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Outline
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Basics: EFT why, what and how

Proficient: SMEFT construction 

Application: dim-6 SMEFT

Summary and outlook 
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Recommended Reading
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Basic: EFT Why/What
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Scales in Physics
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Nature at various scales

Decouple among different scales
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Statistical and Thermal Physics
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Scales in microscopic world
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This is how the universe becomes transparent after recombination
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Probing Higher Scales
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Quark Nucleon Nuclei Atom Star SN Today

Universe

Experiments
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Probing Higher Scales
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Experiments
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The Standard Model
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17 elementary particles 19 parameters

Very successful!
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Motivate for New Physics
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Baryon 
Asymmetry

Why Higgs 
mass hierarchy 

so large?

Why v 
mass so 

tiny?

Dark 
matter

+ yt

t

m2

Higgs
=

Origin of Mass Origin of Matter
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Search For New Physics
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对撞机物理

⾼精度实验 暗物质探测

TeV scale

Hadronic/nuclear scale Nuclear scale

at various scales
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Many Theories, Many Particles
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对撞机物理

⾼精度实验 暗物质探测

Origin of Higgs mass

Nature of dark matter

Matter antimatter  
asymmetry

Origin of neutrino mass

SUSY, XtraD, CHiggs
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Results at Energy Frontier
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SUSY Extra dim

Exotics
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Results at Luminosity Frontier
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0vbb Muon g-2

EDM
Proton decay
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Results at Cosmic Frontier
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No Sign of New Physics!
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Personal view
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Search for New Physics
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Model building: assume a target (new particle), then shoot (search) for it!
Top-down approach

SMEFT: systematical parametrization of new physics effects order by order
Bottom-up approach No new particle!
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Standard Model EFT
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Assumptions: No new light particles, new physics decouples

order by order with power counting canonical dimensions D

Task: Lorentz and gauge invariant, complete and independent Lagrangian
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Standard Model EFT
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Provide universal language to systematize our thinking and design future experiments

Determine Wilson coefficients of higher dim operators from deviations

Still very useful even after new physics discovery
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Lesson From Weak Decay
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d
u

u u

e

v
W Boson

d

n ! p+ e� + ⌫̄

How to describe the weak decays at low energy?

µ� ! ⌫µ + e� + ⌫̄e
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Weak Decay
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Top Down Approach
Wilsonian Matching: 
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Integrate-out and Matching
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Apply to the muon decay process:
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Dimension Analysis
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Renormalizability
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Non-Renormalizable?
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Fermi EFT
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Suppose we do not know the underlying theory (SM), how to describe weak decay?

n
p

e�

⌫̄

GFp
2 GF ⇠ 10�5 (GeV)�2

Mfi = GF

⇥
 n�

µ p

⇤ ⇥
 e�

µ ⌫

⇤

Fermi 1939

Lee-Yang 1956
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Bottom-up Approach
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Write down the most general Lagrangian with leptons and quarks (a,g) only

Low energy EFT: SU3 x U1 singlet
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Effective Field Theory
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Top-down Approach: matching/running among scales

Bottom-up Approach: field d.o.f and symmetry at certain scale

Weinberg’s Folk theorem

[ Weinberg 1979, 2009 ] 
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Core of EFTs

Field d.o.f

Decoupling Theorem

Symmetries

Scales

Power counting
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Decoupling Theorem

RGE depends on scheme
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Decouple or Not?
MSbar scheme

Mass-dependent scheme
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Integrate-out and Matching
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Solution in MSbar scheme (do EFT in MSbar scheme)
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Effective Field Theories
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Electroweak physics

