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• Introduction:  

‣ Sp(4) gauge theory: A Composite Higgs model 

‣ Chimera baryon 

• Results 

‣ Projections 

‣ Mass hierarchy of chimera baryons 

‣ Chiral EFT and AIC 

• Summary and Outlook
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-Found in 2012 
-  GeV 
-Spin 0  
-Scalar particle

mH ≃ 125
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triviality of the scalar sector 

SM is an EFT →



Composite Higgs Model
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1019GeV

Higgs mass
125GeV

Hierarchy
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light —— pseudo Nambu-Goldstone Boson

∼ 0.2GeV

LHC search
∼ TeV
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Composite Higgs Model
Plank Scale

1016TeV

Higgs mass
0.125TeV

Hierarchy Flavour Scale
∼ 1000TeV

Composite Higgs Scale, ΛC.H. ∼ TeV

Little hierarchy
S.S.B.

Couple
Higgs boson as a bound state of 
new strong dynamics, which is 
lighter because of being a pseudo 
Nambu-Goldstone Boson. 

7



<latexit sha1_base64="PdrWNsvFuN//UALQG5hDew9CU1Q=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryOJF46QyCOBDZkdGhiZnd3MzJKQDV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBZcG9f9dnIbm1vbO/ndwt7+weFR8fikqaNEMWywSESqHVCNgktsGG4EtmOFNAwEtoLxw9xvTVBpHslHM43RD+lQ8gFn1FipPukVS27ZXYCsEy8jJchQ6xW/uv2IJSFKwwTVuuO5sfFTqgxnAmeFbqIxpmxMh9ixVNIQtZ8uDp2RC6v0ySBStqQhC/X3REpDradhYDtDakZ61ZuL/3mdxAzu/ZTLODEo2XLRIBHERGT+NelzhcyIqSWUKW5vJWxEFWXGZlOwIXirL6+T5lXZuy3f1K9LlWoWRx7O4BwuwYM7qEAVatAABgjP8ApvzpPz4rw7H8vWnJPNnMIfOJ8/6D+NCg==</latexit>v
<latexit sha1_base64="dXRDcsHT4CY+Raez7QZZ87N5GzA=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy46bKCfUAbymQ6aYdOZsLMjVBCP8ONC0Xc+jXu/BsnbRZaPTBwOOde5twTJoIb9Lwvp7S2vrG5Vd6u7Ozu7R9UD486RqWasjZVQuleSAwTXLI2chSsl2hG4lCwbji9y/3uI9OGK/mAs4QFMRlLHnFK0Er9QUxwQonImvNhtebVvQXcv8QvSA0KtIbVz8FI0TRmEqkgxvR9L8EgIxo5FWxeGaSGJYROyZj1LZUkZibIFpHn7plVRm6ktH0S3YX6cyMjsTGzOLSTeUSz6uXif14/xeg2yLhMUmSSLj+KUuGicvP73RHXjKKYWUKo5jarSydEE4q2pYotwV89+S/pXNT96/rV/WWt0SzqKMMJnMI5+HADDWhCC9pAQcETvMCrg86z8+a8L0dLTrFzDL/gfHwDf/+Rbg==</latexit>

H

<latexit sha1_base64="p/yF8YcKtyr+luvyIwu7WIJotTg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2NBkB4rWFtoQ9lsJ+3SzSbsbgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uHRk45TxbDJYhGrdkA1Ci6xabgR2E4U0igQ2ApGdzO/NUaleSwfzSRBP6IDyUPOqLFSqztGlt1Pe+WKW3XnIKvEy0kFcjR65a9uP2ZphNIwQbXueG5i/Iwqw5nAaambakwoG9EBdiyVNELtZ/Nzp+TMKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8NbPuExSg5ItFoWpICYms99JnytkRkwsoUxxeythQ6ooMzahkg3BW355lTxdVL3r6tXDZaVWz+Mowgmcwjl4cAM1qEMDmsBgBM/wCm9O4rw4787HorXg5DPH8AfO5w9q94+o</latexit>

~F
<latexit sha1_base64="AG92TCyQkg51NfAqe12Fuezt9os=">AAACAnicbVDJSgNBEO1xjXGLehIvjUHwFGbE7SAS4sVjBLNAZhh6OjVJk56F7hohhODFX/HiQRGvfoU3/8bOctDEBwWP96qoqhekUmi07W9rYXFpeWU1t5Zf39jc2i7s7NZ1kikONZ7IRDUDpkGKGGooUEIzVcCiQEIj6N2M/MYDKC2S+B77KXgR68QiFJyhkfzCvishRHpFXewCMr9CXSU6XaTXfqFol+wx6DxxpqRIpqj6hS+3nfAsghi5ZFq3HDtFb8AUCi5hmHczDSnjPdaBlqExi0B7g/ELQ3pklDYNE2UqRjpWf08MWKR1PwpMZ8Swq2e9kfif18owvPQGIk4zhJhPFoWZpJjQUR60LRRwlH1DGFfC3Ep5lynG0aSWNyE4sy/Pk/pJyTkvnd2dFsuVaRw5ckAOyTFxyAUpk1tSJTXCySN5Jq/kzXqyXqx362PSumBNZ/bIH1ifP4SElj0=</latexit>

h✓Bi

<latexit sha1_base64="7LReIJ0nJH/pQOqllQQl7FEtlB0=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1l0ocsK9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qb9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQPeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/fKyRZw==</latexit>

