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 Lecture-1
• Quark Model, Form Factor  etc 

• Deep Inelastic Scattering
• Bjorken Scaling
• Naive Parton Model

• QCD improved Parton Model
• NLO Coefficient 
• DGLAP evolution

• NNLO and Beyond

• Higher twist, Heavy flavours

• Quantum Chromodynamics (QCD)

2



3

What is everything made up ?

Earliest answer by Plato:    
                                       Earth, Air, Fire and Water

Question:

What are the fundamental building blocks? 
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 Structure of Matter
Atoms

Quark Model

Parton Model 

QCD 

Journey Continues ….. 

Graviation 
Electromagnetic 
Weak 
Strong interaction 

Strong interaction 
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Quark Model   -    Gell-Mann and Zweig

Strongly interacting particles:          Hadrons 
                                                  Mesons and Baryons 
Classification: 

          Assume that they are composite objects Made up of  
          point-like spin - 1/2 partilces called 
                 
                                  Quarks and Anti-quarks 

Baryons:    Three quarks 
Mesons:     Quark and anti-quark

Proton

 Quark Model
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  Gell-Mann and Zweig

Realisation of the model through Symmetry group:  Flavour-SUf(3)

Quarks  and antiquarks are constituents of hadrons and are spin-1/2 particles carrying 
fractional charges

- Mesons:  bound states of a quark and an antiquark   
- Baryons: bound states of three quarks
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U†U = 1, detU = 1
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-group of  special unitary matrices

- generators

[ta, tb] = ifabctc, fabc
<latexit sha1_base64="ZofROzHZqMGwJv4DGirhIXc/Li0="></latexit><latexit sha1_base64="ZofROzHZqMGwJv4DGirhIXc/Li0="></latexit><latexit sha1_base64="ZofROzHZqMGwJv4DGirhIXc/Li0="></latexit><latexit sha1_base64="ZofROzHZqMGwJv4DGirhIXc/Li0="></latexit>

- structure constants
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  Quark Model

(t1, t2, · · ·t8)
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7

Problem with Fermi-Dirac Statisics  
�++

<latexit sha1_base64="pl2Q1qi+nNctbH4bublCkx64xe8=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiAIgWEmcZJ4C+rBYwSzwGQMPZ1O0qRnobtGCEM+w4sHRbz6Nd78GzuLoKIPCh7vVVFVz48FV2BZH0ZmZXVtfSO7mdva3tndy+8ftFSUSMqaNBKR7PhEMcFD1gQOgnViyUjgC9b2x5czv33PpOJReAuTmHkBGYZ8wCkBLbndKyaA3KXF4rSXL1imc+5UylVsmZZTLlslTexa1alVsG1acxTQEo1e/r3bj2gSsBCoIEq5thWDlxIJnAo2zXUTxWJCx2TIXE1DEjDlpfOTp/hEK308iKSuEPBc/T6RkkCpSeDrzoDASP32ZuJfnpvAoOalPIwTYCFdLBokAkOEZ//jPpeMgphoQqjk+lZMR0QSCjqlnA7h61P8P2mVTFsnc3NWqF8s48iiI3SMTpGNqqiOrlEDNRFFEXpAT+jZAOPReDFeF60ZYzlziH7AePsEKRSRLQ==</latexit><latexit sha1_base64="pl2Q1qi+nNctbH4bublCkx64xe8=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiAIgWEmcZJ4C+rBYwSzwGQMPZ1O0qRnobtGCEM+w4sHRbz6Nd78GzuLoKIPCh7vVVFVz48FV2BZH0ZmZXVtfSO7mdva3tndy+8ftFSUSMqaNBKR7PhEMcFD1gQOgnViyUjgC9b2x5czv33PpOJReAuTmHkBGYZ8wCkBLbndKyaA3KXF4rSXL1imc+5UylVsmZZTLlslTexa1alVsG1acxTQEo1e/r3bj2gSsBCoIEq5thWDlxIJnAo2zXUTxWJCx2TIXE1DEjDlpfOTp/hEK308iKSuEPBc/T6RkkCpSeDrzoDASP32ZuJfnpvAoOalPIwTYCFdLBokAkOEZ//jPpeMgphoQqjk+lZMR0QSCjqlnA7h61P8P2mVTFsnc3NWqF8s48iiI3SMTpGNqqiOrlEDNRFFEXpAT+jZAOPReDFeF60ZYzlziH7AePsEKRSRLQ==</latexit><latexit sha1_base64="pl2Q1qi+nNctbH4bublCkx64xe8=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiAIgWEmcZJ4C+rBYwSzwGQMPZ1O0qRnobtGCEM+w4sHRbz6Nd78GzuLoKIPCh7vVVFVz48FV2BZH0ZmZXVtfSO7mdva3tndy+8ftFSUSMqaNBKR7PhEMcFD1gQOgnViyUjgC9b2x5czv33PpOJReAuTmHkBGYZ8wCkBLbndKyaA3KXF4rSXL1imc+5UylVsmZZTLlslTexa1alVsG1acxTQEo1e/r3bj2gSsBCoIEq5thWDlxIJnAo2zXUTxWJCx2TIXE1DEjDlpfOTp/hEK308iKSuEPBc/T6RkkCpSeDrzoDASP32ZuJfnpvAoOalPIwTYCFdLBokAkOEZ//jPpeMgphoQqjk+lZMR0QSCjqlnA7h61P8P2mVTFsnc3NWqF8s48iiI3SMTpGNqqiOrlEDNRFFEXpAT+jZAOPReDFeF60ZYzlziH7AePsEKRSRLQ==</latexit><latexit sha1_base64="pl2Q1qi+nNctbH4bublCkx64xe8=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiAIgWEmcZJ4C+rBYwSzwGQMPZ1O0qRnobtGCEM+w4sHRbz6Nd78GzuLoKIPCh7vVVFVz48FV2BZH0ZmZXVtfSO7mdva3tndy+8ftFSUSMqaNBKR7PhEMcFD1gQOgnViyUjgC9b2x5czv33PpOJReAuTmHkBGYZ8wCkBLbndKyaA3KXF4rSXL1imc+5UylVsmZZTLlslTexa1alVsG1acxTQEo1e/r3bj2gSsBCoIEq5thWDlxIJnAo2zXUTxWJCx2TIXE1DEjDlpfOTp/hEK308iKSuEPBc/T6RkkCpSeDrzoDASP32ZuJfnpvAoOalPIwTYCFdLBokAkOEZ//jPpeMgphoQqjk+lZMR0QSCjqlnA7h61P8P2mVTFsnc3NWqF8s48iiI3SMTpGNqqiOrlEDNRFFEXpAT+jZAOPReDFeF60ZYzlziH7AePsEKRSRLQ==</latexit>
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Spacial part is symmetric