⇤QCD
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Quark gluon physics

Nucleon physics

Nuclear physics

MeV scale
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eV scale
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vew scale
<latexit sha1_base64="ON9nPQli4kZ+3juf3KLsDIbMoXY=">AAACEHicbVDLTsJAFJ3iC/FVcelmIpi4Ii0bXRLduMREHgmQZjq9hQkzbTMzRUnDT/gBbvUT3Bm3/oFf4G84QBcKnuQmJ+fcm3vv8RPOlHacL6uwsbm1vVPcLe3tHxwe2cfltopTSaFFYx7Lrk8UcBZBSzPNoZtIIMLn0PHHN3O/MwGpWBzd62kCA0GGEQsZJdpInl2uTrysLwWGh1kVK0o4eHbFqTkL4HXi5qSCcjQ9+7sfxDQVEGnKiVI910n0ICNSM8phVuqnChJCx2QIPUMjIkANssXtM3xulACHsTQVabxQf09kRCg1Fb7pFESP1Ko3F//1lDllBMHKeh1eDTIWJamGiC63hynHOsbzdHDAJFDNp4YQKpl5ANMRkYRqk2HJJOOu5rBO2vWa69Tcu3qlcZ1nVESn6AxdIBddoga6RU3UQhQ9omf0gl6tJ+vNerc+lq0FK585QX9gff4AhQacqg==</latexit><latexit sha1_base64="ON9nPQli4kZ+3juf3KLsDIbMoXY=">AAACEHicbVDLTsJAFJ3iC/FVcelmIpi4Ii0bXRLduMREHgmQZjq9hQkzbTMzRUnDT/gBbvUT3Bm3/oFf4G84QBcKnuQmJ+fcm3vv8RPOlHacL6uwsbm1vVPcLe3tHxwe2cfltopTSaFFYx7Lrk8UcBZBSzPNoZtIIMLn0PHHN3O/MwGpWBzd62kCA0GGEQsZJdpInl2uTrysLwWGh1kVK0o4eHbFqTkL4HXi5qSCcjQ9+7sfxDQVEGnKiVI910n0ICNSM8phVuqnChJCx2QIPUMjIkANssXtM3xulACHsTQVabxQf09kRCg1Fb7pFESP1Ko3F//1lDllBMHKeh1eDTIWJamGiC63hynHOsbzdHDAJFDNp4YQKpl5ANMRkYRqk2HJJOOu5rBO2vWa69Tcu3qlcZ1nVESn6AxdIBddoga6RU3UQhQ9omf0gl6tJ+vNerc+lq0FK585QX9gff4AhQacqg==</latexit><latexit sha1_base64="ON9nPQli4kZ+3juf3KLsDIbMoXY=">AAACEHicbVDLTsJAFJ3iC/FVcelmIpi4Ii0bXRLduMREHgmQZjq9hQkzbTMzRUnDT/gBbvUT3Bm3/oFf4G84QBcKnuQmJ+fcm3vv8RPOlHacL6uwsbm1vVPcLe3tHxwe2cfltopTSaFFYx7Lrk8UcBZBSzPNoZtIIMLn0PHHN3O/MwGpWBzd62kCA0GGEQsZJdpInl2uTrysLwWGh1kVK0o4eHbFqTkL4HXi5qSCcjQ9+7sfxDQVEGnKiVI910n0ICNSM8phVuqnChJCx2QIPUMjIkANssXtM3xulACHsTQVabxQf09kRCg1Fb7pFESP1Ko3F//1lDllBMHKeh1eDTIWJamGiC63hynHOsbzdHDAJFDNp4YQKpl5ANMRkYRqk2HJJOOu5rBO2vWa69Tcu3qlcZ1nVESn6AxdIBddoga6RU3UQhQ9omf0gl6tJ+vNerc+lq0FK585QX9gff4AhQacqg==</latexit><latexit sha1_base64="ON9nPQli4kZ+3juf3KLsDIbMoXY=">AAACEHicbVDLTsJAFJ3iC/FVcelmIpi4Ii0bXRLduMREHgmQZjq9hQkzbTMzRUnDT/gBbvUT3Bm3/oFf4G84QBcKnuQmJ+fcm3vv8RPOlHacL6uwsbm1vVPcLe3tHxwe2cfltopTSaFFYx7Lrk8UcBZBSzPNoZtIIMLn0PHHN3O/MwGpWBzd62kCA0GGEQsZJdpInl2uTrysLwWGh1kVK0o4eHbFqTkL4HXi5qSCcjQ9+7sfxDQVEGnKiVI910n0ICNSM8phVuqnChJCx2QIPUMjIkANssXtM3xulACHsTQVabxQf09kRCg1Fb7pFESP1Ko3F//1lDllBMHKeh1eDTIWJamGiC63hynHOsbzdHDAJFDNp4YQKpl5ANMRkYRqk2HJJOOu5rBO2vWa69Tcu3qlcZ1nVESn6AxdIBddoga6RU3UQhQ9omf0gl6tJ+vNerc+lq0FK585QX9gff4AhQacqg==</latexit>

Atomic physics

SMEFT, HEFT

LEFT, WET, HQET, NRQCD …

ChiPT, HBET

Chi EFT …

NRQED …
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Why Many EFTs?
Low energy probes of high energy physics

SUSY/XD/CHM/…

nuclear scale

TeV scale and above

Involve in different d.o.f at many scales

match (different d.o.f.)  
 running (avoid large log)
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Fermi EFT, Again

 38

Beta decay at nucleon level
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EFT Description

 39

对撞机物理

⾼精度实验 暗物质探测

SMEFT, HEFT

ChiPT, HQET

Chi EFT …
DMEFT

EFT provides systematical description on new physics effects

Useful even after new physics is found
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Exercise: Matching at tree/loop

 40

Still Fermi theory, but the UV from massive scalar



Proficient: SMEFT
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SMEFT from Bottom-up

SMEFT provides systematical 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
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Fields, Symmetry, Expansion