G
<latexit sha1_base64="lPBgiiH3z8R24MHXy1UbGdeckY8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZa1Zv1xxq+4CZJ14OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4K/VSjQllYzrErqWSRqj9bHHujFxYZUDCWNmShizU3xMZjbSeRoHtjKgZ6VVvLv7ndVMT3voZl0lqULLlojAVxMRk/jsZcIXMiKkllClubyVsRBVlxiZUsiF4qy+vk9ZV1atVa4/XlfpdHkcRzuAcLsGDG6jDAzSgCQzG8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gCBy4+z</latexit>

~V

Composite Higgs Model

Symmetries 

• Global symmetry:  

• Subgroup:       with 

• Vacuum misalignment angle: 

• Coset                pNGBs  

•  The scale of the EWSB: 
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Top partial compositeness
Top partners: 

• Share the same quantum number as the top 

- Spin-1/2 bound states emerging from the novel strong-interaction sector 

- Carry QCD colour charge 

• Hypercolour-neutral 

• Give the mass to the top by mixing with it 
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triviality 

UV completion 

Composite Higgs 

Model

SM

• SM Higgs is a composite object.

• Introduce a novel strong-interaction sector and hyperquarks.

• Accommodate a light Higgs boson: SM Higgs is interpreted as 
one of the Goldstone modes (in the coset).

• A UV complete theory.

• Can embed top partial compositeness with a higher representation.

Composite Higgs Model
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D. Franzosi and G. Ferretti, arXiv:1905.08273

Composite Higgs Models

The minimal model 
Barnard et al, arXiv:1311.6562
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*Weyl fermions



Our choice of model

Enhanced global symmetry due to the (pseudo-) reality

• Breaking pattern: 

  G/H = SU(4)×SU(6) / Sp(4)×SO(6)

• Sp(4) gauge theory with 2F+3AS Dirac fermions

(4F+6AS 2-component Weyl fermions)

•  gives 5 goldstone bosons.  
‣ 4: SM Higgs doublet 
‣ 1: made heavy in model building   

SU(4)/Sp(4)

QCD colour SU(3)

• SU(3) embedded in antisymmetric 
representation: 

SU(6) → SO(6) ⊃ SU(3)

13



Chimera Baryon
• Interpolating operators 

-  type: Λ 𝒪CB,γ5 = (ψ̄1 aγ5ψ2 b) ΩadΩbc χk cd

Spin projection

-  type: Σ 𝒪CB,γμ = (ψ̄1 aγμψ2 b) ΩadΩbc χk cd

: Σ* (J, R) = (3/2,10)

: Σ (J, R) = (1/2,10)(J, R) = (1/2,5)

14

*top partner *top partner

: hypercolour 
:  symplectic matrix  

: spin 
: irreducible rep. of the fundamental sector

a, b, c
Ω 4 × 4
J
R



• Strongly coupled theory  lattice field theory 

• Fermions on the grids, carrying colours, spin or flavours 

• Gauge fields on the links 

• Generating functional

Lattice Method

Fermion

Gauge field

Z = ∫ DUDψDψ̄e−S[U]e− ∫ d4xψ̄(D[U] + m)ψ

= ∫ DU det(D[U] + m)e−S[U]
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• Strongly coupled theory  lattice field theory 

• Fermions on the grids, carrying colours, spin or flavours 

• Gauge fields on the links 

• Generating functional

Lattice Method

Fermion

Gauge field

Z = ∫ DUDψDψ̄e−S[U]e− ∫ d4xψ̄(D[U] + m)ψ

= ∫ DU det(D[U] + m)e−S[U] (Hybrid) Monte-Carlo simulation

Quench calculation:     Heat bath algorithmdet(D[U] + m) = 1

Numerical calculations are accomplished by modifying the HiRep code. 
Del Debbio et al, arXiv:0805.2058repository: https://github.com/sa2c/HiRep
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• Mesonic 2-point correlation function

C(t) = ∑⃗
x

e−i ⃗p⋅ ⃗x ⟨0 T [O( ⃗x, t)O†(0,0)] 0⟩

∑⃗
x

e−i ⃗p⋅ ⃗x ⟨0 [ūγ5d]( ⃗x, t)[d̄γ5u](0,0) 0⟩

= ∑⃗
x

e−i ⃗p⋅ ⃗xTr [Su(0,0; ⃗x, t)S†
d (0,0; ⃗x, t)]