Flavor and Spin part is symmetric   (no anti-symmetric combination)

Quark Model predicts fully symmetric wave function

Need for New Quantum number:  Color Quantum number 

                                                                  Han and Nambu, Greenberg and Gell-Mann 

a = u,d and s  each has (red,green,blue)qa ! qa,i i = 1, 2, 3
<latexit sha1_base64="1UQk2xyj2Z1or0qb2dsO0H2vzwE="></latexit><latexit sha1_base64="1UQk2xyj2Z1or0qb2dsO0H2vzwE="></latexit><latexit sha1_base64="1UQk2xyj2Z1or0qb2dsO0H2vzwE="></latexit><latexit sha1_base64="1UQk2xyj2Z1or0qb2dsO0H2vzwE="></latexit>

Use this color quantum number to construct anti-symmetric combination to resolve  

problem with Fermi-Dirac statistics 

Birth of Quantum Chromodynamics

✏ijku
iujuk

<latexit sha1_base64="A615gt94N6SzRuhLuG1s+Irw/h0=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUj6oFkW3bisYB/QxjKZTtppJ5MwMxFKKLjxV9y4UMStP+HOv3GaVlDRAwcO59zLzD1+zKhUtv1h5FZW19Y38puFre2d3T1z/6Alo0Rg0sQRi0THR5IwyklTUcVIJxYEhT4jbX9yMc/bt0RIGvFrNY2JF6IhpwHFSGmrbx71SCwp0zKl48kMJjdUc6w56ZtF2yq5jlutQduqVsp22YGZU6m50LHsDEWwRKNvvvcGEU5CwhVmSMquY8fKS5FQFDMyK/QSSWKEJ2hIulpyFBLppdkNM3iqnQEMIqHJFczc7xspCqWchr6eDJEayd/Z3Pwr6yYqcL2U8jhRhOPFQ0HCoIrgvBA4oIJgxaZaICyo/ivEIyQQVrq2gi7h61L4v2iVLMe2nKtKsX6+rCMPjsEJOAMOqIE6uAQN0AQY3IEH8ASejXvj0XgxXhejOWO5cwh+wHj7BGOUl/4=</latexit><latexit sha1_base64="A615gt94N6SzRuhLuG1s+Irw/h0=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUj6oFkW3bisYB/QxjKZTtppJ5MwMxFKKLjxV9y4UMStP+HOv3GaVlDRAwcO59zLzD1+zKhUtv1h5FZW19Y38puFre2d3T1z/6Alo0Rg0sQRi0THR5IwyklTUcVIJxYEhT4jbX9yMc/bt0RIGvFrNY2JF6IhpwHFSGmrbx71SCwp0zKl48kMJjdUc6w56ZtF2yq5jlutQduqVsp22YGZU6m50LHsDEWwRKNvvvcGEU5CwhVmSMquY8fKS5FQFDMyK/QSSWKEJ2hIulpyFBLppdkNM3iqnQEMIqHJFczc7xspCqWchr6eDJEayd/Z3Pwr6yYqcL2U8jhRhOPFQ0HCoIrgvBA4oIJgxaZaICyo/ivEIyQQVrq2gi7h61L4v2iVLMe2nKtKsX6+rCMPjsEJOAMOqIE6uAQN0AQY3IEH8ASejXvj0XgxXhejOWO5cwh+wHj7BGOUl/4=</latexit><latexit sha1_base64="A615gt94N6SzRuhLuG1s+Irw/h0=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUj6oFkW3bisYB/QxjKZTtppJ5MwMxFKKLjxV9y4UMStP+HOv3GaVlDRAwcO59zLzD1+zKhUtv1h5FZW19Y38puFre2d3T1z/6Alo0Rg0sQRi0THR5IwyklTUcVIJxYEhT4jbX9yMc/bt0RIGvFrNY2JF6IhpwHFSGmrbx71SCwp0zKl48kMJjdUc6w56ZtF2yq5jlutQduqVsp22YGZU6m50LHsDEWwRKNvvvcGEU5CwhVmSMquY8fKS5FQFDMyK/QSSWKEJ2hIulpyFBLppdkNM3iqnQEMIqHJFczc7xspCqWchr6eDJEayd/Z3Pwr6yYqcL2U8jhRhOPFQ0HCoIrgvBA4oIJgxaZaICyo/ivEIyQQVrq2gi7h61L4v2iVLMe2nKtKsX6+rCMPjsEJOAMOqIE6uAQN0AQY3IEH8ASejXvj0XgxXhejOWO5cwh+wHj7BGOUl/4=</latexit><latexit sha1_base64="A615gt94N6SzRuhLuG1s+Irw/h0=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUj6oFkW3bisYB/QxjKZTtppJ5MwMxFKKLjxV9y4UMStP+HOv3GaVlDRAwcO59zLzD1+zKhUtv1h5FZW19Y38puFre2d3T1z/6Alo0Rg0sQRi0THR5IwyklTUcVIJxYEhT4jbX9yMc/bt0RIGvFrNY2JF6IhpwHFSGmrbx71SCwp0zKl48kMJjdUc6w56ZtF2yq5jlutQduqVsp22YGZU6m50LHsDEWwRKNvvvcGEU5CwhVmSMquY8fKS5FQFDMyK/QSSWKEJ2hIulpyFBLppdkNM3iqnQEMIqHJFczc7xspCqWchr6eDJEayd/Z3Pwr6yYqcL2U8jhRhOPFQ0HCoIrgvBA4oIJgxaZaICyo/ivEIyQQVrq2gi7h61L4v2iVLMe2nKtKsX6+rCMPjsEJOAMOqIE6uAQN0AQY3IEH8ASejXvj0XgxXhejOWO5cwh+wHj7BGOUl/4=</latexit>