 43

Standard 
Model

SU(3)

SU(2) U(1)

power counting: canonical dim.
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SO(N) Group

SO(n-1,1)SO(n)

SO(3,1)

covering grouptensor rep
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SO(3,1) Irreps

complexification

SO(3,1) not simply connected, find irrep by its covering group SL(2,C)

Spinor rep under SU(2) x SU(2) 

Complex conjugate

tensor rep
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SM Fields Under SL(2,C)

eR = e†C , uR = u†
C , dR = d†C
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Hermitian conjugate
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SO(3,1) Spinor Rep

SO(2n+1)SO(2n)

Clifford algebra

S(a) rep of SO(N)

Reducible rep of SO(N)

irreducible rep of SO(N)

For odd N only
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Spinor Notation
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Fierz and Schouten Identities
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SU(N) Group

Root-weight: obtain transformation matrices for any irrep Young tensor: obtain tensor basis for any irrep 
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SU(N) Tensor Product

http://lieart.hepforge.org

Tensor decomposition

Tensor Product

 renatofonseca.net/groupmath
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SM Lagrangian
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Covariant Derivative
SMEFT should be gauge invariant: all derivatives should be covariant derivatives

Gauge field should be gauge field tensor:

Bianchi identity (BI):

Covariant Derivative Commutator (CDC):
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The Dim-5 Operators

 54

The only operator at dim-5 is Weinberg operator (1979)

Odd power of scalar, and SU(2)L transformation  ̄L�
µ⌫ R
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How to analyse?
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Operator with Derivatives
New types of operators beyond SM Lagrangian: operator with more derivatives or more fields than just kinetic term in SM

Which fields Ds should act to?

Dim-5 & dim-6 operators contain D
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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

[ Artz, 1995 ]
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EOM and IBP
SM Equations of motion:

Total derivative examples:
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The Dim-6 Operators

 58

Class of operators:

Similar to dim-5, but surprisingly difficult!
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Complete dim-6 Operators

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

It took 30 years to find the full (independent and complete) dim-6 operator basis
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Redundancies

 60

Main difficulties:
5 - 1 = 4

10 + 6 = 16

1

4.   Repeated fields (spin-statistics)
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Higher Dim Operator?

 61

According to power counting, the lower dim, more dominant operators

Dim-8 operator could give rise to the leading contributions

Neutral triple gauge 
boson ZZZ, ZZA, ZAA

dim-8 neutral neutrino NSI > dim-6 neutral NSI
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Higher Dim Operators
new physics without new particle: neutrino masses and baryon asymmetry

[ Heeck, Takhistov, 2020] 

B and L violation

Dim-9

n-nbar oscillation
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Higher Dim Operators

[ Cirigliano, Dekens, de Vries, Graesser, 2018] 
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0vbb Operators