S = M−1q

 is the Dirac operator calculated 
on a given background field. 
M Meff(t) = − ln [ C(t + 1)

C(t) ]
• Effective Mass

∑
n

⟨0 Oπ n⟩ ⟨n O†
π 0⟩

2En
e−Ent

t→∞ 1
2mπ

⟨0 Oπ π⟩
2

e−Mπt

Lattice Method
Extracting mass
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‣ Projections 

‣ Mass hierarchy of chimera baryons 

‣ Chiral EFT and AIC
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QB1 7.62 48⇥ 243 0.60192 1.448(3)
QB2 7.7 60⇥ 483 0.608795 1.6070(19)
QB3 7.85 60⇥ 483 0.620381 1.944(3)
QB4 8.0 60⇥ 483 0.630740 2.3149(12)
QB5 8.2 60⇥ 483 0.643228 2.8812(21)

 and ̂a ≡ a/ω0 m̂ ≡ ω0m

: fundamental 
: Antisymmetric

m̂PS
m̂ps



Projection-CB two-point function
Results 

Interpolating operator 

 

two-point function 

𝒪γ
CB(x) ≡ (Qi a

α(x)Γ1 αβQj b
β(x)) ΩadΩbcΓ2 δγΨk cd

γ(x)

Cγγ′ (t) ≡ ∑⃗
x

⟨𝒪γ
CB(x)𝒪γ′ 

CB(0)⟩

= − ∑⃗
x

(Γ2Sk cd
Ψ c′ d′ 

(x,0)Γ2)γγ′ 

ΩcbΩb′ c′ ΩadΩd′ a′ 

× Tr [Γ1Sb
Q b′ 

(x,0)Γ1Sa
Q a′ 

(x,0)]
18



Projection-CB two-point function
Results 

Interpolating operator 

 

two-point function 

𝒪γ
CB(x) ≡ (Qi a

α(x)Γ1 αβQj b
β(x)) ΩadΩbcΓ2 δγΨk cd

γ(x)

Cγγ′ (t) ≡ ∑⃗
x

⟨𝒪γ
CB(x)𝒪γ′ 

CB(0)⟩

= − ∑⃗
x

(Γ2Sk cd
Ψ c′ d′ 

(x,0)Γ2)γγ′ 

ΩcbΩb′ c′ ΩadΩd′ a′ 

× Tr [Γ1Sb
Q b′ 

(x,0)Γ1Sa
Q a′ 

(x,0)]
18

 → Pe [cee−met + coe−mo(T−t)] − Po [coe−mot + cee−me(T−t)]

Pe ≡
1
2

(1 + γ0) and Po ≡
1
2

(1 − γ0)

At large Euclidean time 



Projection-Parity
Results 

The log plot of the 
ch imera baryon 
correlators (left) 
and their effective 
mass plot (right) 
wi th the par i ty 
projection.

CCB(t) → Pe [cee−met + coe−mo(T−t)] − Po [coe−mot + cee−me(T−t)]
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• Spin projector for -type baryon: 

 

 

• Two-point function 

 with  

 

Σ

(P3/2)ij = δij −
1
3

γiγj

(P1/2)ij =
1
3

γiγj

Cij(t) = ∑⃗
x

⟨𝒪i
CB(x)�̄�j

CB(0)⟩ 𝒪i
CB = (ψ̄γiψ) χ

→ C1/2
Σ (t) = Tr [(P1/2)ij Cjk(t)]

Chimera Baryon

20



Projection-Spin

Comparison of effective mass plot 
between two spin projected states and the 
state without spin projection.
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Results 
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Mass hierarchy 
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Effective mass plot of chimera baryons calculated with different F fermion masses, at fixed AS 
fermion mass. The lattice size is  with .60 × 483 β = 8.0
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Results 

heavy F fermion mass light F fermion mass



Mass hierarchy 
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Results 
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Mass hierarchy 
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Results 
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Results 
Fitting
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Results 

 Apply tree-level baryon chiral perturbation theory 

mCB = mχ
CB+F2m̂2
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Results 

 Apply tree-level baryon chiral perturbation theory 

mCB = mχ
CB+F2m̂2

PS+A2m̂ps
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Fitting

Returning large  χ2/Nd.o.f.
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Optimal search
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Results 

Try including different order of corrections 
Calculate AICs for each data set, and scan 
through all the possible cuts: 
➡ Fix the cut value for  and vary  

➡ Increase the fixed value of 
m̂PS m̂ps

m̂PS
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Optimal search
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Results 

Try including different order of corrections 
Calculate AICs for each data set, and scan 
through all the possible cuts: 
➡ Fix the cut value for  and vary  