  Color Quantum Number
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 Form Factors of hadrons

P is the anomalous magnetic moment

Normalisation

Elastic Scattering
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 Structure Functions from DIS
Inelastic Scattering Factorises

Leptonic Tensor

Hadronic Tensor

Structure FunctionWi(⌫, Q
2) i = 1, 2

Inclusive Cross section

Not calculable

Wµ⌫
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 Bjorken Scaling
Deep Inelastic Scattering

Birth of Parton Model  

Bjorken Limit: �q2 ! 1, P · q ! 1 with x =
�q2

2P.q
fixed

W1(P, q) = F1(x),

P.q W2(P, q) = F2(x)

Bjorken Scaling 

Wµ⌫(P, q) =

Z
d4⇠ eiq·⇠ < P |Jµ(⇠)J⌫(0)|P >

Hadronic Tensor 
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 Deep Inelastic Scattering
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 Parton Model
Elastic Scattering

Deep Inelastic Scattering Parton Model Picture

Bjorken Scaling: 
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Note that:   
       - Hadrons are extended objects. 
At high energies  (infinite momentum frame): 
       - Hadron is Lorentz contracted in the direction of collision 
       - Interaction between constituents is time dilated 
Model assumes: 
         - At high energies they look like a collection of point 
           like particles called partons held together by mutual  interactions.   
        - Hadrons can be thought of one of the virtual states of these partons 
Time dilation: 
        - Electron/photon interaction with partons takes place in a time scale  
          shorter compared to time scales of virtual  parton states. 

Result:  Inelastic scattering of electron proton can be thought  
             of as a incoherent sum of elastic scattering of   electron and a parton. 

 Parton Model
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 Naive Parton Model

fi(z)

• Elastic scattering cross section with i-th parton

• Probability of finding i-th parton with momentum 
fraction z of proton 

• Does not depend on the future course of action of  the 
i-th parton - Process Independent

• Does not depend on the details of the target  
    proton - Target Independent

d�DIS(P, q) =
X

i

Z 1

x
dzfi(z)d�̂i(zP, q)

Parton Distribution Function (PDF)
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 Parton Model 

mPW1(⌫, Q
2) = F1(x,Q

2),

⌫W2(⌫, Q
2) = F2(x,Q

2)

Dimension-less 

Parton Model - Master Formula 

Parton level Cross sections 

2xF1(x) = F2(x) =
X

i

e2i x fi(x)

Bjorken scaling  
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Measurements for proton and neutron 

 Momentum sum rule

fd = 0.18fu = 0.36

2xF1(x) = F2(x) =
X

i

Q2
i x fi(x)

fq =

Z 1

0
dx x fq(x)

SU(2) symmetry

where

Contribution to hadron momentum

Only about 50% from quarks!

Gluons also contribute significantly to momentum 
We now know that 

what are these gluons?
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  Charged current DIS
Neutrino-Nucleon DIS can bring in parity violating SF

Parton Model gives

Number of Valence quarks inside the Nucleon
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U(~�)

0

@
qi,1
qi,2
qi,3

1

A =

0

@
q0i,1
q0i,2
q0i,3

1

A

<latexit sha1_base64="FeatmI1b9UL2PQBfQWZnzIQHNFw="></latexit><latexit sha1_base64="FeatmI1b9UL2PQBfQWZnzIQHNFw="></latexit><latexit sha1_base64="FeatmI1b9UL2PQBfQWZnzIQHNFw="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="UGr7OyRsWk7ajfhCjRHZI9MpdJc="></latexit><latexit sha1_base64="Wc6pAluTsFze3KiWys6SKUt9wUI="></latexit><latexit sha1_base64="Cehc7GvNX/8Jm/8vW/BeLJPQPYk="></latexit><latexit sha1_base64="FeatmI1b9UL2PQBfQWZnzIQHNFw="></latexit><latexit sha1_base64="FeatmI1b9UL2PQBfQWZnzIQHNFw="></latexit><latexit sha1_base64="FeatmI1b9UL2PQBfQWZnzIQHNFw="></latexit><latexit sha1_base64="FeatmI1b9UL2PQBfQWZnzIQHNFw="></latexit><latexit sha1_base64="FeatmI1b9UL2PQBfQWZnzIQHNFw="></latexit><latexit sha1_base64="FeatmI1b9UL2PQBfQWZnzIQHNFw="></latexit>

Symmetry group:  Color-SUc(3)