Dim-5 Dim-7 Dim-9

Dim-9Dim-9Dim-7

Very different types of operators contribute to the same process

Need write down complete set of operators up to dim-9

eR = e†C , uR = u†
C , dR = d†C

<latexit sha1_base64="P8GDqdyGoS70pBNoXhlTrRFAf6I=">AAACNXicbZDLSsNAFIYnXmu9RV26GSyCCymJCHUjFLtxWcVeoI1hMjlph04uzEyEUvooPocP4FYfwIU70aWv4DQNWFt/GPj5zjmcOb+XcCaVZb0ZS8srq2vrhY3i5tb2zq65t9+UcSooNGjMY9H2iATOImgopji0EwEk9Di0vEFtUm89gJAsju7UMAEnJL2IBYwSpZFrVsC9xZcY3Np91ye9HohTnGYonUV+hvxf5Jolq2xlwovGzk0J5aq75lfXj2kaQqQoJ1J2bCtRzogIxSiHcbGbSkgIHZAedLSNSAjSGWUHjvGxJj4OYqFfpHBGZydGJJRyGHq6MySqL+drE/hvTeqv9MGfW6+CC2fEoiRVENHp9iDlWMV4EiH2mQCq+FAbQgXTB2DaJ4JQpYMu6mTs+RwWTfOsbFtl++a8VL3KMyqgQ3SETpCNKqiKrlEdNRBFj+gZvaBX48l4Nz6Mz2nrkpHPHKA/Mr5/AOpmqZo=</latexit><latexit sha1_base64="P8GDqdyGoS70pBNoXhlTrRFAf6I=">AAACNXicbZDLSsNAFIYnXmu9RV26GSyCCymJCHUjFLtxWcVeoI1hMjlph04uzEyEUvooPocP4FYfwIU70aWv4DQNWFt/GPj5zjmcOb+XcCaVZb0ZS8srq2vrhY3i5tb2zq65t9+UcSooNGjMY9H2iATOImgopji0EwEk9Di0vEFtUm89gJAsju7UMAEnJL2IBYwSpZFrVsC9xZcY3Np91ye9HohTnGYonUV+hvxf5Jolq2xlwovGzk0J5aq75lfXj2kaQqQoJ1J2bCtRzogIxSiHcbGbSkgIHZAedLSNSAjSGWUHjvGxJj4OYqFfpHBGZydGJJRyGHq6MySqL+drE/hvTeqv9MGfW6+CC2fEoiRVENHp9iDlWMV4EiH2mQCq+FAbQgXTB2DaJ4JQpYMu6mTs+RwWTfOsbFtl++a8VL3KMyqgQ3SETpCNKqiKrlEdNRBFj+gZvaBX48l4Nz6Mz2nrkpHPHKA/Mr5/AOpmqZo=</latexit><latexit sha1_base64="P8GDqdyGoS70pBNoXhlTrRFAf6I=">AAACNXicbZDLSsNAFIYnXmu9RV26GSyCCymJCHUjFLtxWcVeoI1hMjlph04uzEyEUvooPocP4FYfwIU70aWv4DQNWFt/GPj5zjmcOb+XcCaVZb0ZS8srq2vrhY3i5tb2zq65t9+UcSooNGjMY9H2iATOImgopji0EwEk9Di0vEFtUm89gJAsju7UMAEnJL2IBYwSpZFrVsC9xZcY3Np91ye9HohTnGYonUV+hvxf5Jolq2xlwovGzk0J5aq75lfXj2kaQqQoJ1J2bCtRzogIxSiHcbGbSkgIHZAedLSNSAjSGWUHjvGxJj4OYqFfpHBGZydGJJRyGHq6MySqL+drE/hvTeqv9MGfW6+CC2fEoiRVENHp9iDlWMV4EiH2mQCq+FAbQgXTB2DaJ4JQpYMu6mTs+RwWTfOsbFtl++a8VL3KMyqgQ3SETpCNKqiKrlEdNRBFj+gZvaBX48l4Nz6Mz2nrkpHPHKA/Mr5/AOpmqZo=</latexit><latexit sha1_base64="P8GDqdyGoS70pBNoXhlTrRFAf6I=">AAACNXicbZDLSsNAFIYnXmu9RV26GSyCCymJCHUjFLtxWcVeoI1hMjlph04uzEyEUvooPocP4FYfwIU70aWv4DQNWFt/GPj5zjmcOb+XcCaVZb0ZS8srq2vrhY3i5tb2zq65t9+UcSooNGjMY9H2iATOImgopji0EwEk9Di0vEFtUm89gJAsju7UMAEnJL2IBYwSpZFrVsC9xZcY3Np91ye9HohTnGYonUV+hvxf5Jolq2xlwovGzk0J5aq75lfXj2kaQqQoJ1J2bCtRzogIxSiHcbGbSkgIHZAedLSNSAjSGWUHjvGxJj4OYqFfpHBGZydGJJRyGHq6MySqL+drE/hvTeqv9MGfW6+CC2fEoiRVENHp9iDlWMV4EiH2mQCq+FAbQgXTB2DaJ4JQpYMu6mTs+RwWTfOsbFtl++a8VL3KMyqgQ3SETpCNKqiKrlEdNRBFj+gZvaBX48l4Nz6Mz2nrkpHPHKA/Mr5/AOpmqZo=</latexit>
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Hilbert Series Counting

[ Henning, Lu, Melia, Murayama, 2017] 

Also [ Lehman, Martin 2015]
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Higher Dim Operators!?

Given numbers of independent operators

Still difficult to write down explicit form of operators!

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
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Any operator can be written with totally symmetric spinor indices:

Operator as Spinor Tensor

Epsilon tensor transformations under SL(2,C) x SU(N)