➡ Increase the fixed value of 
m̂PS m̂ps

m̂PS

Goodness of a fit: Akaike information criterion (AIC)  

 

Probability weight 

AIC(M, Ncut) ≡ χ2 + 2k + 2Ncut

W(M, Ncut) =
1
𝒩

exp [−
1
2

AIC(M, Ncut)] 0.52 0.82 1.07
m̂PS,cut
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Optimal search
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Results 

Try including different order of corrections 
Calculate AICs for each data set, and scan 
through all the possible cuts: 
➡ Fix the cut value for  and vary  

➡ Increase the fixed value of 
m̂PS m̂ps

m̂PS

Goodness of a fit: Akaike information criterion (AIC)  

 

Probability weight 

AIC(M, Ncut) ≡ χ2 + 2k + 2Ncut

W(M, Ncut) =
1
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exp [−
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AIC(M, Ncut)] 0.52 0.82 1.07
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William I. Jay and Ethan T. Neil [2008.01069]
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Results 

Try including different order of corrections 
Calculate AICs for each data set, and scan 
through all the possible cuts: 
➡ Fix the cut value for  and vary  

➡ Increase the fixed value of 
m̂PS m̂ps

m̂PS

Goodness of a fit: Akaike information criterion (AIC)  

 

Probability weight 

AIC(M, Ncut) ≡ χ2 + 2k + 2Ncut

W(M, Ncut) =
1
𝒩

exp [−
1
2

AIC(M, Ncut)] 0.52 0.82 1.07
m̂PS,cut

0.52

0.97

1.42

1.87

m̂
ps
,c

ut

20

40

60

80

100

120

N

William I. Jay and Ethan T. Neil [2008.01069]



Optimal search
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Results 

Try including different order of corrections 
Calculate AICs for each data set, and scan 
through all the possible cuts: 
➡ Fix the cut value for  and vary  

➡ Increase the fixed value of 
m̂PS m̂ps

m̂PS

Goodness of a fit: Akaike information criterion (AIC)  

 

Probability weight 
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Results 

 Apply tree-level baryon chiral perturbation theory 

mCB = mχ
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Fitting

Still returning large  χ2/Nd.o.f.
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 Apply tree-level baryon chiral perturbation theory 
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 Apply tree-level baryon chiral perturbation theory 
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 Apply tree-level baryon chiral perturbation theory 
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Results 

 Apply tree-level baryon chiral perturbation theory 
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mCB = mχ
CB+F2m̂2

PS+A2m̂ps
2+L1 ̂a

+F3m̂3
PS+A3m̂3

ps+L2F ̂am̂2
PS+L2A ̂am̂2

ps

+F4m̂4
PS+A4m̂4

ps+C4m̂2
PSm̂2

ps

M2

M3

MF4 MA4 MC4

Fitting



30

Results 
Fittings of ΛCB

M2

M3

MF4 MA4 M2C

 Apply tree level baryon chiral 
perturbation theory 
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Results 
Fittings of ΣCB

 Apply tree level baryon chiral 
perturbation theory 
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Results 
Fittings of Σ*CB

 Apply tree level baryon chiral 
perturbation theory 
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Results 

Apply tree-level baryon chiral perturbation theory 

mCB = mχ
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Results 

At a fixed , the fitting function becomes m̂as
PS
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Results 

At a fixed , the fitting function becomes 

 

        

m̂as
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Results 

Comparison with masses of mesons in quenched 
approximation for fermions in the fundamental 
(blue bands) and antisymmetric (red bands) 
representation of 𝑆𝑝(4), and glueballs (yellow) 
at massless-continuum limit. 
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Lattice Method
• Generate the ensemble in quenched approximation with the standard Wilson action 

 with  

•Consider the Wilson fermion for the spectroscopic measurements  

 

Sg ≡ β∑
x

∑
μ<ν

(1 −
1

2N
ReTr 𝒫μν) , 𝒫μν(x) ≡ Uμ(x)Uν(x + ̂μ)U†

μ(x + ̂ν)U†
ν (x) .

DR
mψR

j (x) ≡ (4/a + mR
0 )ψR

j (x)

−
1

2a ∑
μ

{(1 − γμ)UR
μ (x)ψR

j (x + ̂μ) + (1 + γμ)UR, †
μ (x − ̂μ)ψR

j (x − ̂μ)} .
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Lattice Method
Scale setting: gradient-flow 
• Lüscher demonstrated that the action density can be related to the renormalised coupling 

with an extra dimension, flow time :t [Martin Lüscher. 2009]

dBμ(t, x)
dt

= DνGνμ(t, x), Bμ(t, x) |t=0 = Aμ(t, x)
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- 4-fermion operator matrix elements (relevant to generating Higgs mass) 
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