[T a, T b] = ifabcT c
<latexit sha1_base64="mMmyTv/i6UWjzKbTVUiqw5v/KJ8=">AAACAnicdVDLSgMxFM3UV62vqitxEyyCCymZ0lpnIRTduKzQF0ynJZNm2tDMgyQjlKG48VfcuFDErV/hzr8x01ZQ0QMXDufcy733uBFnUiH0YWSWlldW17LruY3Nre2d/O5eS4axILRJQh6Kjosl5SygTcUUp51IUOy7nLbd8VXqt2+pkCwMGmoSUcfHw4B5jGClpX7+wG708Gmj5zrwAjLo9RLskmmjR3L9fAEVK9aZaVkQFc1yFaGKJqUSssoWNItohgJYoN7Pv3cHIYl9GijCsZS2iSLlJFgoRjid5rqxpBEmYzyktqYB9ql0ktkLU3islQH0QqErUHCmfp9IsC/lxHd1p4/VSP72UvEvz46Vd+4kLIhiRQMyX+TFHKoQpnnAAROUKD7RBBPB9K2QjLDAROnU0hC+PoX/k1apaOqIbsqF2uUijiw4BEfgBJigCmrgGtRBExBwBx7AE3g27o1H48V4nbdmjMXMPvgB4+0TNACWCQ==</latexit><latexit sha1_base64="mMmyTv/i6UWjzKbTVUiqw5v/KJ8=">AAACAnicdVDLSgMxFM3UV62vqitxEyyCCymZ0lpnIRTduKzQF0ynJZNm2tDMgyQjlKG48VfcuFDErV/hzr8x01ZQ0QMXDufcy733uBFnUiH0YWSWlldW17LruY3Nre2d/O5eS4axILRJQh6Kjosl5SygTcUUp51IUOy7nLbd8VXqt2+pkCwMGmoSUcfHw4B5jGClpX7+wG708Gmj5zrwAjLo9RLskmmjR3L9fAEVK9aZaVkQFc1yFaGKJqUSssoWNItohgJYoN7Pv3cHIYl9GijCsZS2iSLlJFgoRjid5rqxpBEmYzyktqYB9ql0ktkLU3islQH0QqErUHCmfp9IsC/lxHd1p4/VSP72UvEvz46Vd+4kLIhiRQMyX+TFHKoQpnnAAROUKD7RBBPB9K2QjLDAROnU0hC+PoX/k1apaOqIbsqF2uUijiw4BEfgBJigCmrgGtRBExBwBx7AE3g27o1H48V4nbdmjMXMPvgB4+0TNACWCQ==</latexit><latexit sha1_base64="mMmyTv/i6UWjzKbTVUiqw5v/KJ8=">AAACAnicdVDLSgMxFM3UV62vqitxEyyCCymZ0lpnIRTduKzQF0ynJZNm2tDMgyQjlKG48VfcuFDErV/hzr8x01ZQ0QMXDufcy733uBFnUiH0YWSWlldW17LruY3Nre2d/O5eS4axILRJQh6Kjosl5SygTcUUp51IUOy7nLbd8VXqt2+pkCwMGmoSUcfHw4B5jGClpX7+wG708Gmj5zrwAjLo9RLskmmjR3L9fAEVK9aZaVkQFc1yFaGKJqUSssoWNItohgJYoN7Pv3cHIYl9GijCsZS2iSLlJFgoRjid5rqxpBEmYzyktqYB9ql0ktkLU3islQH0QqErUHCmfp9IsC/lxHd1p4/VSP72UvEvz46Vd+4kLIhiRQMyX+TFHKoQpnnAAROUKD7RBBPB9K2QjLDAROnU0hC+PoX/k1apaOqIbsqF2uUijiw4BEfgBJigCmrgGtRBExBwBx7AE3g27o1H48V4nbdmjMXMPvgB4+0TNACWCQ==</latexit><latexit sha1_base64="mMmyTv/i6UWjzKbTVUiqw5v/KJ8=">AAACAnicdVDLSgMxFM3UV62vqitxEyyCCymZ0lpnIRTduKzQF0ynJZNm2tDMgyQjlKG48VfcuFDErV/hzr8x01ZQ0QMXDufcy733uBFnUiH0YWSWlldW17LruY3Nre2d/O5eS4axILRJQh6Kjosl5SygTcUUp51IUOy7nLbd8VXqt2+pkCwMGmoSUcfHw4B5jGClpX7+wG708Gmj5zrwAjLo9RLskmmjR3L9fAEVK9aZaVkQFc1yFaGKJqUSssoWNItohgJYoN7Pv3cHIYl9GijCsZS2iSLlJFgoRjid5rqxpBEmYzyktqYB9ql0ktkLU3islQH0QqErUHCmfp9IsC/lxHd1p4/VSP72UvEvz46Vd+4kLIhiRQMyX+TFHKoQpnnAAROUKD7RBBPB9K2QjLDAROnU0hC+PoX/k1apaOqIbsqF2uUijiw4BEfgBJigCmrgGtRBExBwBx7AE3g27o1H48V4nbdmjMXMPvgB4+0TNACWCQ==</latexit>

U(~�) = exp
⇣
i~� · ~T

⌘
2 SUc(3)

<latexit sha1_base64="GzgElwz9LxCb1esXs25YO74kNjU="></latexit><latexit sha1_base64="GzgElwz9LxCb1esXs25YO74kNjU="></latexit><latexit sha1_base64="GzgElwz9LxCb1esXs25YO74kNjU="></latexit><latexit sha1_base64="GzgElwz9LxCb1esXs25YO74kNjU="></latexit>

Quantum Chromodynamics

(T aT a)ij = CF �ij
<latexit sha1_base64="dOlaIvSO//REJ4HQWrEEcqcyMcQ="></latexit><latexit sha1_base64="dOlaIvSO//REJ4HQWrEEcqcyMcQ="></latexit><latexit sha1_base64="dOlaIvSO//REJ4HQWrEEcqcyMcQ="></latexit><latexit sha1_base64="dOlaIvSO//REJ4HQWrEEcqcyMcQ="></latexit>

fabcfa0bc = CA�
a0a

<latexit sha1_base64="xumVgmtgN69O4vwrRK3TZyTUWqA="></latexit><latexit sha1_base64="xumVgmtgN69O4vwrRK3TZyTUWqA="></latexit><latexit sha1_base64="xumVgmtgN69O4vwrRK3TZyTUWqA="></latexit><latexit sha1_base64="xumVgmtgN69O4vwrRK3TZyTUWqA="></latexit>

Casimirs

i = 1, · · ·, N
<latexit sha1_base64="3N1HTKmnEZME+e5OVWWA8HSogMg="></latexit><latexit sha1_base64="3N1HTKmnEZME+e5OVWWA8HSogMg="></latexit><latexit sha1_base64="3N1HTKmnEZME+e5OVWWA8HSogMg="></latexit><latexit sha1_base64="3N1HTKmnEZME+e5OVWWA8HSogMg="></latexit>

a = 1, · · ·, N2 � 1
<latexit sha1_base64="2aBe3oSr7P+VZj0o4uwJvRbP8rU="></latexit><latexit sha1_base64="2aBe3oSr7P+VZj0o4uwJvRbP8rU="></latexit><latexit sha1_base64="2aBe3oSr7P+VZj0o4uwJvRbP8rU="></latexit><latexit sha1_base64="2aBe3oSr7P+VZj0o4uwJvRbP8rU="></latexit>