= Irrep Irrep…

i, j, k, l = 1 to N
<latexit sha1_base64="/wT9dtfqGMW3vUwPMCQ94rb8uz4=">AAACFXicbVDJSgNBEO1xjXEb9eDBS2MQPIQwI4JehKAXTxLBLJAZQk+nkrTpWeiuEcOQ7/ADvOoneBOvnv0Cf8POctDEBwWP96qoqhckUmh0nC9rYXFpeWU1t5Zf39jc2rZ3dms6ThWHKo9lrBoB0yBFBFUUKKGRKGBhIKEe9K9Gfv0BlBZxdIeDBPyQdSPREZyhkVr2vijeF/tFeeF61EN4xAzjoUdvWnbBKTlj0HniTkmBTFFp2d9eO+ZpCBFyybRuuk6CfsYUCi5hmPdSDQnjfdaFpqERC0H72fiBIT0ySpt2YmUqQjpWf09kLNR6EAamM2TY07PeSPzX0+aUHrRn1mPn3M9ElKQIEZ9s76SSYkxHEdG2UMBRDgxhXAnzAOU9phhHE2TeJOPO5jBPaicl1ym5t6eF8uU0oxw5IIfkmLjkjJTJNamQKuFkSJ7JC3m1nqw36936mLQuWNOZPfIH1ucPngmeSA==</latexit><latexit sha1_base64="/wT9dtfqGMW3vUwPMCQ94rb8uz4=">AAACFXicbVDJSgNBEO1xjXEb9eDBS2MQPIQwI4JehKAXTxLBLJAZQk+nkrTpWeiuEcOQ7/ADvOoneBOvnv0Cf8POctDEBwWP96qoqhckUmh0nC9rYXFpeWU1t5Zf39jc2rZ3dms6ThWHKo9lrBoB0yBFBFUUKKGRKGBhIKEe9K9Gfv0BlBZxdIeDBPyQdSPREZyhkVr2vijeF/tFeeF61EN4xAzjoUdvWnbBKTlj0HniTkmBTFFp2d9eO+ZpCBFyybRuuk6CfsYUCi5hmPdSDQnjfdaFpqERC0H72fiBIT0ySpt2YmUqQjpWf09kLNR6EAamM2TY07PeSPzX0+aUHrRn1mPn3M9ElKQIEZ9s76SSYkxHEdG2UMBRDgxhXAnzAOU9phhHE2TeJOPO5jBPaicl1ym5t6eF8uU0oxw5IIfkmLjkjJTJNamQKuFkSJ7JC3m1nqw36936mLQuWNOZPfIH1ucPngmeSA==</latexit><latexit sha1_base64="/wT9dtfqGMW3vUwPMCQ94rb8uz4=">AAACFXicbVDJSgNBEO1xjXEb9eDBS2MQPIQwI4JehKAXTxLBLJAZQk+nkrTpWeiuEcOQ7/ADvOoneBOvnv0Cf8POctDEBwWP96qoqhckUmh0nC9rYXFpeWU1t5Zf39jc2rZ3dms6ThWHKo9lrBoB0yBFBFUUKKGRKGBhIKEe9K9Gfv0BlBZxdIeDBPyQdSPREZyhkVr2vijeF/tFeeF61EN4xAzjoUdvWnbBKTlj0HniTkmBTFFp2d9eO+ZpCBFyybRuuk6CfsYUCi5hmPdSDQnjfdaFpqERC0H72fiBIT0ySpt2YmUqQjpWf09kLNR6EAamM2TY07PeSPzX0+aUHrRn1mPn3M9ElKQIEZ9s76SSYkxHEdG2UMBRDgxhXAnzAOU9phhHE2TeJOPO5jBPaicl1ym5t6eF8uU0oxw5IIfkmLjkjJTJNamQKuFkSJ7JC3m1nqw36936mLQuWNOZPfIH1ucPngmeSA==</latexit><latexit sha1_base64="/wT9dtfqGMW3vUwPMCQ94rb8uz4=">AAACFXicbVDJSgNBEO1xjXEb9eDBS2MQPIQwI4JehKAXTxLBLJAZQk+nkrTpWeiuEcOQ7/ADvOoneBOvnv0Cf8POctDEBwWP96qoqhckUmh0nC9rYXFpeWU1t5Zf39jc2rZ3dms6ThWHKo9lrBoB0yBFBFUUKKGRKGBhIKEe9K9Gfv0BlBZxdIeDBPyQdSPREZyhkVr2vijeF/tFeeF61EN4xAzjoUdvWnbBKTlj0HniTkmBTFFp2d9eO+ZpCBFyybRuuk6CfsYUCi5hmPdSDQnjfdaFpqERC0H72fiBIT0ySpt2YmUqQjpWf09kLNR6EAamM2TY07PeSPzX0+aUHrRn1mPn3M9ElKQIEZ9s76SSYkxHEdG2UMBRDgxhXAnzAOU9phhHE2TeJOPO5jBPaicl1ym5t6eF8uU0oxw5IIfkmLjkjJTJNamQKuFkSJ7JC3m1nqw36936mLQuWNOZPfIH1ucPngmeSA==</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>
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Total Derivatives

total derivatives (integration by part)

Schouten identity

[Such Young diagram also obtained from conformal K harmonics]
[ Henning, Melia, 2019]

Differently we obtain Young diagram using epsilon tensor transformation
No need conformal symmetry!
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Independent Lorentz Structure
To obtain Lorentz structure, we invent a new Young diagram filling procedure!

Fock’s condition removes redundancy

YT method guarantees independence!

Filling rules on semi-standard Young tableau (SSYT)
with given class

New filling: any operator could be converted to this basis

Filling all SSYT guarantees completeness!
Basis

⇠<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>
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Repeated Field: QQQL
[Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010] 

[Grzadkowski, et.al. v3 2017] 

162

81

57 Flavor relations not easy task!

[Alonso, Chang, Jenkins, Manohar, Shotwell 2014] 
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Dim-5 Weinberg Operator
Repeated fields leads to symmetries in the coupling parameters

3 generation = 6 parameters!

