOwYMLaMANNKEFDIbwBM/w4jw6r86b875oLTnFzCH8gvPxDStClpQ=</latexit><latexit sha1_base64="2q7ImVMV0/Ukx9LrQnG2rmusCO0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJczO9iZDZmeXmVkhLDn4AV71E7yJVz/FL/A3nCR70GhBQ1HVTXdXkAqujet+OqWV1bX1jfJmZWt7Z3evun/Q1kmmGLZYIhLVDahGwSW2DDcCu6lCGgcCO8H4euZ3HlBpnsh7M0nRj+lQ8ogzaqx0Fw86g2rNrbtzkL/EK0gNCjQH1a9+mLAsRmmYoFr3PDc1fk6V4UzgtNLPNKaUjekQe5ZKGqP28/mpU3JilZBEibIlDZmrPydyGms9iQPbGVMz0sveTPzX0/aUEYZL60106edcpplByRbbo0wQk5BZGCTkCpkRE0soU9w+QNiIKsqMjaxik/GWc/hL2md1z617t+e1xlWRURmO4BhOwYMLaMANNKEFDIbwBM/w4jw6r86b875oLTnFzCH8gvPxDStClpQ=</latexit>

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>

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>
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