SU(N)
<latexit sha1_base64="yxU1n9kEnlSsWmDuhi9c0VL3ZWg=">AAAB7HicdVDLSgMxFM3UV62vqks3wSLUzZDpg86y6MaVVHTaQjuUTJppQzOZIckIpfQb3LhQxK0f5M6/MZ1WUNEDFw7n3Mu99wQJZ0oj9GHl1tY3Nrfy24Wd3b39g+LhUVvFqSTUIzGPZTfAinImqKeZ5rSbSIqjgNNOMLlc+J17KhWLxZ2eJtSP8EiwkBGsjeTdeuXr80GxhOyK67j1BkR2vVZFVQdmSq3hQsdGGUpghdag+N4fxiSNqNCEY6V6Dkq0P8NSM8LpvNBPFU0wmeAR7RkqcESVP8uOncMzowxhGEtTQsNM/T4xw5FS0ygwnRHWY/XbW4h/eb1Uh64/YyJJNRVkuShMOdQxXHwOh0xSovnUEEwkM7dCMsYSE23yKZgQvj6F/5N2xXaQ7dzUSs2LVRx5cAJOQRk4oAGa4Aq0gAcIYOABPIFnS1iP1ov1umzNWauZY/AD1tsnJhOOQA==</latexit><latexit sha1_base64="yxU1n9kEnlSsWmDuhi9c0VL3ZWg=">AAAB7HicdVDLSgMxFM3UV62vqks3wSLUzZDpg86y6MaVVHTaQjuUTJppQzOZIckIpfQb3LhQxK0f5M6/MZ1WUNEDFw7n3Mu99wQJZ0oj9GHl1tY3Nrfy24Wd3b39g+LhUVvFqSTUIzGPZTfAinImqKeZ5rSbSIqjgNNOMLlc+J17KhWLxZ2eJtSP8EiwkBGsjeTdeuXr80GxhOyK67j1BkR2vVZFVQdmSq3hQsdGGUpghdag+N4fxiSNqNCEY6V6Dkq0P8NSM8LpvNBPFU0wmeAR7RkqcESVP8uOncMzowxhGEtTQsNM/T4xw5FS0ygwnRHWY/XbW4h/eb1Uh64/YyJJNRVkuShMOdQxXHwOh0xSovnUEEwkM7dCMsYSE23yKZgQvj6F/5N2xXaQ7dzUSs2LVRx5cAJOQRk4oAGa4Aq0gAcIYOABPIFnS1iP1ov1umzNWauZY/AD1tsnJhOOQA==</latexit><latexit sha1_base64="yxU1n9kEnlSsWmDuhi9c0VL3ZWg=">AAAB7HicdVDLSgMxFM3UV62vqks3wSLUzZDpg86y6MaVVHTaQjuUTJppQzOZIckIpfQb3LhQxK0f5M6/MZ1WUNEDFw7n3Mu99wQJZ0oj9GHl1tY3Nrfy24Wd3b39g+LhUVvFqSTUIzGPZTfAinImqKeZ5rSbSIqjgNNOMLlc+J17KhWLxZ2eJtSP8EiwkBGsjeTdeuXr80GxhOyK67j1BkR2vVZFVQdmSq3hQsdGGUpghdag+N4fxiSNqNCEY6V6Dkq0P8NSM8LpvNBPFU0wmeAR7RkqcESVP8uOncMzowxhGEtTQsNM/T4xw5FS0ygwnRHWY/XbW4h/eb1Uh64/YyJJNRVkuShMOdQxXHwOh0xSovnUEEwkM7dCMsYSE23yKZgQvj6F/5N2xXaQ7dzUSs2LVRx5cAJOQRk4oAGa4Aq0gAcIYOABPIFnS1iP1ov1umzNWauZY/AD1tsnJhOOQA==</latexit><latexit sha1_base64="yxU1n9kEnlSsWmDuhi9c0VL3ZWg=">AAAB7HicdVDLSgMxFM3UV62vqks3wSLUzZDpg86y6MaVVHTaQjuUTJppQzOZIckIpfQb3LhQxK0f5M6/MZ1WUNEDFw7n3Mu99wQJZ0oj9GHl1tY3Nrfy24Wd3b39g+LhUVvFqSTUIzGPZTfAinImqKeZ5rSbSIqjgNNOMLlc+J17KhWLxZ2eJtSP8EiwkBGsjeTdeuXr80GxhOyK67j1BkR2vVZFVQdmSq3hQsdGGUpghdag+N4fxiSNqNCEY6V6Dkq0P8NSM8LpvNBPFU0wmeAR7RkqcESVP8uOncMzowxhGEtTQsNM/T4xw5FS0ygwnRHWY/XbW4h/eb1Uh64/YyJJNRVkuShMOdQxXHwOh0xSovnUEEwkM7dCMsYSE23yKZgQvj6F/5N2xXaQ7dzUSs2LVRx5cAJOQRk4oAGa4Aq0gAcIYOABPIFnS1iP1ov1umzNWauZY/AD1tsnJhOOQA==</latexit>

                                                                  Han and Nambu, Greenberg and Gell-Mann 

CF =
N2 � 1

2N
, CA = N

<latexit sha1_base64="o9CGKydR7b3hkD7YW69zs8hI4ik="></latexit><latexit sha1_base64="o9CGKydR7b3hkD7YW69zs8hI4ik="></latexit><latexit sha1_base64="o9CGKydR7b3hkD7YW69zs8hI4ik="></latexit><latexit sha1_base64="o9CGKydR7b3hkD7YW69zs8hI4ik="></latexit>Gauge the symmetry group SUc(3) 