Only one Higgs doublet in SM If more than one Higgs doublet


SS
ijkl (LiLjHkHl)SS + 

AA
ijkl (LiLjHkHl)AA

<latexit sha1_base64="y6WlO4cexZxefVRf0TATjyxjRNc="></latexit><latexit sha1_base64="y6WlO4cexZxefVRf0TATjyxjRNc="></latexit><latexit sha1_base64="y6WlO4cexZxefVRf0TATjyxjRNc="></latexit><latexit sha1_base64="y6WlO4cexZxefVRf0TATjyxjRNc="></latexit>

Higgs self couplings

4-fermion operators

2HDM = 10 parameters
45 parameters in 4-fermion operator

in QM

[ Fonseca, GroupMath]



Jiang-Hao Yu  72

More Repeated Fields
So we need to keep track of S and A symmetries for repeated field

1 coupling parameters?

Keep SS

3^4 = 81 coupling parameters?

1 x 3 = 3 coupling parameters?

Keep AA  only?

[ Fonseca, GroupMath ]
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More Repeated Fields
So we need to keep track of S and A symmetries for repeated field

1 coupling parameters?

Keep SS

3^4 = 81 coupling parameters?

1 x 3 = 3 coupling parameters?

Keep AA  only?

Answer: 19 x 3 = 57 parameters!!!Answer: 0!!!

It is not enough by keeping only S and A symmetries for repeated field!
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Plethysm
N Identical non-fundamental particles with nf flavors 

[ Fonseca, GroupMath]
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Sn x SU(m) Group
Three spin-1/2 particle wave function: 

SU(2) 2-dim irrrep

S3 2-dim irrrep [2 1]

SU(2) 4-dim irrrep 4

S3 1-dim irrrep [3]
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Flavor Tensor
Three 1/2-particle with 3 flavors:

S3 1-dim irrrep [3]

S3 1-dim irrrep [111]

S3 2-dim irrrep [21]

SU(3) 10-d irrrep
SU(3) 8-d irrrep

SU(3) 1-d irrrep

SU(3) 8-dim irrrep

S3 2-dim irrrep [2 1]

Schur-Weyl theorem:
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Flavor Symmetry
According to Schur-Weyl theorem, flavor tensor decomposed via S(nf) symmetry

How to recognize SU(nf) symmetry according to Sn?

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>
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Spin-statistics
N-identical particle operator obeys spin-statistics:

Amplitude view: Operator view:

[Fonseca, 2020] 