Matter Field:s   i
<latexit sha1_base64="Nv42dL3oIz7Y1dbA9EJYogxPwzg=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjJ90FkW3bisYB/QDiWTZtrQTCYkGaEM/Qg3LhRx6/e4829MpxVU9MCFwzn3cu89oeRMG4Q+nMLG5tb2TnG3tLd/cHhUPj7p6iRVhHZIwhPVD7GmnAnaMcxw2peK4jjktBfOrpd+754qzRJxZ+aSBjGeCBYxgo2VekOp2YjBUbmC3Krv+Y0mRG6jXkM1D+ZKvelDz0U5KmCN9qj8PhwnJI2pMIRjrQcekibIsDKMcLooDVNNJSYzPKEDSwWOqQ6y/NwFvLDKGEaJsiUMzNXvExmOtZ7Hoe2MsZnq395S/MsbpCbyg4wJmRoqyGpRlHJoErj8HY6ZosTwuSWYKGZvhWSKFSbGJlSyIXx9Cv8n3arrIde7rVdaV+s4iuAMnINL4IEmaIEb0AYdQMAMPIAn8OxI59F5cV5XrQVnPXMKfsB5+wRoTI+d</latexit><latexit sha1_base64="Nv42dL3oIz7Y1dbA9EJYogxPwzg=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjJ90FkW3bisYB/QDiWTZtrQTCYkGaEM/Qg3LhRx6/e4829MpxVU9MCFwzn3cu89oeRMG4Q+nMLG5tb2TnG3tLd/cHhUPj7p6iRVhHZIwhPVD7GmnAnaMcxw2peK4jjktBfOrpd+754qzRJxZ+aSBjGeCBYxgo2VekOp2YjBUbmC3Krv+Y0mRG6jXkM1D+ZKvelDz0U5KmCN9qj8PhwnJI2pMIRjrQcekibIsDKMcLooDVNNJSYzPKEDSwWOqQ6y/NwFvLDKGEaJsiUMzNXvExmOtZ7Hoe2MsZnq395S/MsbpCbyg4wJmRoqyGpRlHJoErj8HY6ZosTwuSWYKGZvhWSKFSbGJlSyIXx9Cv8n3arrIde7rVdaV+s4iuAMnINL4IEmaIEb0AYdQMAMPIAn8OxI59F5cV5XrQVnPXMKfsB5+wRoTI+d</latexit><latexit sha1_base64="Nv42dL3oIz7Y1dbA9EJYogxPwzg=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjJ90FkW3bisYB/QDiWTZtrQTCYkGaEM/Qg3LhRx6/e4829MpxVU9MCFwzn3cu89oeRMG4Q+nMLG5tb2TnG3tLd/cHhUPj7p6iRVhHZIwhPVD7GmnAnaMcxw2peK4jjktBfOrpd+754qzRJxZ+aSBjGeCBYxgo2VekOp2YjBUbmC3Krv+Y0mRG6jXkM1D+ZKvelDz0U5KmCN9qj8PhwnJI2pMIRjrQcekibIsDKMcLooDVNNJSYzPKEDSwWOqQ6y/NwFvLDKGEaJsiUMzNXvExmOtZ7Hoe2MsZnq395S/MsbpCbyg4wJmRoqyGpRlHJoErj8HY6ZosTwuSWYKGZvhWSKFSbGJlSyIXx9Cv8n3arrIde7rVdaV+s4iuAMnINL4IEmaIEb0AYdQMAMPIAn8OxI59F5cV5XrQVnPXMKfsB5+wRoTI+d</latexit><latexit sha1_base64="Nv42dL3oIz7Y1dbA9EJYogxPwzg=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjJ90FkW3bisYB/QDiWTZtrQTCYkGaEM/Qg3LhRx6/e4829MpxVU9MCFwzn3cu89oeRMG4Q+nMLG5tb2TnG3tLd/cHhUPj7p6iRVhHZIwhPVD7GmnAnaMcxw2peK4jjktBfOrpd+754qzRJxZ+aSBjGeCBYxgo2VekOp2YjBUbmC3Krv+Y0mRG6jXkM1D+ZKvelDz0U5KmCN9qj8PhwnJI2pMIRjrQcekibIsDKMcLooDVNNJSYzPKEDSwWOqQ6y/NwFvLDKGEaJsiUMzNXvExmOtZ7Hoe2MsZnq395S/MsbpCbyg4wJmRoqyGpRlHJoErj8HY6ZosTwuSWYKGZvhWSKFSbGJlSyIXx9Cv8n3arrIde7rVdaV+s4iuAMnINL4IEmaIEb0AYdQMAMPIAn8OxI59F5cV5XrQVnPXMKfsB5+wRoTI+d</latexit>

Aa
µ

<latexit sha1_base64="rnBEqV69LAQ229OBRpLHTyXpExo=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjJ90FlW3bisYB/QjiWTZtrQJDMkGaGUfoQbF4q49Xvc+Tem0woqeuDC4Zx7ufeeMOFMG4Q+nNza+sbmVn67sLO7t39QPDxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNOrhZ+554qzWJ5a6YJDQQeSRYxgo2VOheDvkjv8KBYQm7Z9/xaHSK3Vq2gigczpVr3oeeiDCWwQnNQfO8PY5IKKg3hWOuehxITzLAyjHA6L/RTTRNMJnhEe5ZKLKgOZtm5c3hmlSGMYmVLGpip3ydmWGg9FaHtFNiM9W9vIf7l9VIT+cGMySQ1VJLloijl0MRw8TscMkWJ4VNLMFHM3grJGCtMjE2oYEP4+hT+T9pl10Oud1MtNS5XceTBCTgF58ADddAA16AJWoCACXgAT+DZSZxH58V5XbbmnNXMMfgB5+0TetqPqg==</latexit><latexit sha1_base64="rnBEqV69LAQ229OBRpLHTyXpExo=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjJ90FlW3bisYB/QjiWTZtrQJDMkGaGUfoQbF4q49Xvc+Tem0woqeuDC4Zx7ufeeMOFMG4Q+nNza+sbmVn67sLO7t39QPDxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNOrhZ+554qzWJ5a6YJDQQeSRYxgo2VOheDvkjv8KBYQm7Z9/xaHSK3Vq2gigczpVr3oeeiDCWwQnNQfO8PY5IKKg3hWOuehxITzLAyjHA6L/RTTRNMJnhEe5ZKLKgOZtm5c3hmlSGMYmVLGpip3ydmWGg9FaHtFNiM9W9vIf7l9VIT+cGMySQ1VJLloijl0MRw8TscMkWJ4VNLMFHM3grJGCtMjE2oYEP4+hT+T9pl10Oud1MtNS5XceTBCTgF58ADddAA16AJWoCACXgAT+DZSZxH58V5XbbmnNXMMfgB5+0TetqPqg==</latexit><latexit sha1_base64="rnBEqV69LAQ229OBRpLHTyXpExo=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjJ90FlW3bisYB/QjiWTZtrQJDMkGaGUfoQbF4q49Xvc+Tem0woqeuDC4Zx7ufeeMOFMG4Q+nNza+sbmVn67sLO7t39QPDxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNOrhZ+554qzWJ5a6YJDQQeSRYxgo2VOheDvkjv8KBYQm7Z9/xaHSK3Vq2gigczpVr3oeeiDCWwQnNQfO8PY5IKKg3hWOuehxITzLAyjHA6L/RTTRNMJnhEe5ZKLKgOZtm5c3hmlSGMYmVLGpip3ydmWGg9FaHtFNiM9W9vIf7l9VIT+cGMySQ1VJLloijl0MRw8TscMkWJ4VNLMFHM3grJGCtMjE2oYEP4+hT+T9pl10Oud1MtNS5XceTBCTgF58ADddAA16AJWoCACXgAT+DZSZxH58V5XbbmnNXMMfgB5+0TetqPqg==</latexit><latexit sha1_base64="rnBEqV69LAQ229OBRpLHTyXpExo=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjJ90FlW3bisYB/QjiWTZtrQJDMkGaGUfoQbF4q49Xvc+Tem0woqeuDC4Zx7ufeeMOFMG4Q+nNza+sbmVn67sLO7t39QPDxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNOrhZ+554qzWJ5a6YJDQQeSRYxgo2VOheDvkjv8KBYQm7Z9/xaHSK3Vq2gigczpVr3oeeiDCWwQnNQfO8PY5IKKg3hWOuehxITzLAyjHA6L/RTTRNMJnhEe5ZKLKgOZtm5c3hmlSGMYmVLGpip3ydmWGg9FaHtFNiM9W9vIf7l9VIT+cGMySQ1VJLloijl0MRw8TscMkWJ4VNLMFHM3grJGCtMjE2oYEP4+hT+T9pl10Oud1MtNS5XceTBCTgF58ADddAA16AJWoCACXgAT+DZSZxH58V5XbbmnNXMMfgB5+0TetqPqg==</latexit>

Gauge Fields

 i
<latexit sha1_base64="ZOnKqRPlhvtojc2abgUq2NsO8MI=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZI+aJZFNy4r2FpoQphMJ+3QySTMTAol9E/cuFDErX/izr9xklZQ0QMDh3Pu4d45YcqoVLb9YVQ2Nre2d6q7tb39g8Mj8/hkIJNMYNLHCUvEMESSMMpJX1HFyDAVBMUhI/fh7Lrw7+dESJrwO7VIiR+jCacRxUhpKTBNL9F2kYZeKmlAA7NuWw3XcdsdaFvtVtNuOrBUWh0XOpZdog7W6AXmuzdOcBYTrjBDUo4cO1V+joSimJFlzcskSRGeoQkZacpRTKSfl5cv4YVWxjBKhH5cwVL9nshRLOUiDvVkjNRU/vYK8S9vlKnI9XPK00wRjleLooxBlcCiBjimgmDFFpogLKi+FeIpEggrXVZNl/D1U/g/GTQsx7ac21a9e7WuowrOwDm4BA7ogC64AT3QBxjMwQN4As9GbjwaL8brarRirDOn4AeMt08D0pPo</latexit><latexit sha1_base64="ZOnKqRPlhvtojc2abgUq2NsO8MI=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZI+aJZFNy4r2FpoQphMJ+3QySTMTAol9E/cuFDErX/izr9xklZQ0QMDh3Pu4d45YcqoVLb9YVQ2Nre2d6q7tb39g8Mj8/hkIJNMYNLHCUvEMESSMMpJX1HFyDAVBMUhI/fh7Lrw7+dESJrwO7VIiR+jCacRxUhpKTBNL9F2kYZeKmlAA7NuWw3XcdsdaFvtVtNuOrBUWh0XOpZdog7W6AXmuzdOcBYTrjBDUo4cO1V+joSimJFlzcskSRGeoQkZacpRTKSfl5cv4YVWxjBKhH5cwVL9nshRLOUiDvVkjNRU/vYK8S9vlKnI9XPK00wRjleLooxBlcCiBjimgmDFFpogLKi+FeIpEggrXVZNl/D1U/g/GTQsx7ac21a9e7WuowrOwDm4BA7ogC64AT3QBxjMwQN4As9GbjwaL8brarRirDOn4AeMt08D0pPo</latexit><latexit sha1_base64="ZOnKqRPlhvtojc2abgUq2NsO8MI=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZI+aJZFNy4r2FpoQphMJ+3QySTMTAol9E/cuFDErX/izr9xklZQ0QMDh3Pu4d45YcqoVLb9YVQ2Nre2d6q7tb39g8Mj8/hkIJNMYNLHCUvEMESSMMpJX1HFyDAVBMUhI/fh7Lrw7+dESJrwO7VIiR+jCacRxUhpKTBNL9F2kYZeKmlAA7NuWw3XcdsdaFvtVtNuOrBUWh0XOpZdog7W6AXmuzdOcBYTrjBDUo4cO1V+joSimJFlzcskSRGeoQkZacpRTKSfl5cv4YVWxjBKhH5cwVL9nshRLOUiDvVkjNRU/vYK8S9vlKnI9XPK00wRjleLooxBlcCiBjimgmDFFpogLKi+FeIpEggrXVZNl/D1U/g/GTQsx7ac21a9e7WuowrOwDm4BA7ogC64AT3QBxjMwQN4As9GbjwaL8brarRirDOn4AeMt08D0pPo</latexit><latexit sha1_base64="ZOnKqRPlhvtojc2abgUq2NsO8MI=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZI+aJZFNy4r2FpoQphMJ+3QySTMTAol9E/cuFDErX/izr9xklZQ0QMDh3Pu4d45YcqoVLb9YVQ2Nre2d6q7tb39g8Mj8/hkIJNMYNLHCUvEMESSMMpJX1HFyDAVBMUhI/fh7Lrw7+dESJrwO7VIiR+jCacRxUhpKTBNL9F2kYZeKmlAA7NuWw3XcdsdaFvtVtNuOrBUWh0XOpZdog7W6AXmuzdOcBYTrjBDUo4cO1V+joSimJFlzcskSRGeoQkZacpRTKSfl5cv4YVWxjBKhH5cwVL9nshRLOUiDvVkjNRU/vYK8S9vlKnI9XPK00wRjleLooxBlcCiBjimgmDFFpogLKi+FeIpEggrXVZNl/D1U/g/GTQsx7ac21a9e7WuowrOwDm4BA7ogC64AT3QBxjMwQN4As9GbjwaL8brarRirDOn4AeMt08D0pPo</latexit>

,
  
- Fundamental  representation of SUc(3)