10 + 8 + 1
<latexit sha1_base64="DIBFgAFEK4YLz8/Zi60/0uJTEeg=">AAACB3icbVBLSgNBEO2Jvxh/UZduGoMgCGFaBLMMunEZwXwgGUJPT03SpKd76O4RQsgBPIBbPYI7cesxPIHXsJPMQhMfFDzeq6KqXpgKbqzvf3mFtfWNza3idmlnd2//oHx41DIq0wyaTAmlOyE1ILiEpuVWQCfVQJNQQDsc3c789iNow5V8sOMUgoQOJI85o9ZJXUx8fIFrrki/XPGr/hx4lZCcVFCORr/83YsUyxKQlglqTJf4qQ0mVFvOBExLvcxAStmIDqDrqKQJmGAyP3mKz5wS4VhpV9Liufp7YkITY8ZJ6DoTaodm2ZuJ/3rGnTKEaGm9jWvBhMs0syDZYnucCWwVnoWCI66BWTF2hDLN3QOYDammzLroSi4ZspzDKmldVolfJfdXlfpNnlERnaBTdI4IukZ1dIcaqIkYUugZvaBX78l78969j0VrwctnjtEfeJ8/Vc2XgQ==</latexit><latexit sha1_base64="DIBFgAFEK4YLz8/Zi60/0uJTEeg=">AAACB3icbVBLSgNBEO2Jvxh/UZduGoMgCGFaBLMMunEZwXwgGUJPT03SpKd76O4RQsgBPIBbPYI7cesxPIHXsJPMQhMfFDzeq6KqXpgKbqzvf3mFtfWNza3idmlnd2//oHx41DIq0wyaTAmlOyE1ILiEpuVWQCfVQJNQQDsc3c789iNow5V8sOMUgoQOJI85o9ZJXUx8fIFrrki/XPGr/hx4lZCcVFCORr/83YsUyxKQlglqTJf4qQ0mVFvOBExLvcxAStmIDqDrqKQJmGAyP3mKz5wS4VhpV9Liufp7YkITY8ZJ6DoTaodm2ZuJ/3rGnTKEaGm9jWvBhMs0syDZYnucCWwVnoWCI66BWTF2hDLN3QOYDammzLroSi4ZspzDKmldVolfJfdXlfpNnlERnaBTdI4IukZ1dIcaqIkYUugZvaBX78l78969j0VrwctnjtEfeJ8/Vc2XgQ==</latexit><latexit sha1_base64="DIBFgAFEK4YLz8/Zi60/0uJTEeg=">AAACB3icbVBLSgNBEO2Jvxh/UZduGoMgCGFaBLMMunEZwXwgGUJPT03SpKd76O4RQsgBPIBbPYI7cesxPIHXsJPMQhMfFDzeq6KqXpgKbqzvf3mFtfWNza3idmlnd2//oHx41DIq0wyaTAmlOyE1ILiEpuVWQCfVQJNQQDsc3c789iNow5V8sOMUgoQOJI85o9ZJXUx8fIFrrki/XPGr/hx4lZCcVFCORr/83YsUyxKQlglqTJf4qQ0mVFvOBExLvcxAStmIDqDrqKQJmGAyP3mKz5wS4VhpV9Liufp7YkITY8ZJ6DoTaodm2ZuJ/3rGnTKEaGm9jWvBhMs0syDZYnucCWwVnoWCI66BWTF2hDLN3QOYDammzLroSi4ZspzDKmldVolfJfdXlfpNnlERnaBTdI4IukZ1dIcaqIkYUugZvaBX78l78969j0VrwctnjtEfeJ8/Vc2XgQ==</latexit><latexit sha1_base64="DIBFgAFEK4YLz8/Zi60/0uJTEeg=">AAACB3icbVBLSgNBEO2Jvxh/UZduGoMgCGFaBLMMunEZwXwgGUJPT03SpKd76O4RQsgBPIBbPYI7cesxPIHXsJPMQhMfFDzeq6KqXpgKbqzvf3mFtfWNza3idmlnd2//oHx41DIq0wyaTAmlOyE1ILiEpuVWQCfVQJNQQDsc3c789iNow5V8sOMUgoQOJI85o9ZJXUx8fIFrrki/XPGr/hx4lZCcVFCORr/83YsUyxKQlglqTJf4qQ0mVFvOBExLvcxAStmIDqDrqKQJmGAyP3mKz5wS4VhpV9Liufp7YkITY8ZJ6DoTaodm2ZuJ/3rGnTKEaGm9jWvBhMs0syDZYnucCWwVnoWCI66BWTF2hDLN3QOYDammzLroSi4ZspzDKmldVolfJfdXlfpNnlERnaBTdI4IukZ1dIcaqIkYUugZvaBX78l78969j0VrwctnjtEfeJ8/Vc2XgQ==</latexit>

⇥3 = 57
<latexit sha1_base64="ZSSTTMfhk/W/wzriYuR6YV0FaKU=">AAACCXicbVBLSgNBFHwTfzH+oi7dNAbBVZjxQ9wIQTcuI5gPJEPo6XmTNOn52N0jhCEn8ABu9QjuxK2n8ARew04yC40WNBRV71Gvy0sEV9q2P63C0vLK6lpxvbSxubW9U97da6k4lQybLBax7HhUoeARNjXXAjuJRBp6Atve6Hrqtx9QKh5Hd3qcoBvSQcQDzqg2ktvTPERFTsklOa/1yxW7as9A/hInJxXI0eiXv3p+zNIQI80EVarr2Il2Myo1ZwInpV6qMKFsRAfYNTSiJsvNZkdPyJFRfBLE0rxIk5n6cyOjoVLj0DOTIdVDtehNxX89ZU4Zor8Qr4MLN+NRkmqM2Dw9SAXRMZnWQnwukWkxNoQyyc0HCBtSSZk25ZVMM85iD39J66Tq2FXn9qxSv8o7KsIBHMIxOFCDOtxAA5rA4B6e4BlerEfr1Xqz3uejBSvf2YdfsD6+AdrCmY8=</latexit><latexit sha1_base64="ZSSTTMfhk/W/wzriYuR6YV0FaKU=">AAACCXicbVBLSgNBFHwTfzH+oi7dNAbBVZjxQ9wIQTcuI5gPJEPo6XmTNOn52N0jhCEn8ABu9QjuxK2n8ARew04yC40WNBRV71Gvy0sEV9q2P63C0vLK6lpxvbSxubW9U97da6k4lQybLBax7HhUoeARNjXXAjuJRBp6Atve6Hrqtx9QKh5Hd3qcoBvSQcQDzqg2ktvTPERFTsklOa/1yxW7as9A/hInJxXI0eiXv3p+zNIQI80EVarr2Il2Myo1ZwInpV6qMKFsRAfYNTSiJsvNZkdPyJFRfBLE0rxIk5n6cyOjoVLj0DOTIdVDtehNxX89ZU4Zor8Qr4MLN+NRkmqM2Dw9SAXRMZnWQnwukWkxNoQyyc0HCBtSSZk25ZVMM85iD39J66Tq2FXn9qxSv8o7KsIBHMIxOFCDOtxAA5rA4B6e4BlerEfr1Xqz3uejBSvf2YdfsD6+AdrCmY8=</latexit><latexit sha1_base64="ZSSTTMfhk/W/wzriYuR6YV0FaKU=">AAACCXicbVBLSgNBFHwTfzH+oi7dNAbBVZjxQ9wIQTcuI5gPJEPo6XmTNOn52N0jhCEn8ABu9QjuxK2n8ARew04yC40WNBRV71Gvy0sEV9q2P63C0vLK6lpxvbSxubW9U97da6k4lQybLBax7HhUoeARNjXXAjuJRBp6Atve6Hrqtx9QKh5Hd3qcoBvSQcQDzqg2ktvTPERFTsklOa/1yxW7as9A/hInJxXI0eiXv3p+zNIQI80EVarr2Il2Myo1ZwInpV6qMKFsRAfYNTSiJsvNZkdPyJFRfBLE0rxIk5n6cyOjoVLj0DOTIdVDtehNxX89ZU4Zor8Qr4MLN+NRkmqM2Dw9SAXRMZnWQnwukWkxNoQyyc0HCBtSSZk25ZVMM85iD39J66Tq2FXn9qxSv8o7KsIBHMIxOFCDOtxAA5rA4B6e4BlerEfr1Xqz3uejBSvf2YdfsD6+AdrCmY8=</latexit><latexit sha1_base64="ZSSTTMfhk/W/wzriYuR6YV0FaKU=">AAACCXicbVBLSgNBFHwTfzH+oi7dNAbBVZjxQ9wIQTcuI5gPJEPo6XmTNOn52N0jhCEn8ABu9QjuxK2n8ARew04yC40WNBRV71Gvy0sEV9q2P63C0vLK6lpxvbSxubW9U97da6k4lQybLBax7HhUoeARNjXXAjuJRBp6Atve6Hrqtx9QKh5Hd3qcoBvSQcQDzqg2ktvTPERFTsklOa/1yxW7as9A/hInJxXI0eiXv3p+zNIQI80EVarr2Il2Myo1ZwInpV6qMKFsRAfYNTSiJsvNZkdPyJFRfBLE0rxIk5n6cyOjoVLj0DOTIdVDtehNxX89ZU4Zor8Qr4MLN+NRkmqM2Dw9SAXRMZnWQnwukWkxNoQyyc0HCBtSSZk25ZVMM85iD39J66Tq2FXn9qxSv8o7KsIBHMIxOFCDOtxAA5rA4B6e4BlerEfr1Xqz3uejBSvf2YdfsD6+AdrCmY8=</latexit>

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

 79

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 30

993 560

[Liao, Ma, 2020] [Murphy, 2020] 
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Low Energy EFT

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] 
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vSMEFT with Sterile Neutrino

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 80

323 1358

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

[Bhattacharya, Wudka, 2016] 

2
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Exercise: Real Scalar EFT
Question: how many independent operators at dim-6
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Exercise: Real Scalar EFT

@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?!



Application: Dim-6 SMEFT
Disclaimer for this section: all materials not original
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Warsaw Basis Operators
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Many Applications

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
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Operator Classes
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New Interactions
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Modified Interaction Strength
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Modified Interaction: Directly
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Modified Interaction: Indirectly
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Modified Interaction: Indirectly
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Modified Interaction: Stealth
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Modified Interaction: Stealth
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Modified Interaction: Stealth
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Modified Interaction: Stealth
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Weak Decay, Again
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Theory Input Parameters
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Theory Input Parameters
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Theory Input Parameters
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Global Fitting of SMEFT
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Global Fitting of SMEFT

Cen Zhang Madgraph school lectures
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Example: Triple Gauge Coupling
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Example: Triple Gauge Coupling
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Example: Higgs Sector
[ Ellis, Murphy, Sanz, You, 2018] 
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Example: Top Sector
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Example: Z-pole Physics
[ Dawson, Giardino, 2018] 
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Example: Precision EW
[ Falkowski, et.al 2016] 
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EFT Operator Tools
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EFT MC Tools
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https://indico.cern.ch/event/787665/

Exercise: Explore EFT Tools



Summary & Outlook



Summary
Take home message 1: Core of EFT are decoupling theorem, fields and symmetry

… all possible Lorentz inv. new physics!

Take home message 2: SMEFT provides systematical parametrization of

Top-down Bottom-up



Thanks!
Appreciate all materials from web, prepared for this school