- Adjoint representation

  Quantum Chromodynamics
Solution to �++

<latexit sha1_base64="pl2Q1qi+nNctbH4bublCkx64xe8=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiAIgWEmcZJ4C+rBYwSzwGQMPZ1O0qRnobtGCEM+w4sHRbz6Nd78GzuLoKIPCh7vVVFVz48FV2BZH0ZmZXVtfSO7mdva3tndy+8ftFSUSMqaNBKR7PhEMcFD1gQOgnViyUjgC9b2x5czv33PpOJReAuTmHkBGYZ8wCkBLbndKyaA3KXF4rSXL1imc+5UylVsmZZTLlslTexa1alVsG1acxTQEo1e/r3bj2gSsBCoIEq5thWDlxIJnAo2zXUTxWJCx2TIXE1DEjDlpfOTp/hEK308iKSuEPBc/T6RkkCpSeDrzoDASP32ZuJfnpvAoOalPIwTYCFdLBokAkOEZ//jPpeMgphoQqjk+lZMR0QSCjqlnA7h61P8P2mVTFsnc3NWqF8s48iiI3SMTpGNqqiOrlEDNRFFEXpAT+jZAOPReDFeF60ZYzlziH7AePsEKRSRLQ==</latexit><latexit sha1_base64="pl2Q1qi+nNctbH4bublCkx64xe8=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiAIgWEmcZJ4C+rBYwSzwGQMPZ1O0qRnobtGCEM+w4sHRbz6Nd78GzuLoKIPCh7vVVFVz48FV2BZH0ZmZXVtfSO7mdva3tndy+8ftFSUSMqaNBKR7PhEMcFD1gQOgnViyUjgC9b2x5czv33PpOJReAuTmHkBGYZ8wCkBLbndKyaA3KXF4rSXL1imc+5UylVsmZZTLlslTexa1alVsG1acxTQEo1e/r3bj2gSsBCoIEq5thWDlxIJnAo2zXUTxWJCx2TIXE1DEjDlpfOTp/hEK308iKSuEPBc/T6RkkCpSeDrzoDASP32ZuJfnpvAoOalPIwTYCFdLBokAkOEZ//jPpeMgphoQqjk+lZMR0QSCjqlnA7h61P8P2mVTFsnc3NWqF8s48iiI3SMTpGNqqiOrlEDNRFFEXpAT+jZAOPReDFeF60ZYzlziH7AePsEKRSRLQ==</latexit><latexit sha1_base64="pl2Q1qi+nNctbH4bublCkx64xe8=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiAIgWEmcZJ4C+rBYwSzwGQMPZ1O0qRnobtGCEM+w4sHRbz6Nd78GzuLoKIPCh7vVVFVz48FV2BZH0ZmZXVtfSO7mdva3tndy+8ftFSUSMqaNBKR7PhEMcFD1gQOgnViyUjgC9b2x5czv33PpOJReAuTmHkBGYZ8wCkBLbndKyaA3KXF4rSXL1imc+5UylVsmZZTLlslTexa1alVsG1acxTQEo1e/r3bj2gSsBCoIEq5thWDlxIJnAo2zXUTxWJCx2TIXE1DEjDlpfOTp/hEK308iKSuEPBc/T6RkkCpSeDrzoDASP32ZuJfnpvAoOalPIwTYCFdLBokAkOEZ//jPpeMgphoQqjk+lZMR0QSCjqlnA7h61P8P2mVTFsnc3NWqF8s48iiI3SMTpGNqqiOrlEDNRFFEXpAT+jZAOPReDFeF60ZYzlziH7AePsEKRSRLQ==</latexit><latexit sha1_base64="pl2Q1qi+nNctbH4bublCkx64xe8=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiAIgWEmcZJ4C+rBYwSzwGQMPZ1O0qRnobtGCEM+w4sHRbz6Nd78GzuLoKIPCh7vVVFVz48FV2BZH0ZmZXVtfSO7mdva3tndy+8ftFSUSMqaNBKR7PhEMcFD1gQOgnViyUjgC9b2x5czv33PpOJReAuTmHkBGYZ8wCkBLbndKyaA3KXF4rSXL1imc+5UylVsmZZTLlslTexa1alVsG1acxTQEo1e/r3bj2gSsBCoIEq5thWDlxIJnAo2zXUTxWJCx2TIXE1DEjDlpfOTp/hEK308iKSuEPBc/T6RkkCpSeDrzoDASP32ZuJfnpvAoOalPIwTYCFdLBokAkOEZ//jPpeMgphoQqjk+lZMR0QSCjqlnA7h61P8P2mVTFsnc3NWqF8s48iiI3SMTpGNqqiOrlEDNRFFEXpAT+jZAOPReDFeF60ZYzlziH7AePsEKRSRLQ==</latexit>

u " u " u "
<latexit sha1_base64="QkEZx0FKvmP08b1LQtMgEWGJ4Ec=">AAACCHicdZDLSgMxFIYzXmu9jbp0YbAIrspMW3rZFd24rGAv0A4lk2ba0Ewy5KKU0qUbX8WNC0Xc+gjufBvTi6BSfwh8/OccTs4fJowq7Xmfzsrq2vrGZmorvb2zu7fvHhw2lDASkzoWTMhWiBRhlJO6ppqRViIJikNGmuHwclpv3hKpqOA3epSQIEZ9TiOKkbZW1z0xHZMgKcUdNHAJdt2Ml/VL+bLnQwuVQr5ctFD0cpV8CfpZb6YMWKjWdT86PYFNTLjGDCnV9r1EB2MkNcWMTNIdo0iC8BD1SdsiRzFRwXh2yASeWacHIyHt4xrO3J8TYxQrNYpD2xkjPVB/a1NzWa1tdFQOxpQnRhOO54siw6AWcJoK7FFJsGYjCwhLav8K8QBJhLXNLm1D+L4U/g+NXNa3EV0XMtWLRRwpcAxOwTnwQQlUwRWogTrA4B48gmfw4jw4T86r8zZvXXEWM0fgl5z3L40nmlI=</latexit><latexit sha1_base64="QkEZx0FKvmP08b1LQtMgEWGJ4Ec=">AAACCHicdZDLSgMxFIYzXmu9jbp0YbAIrspMW3rZFd24rGAv0A4lk2ba0Ewy5KKU0qUbX8WNC0Xc+gjufBvTi6BSfwh8/OccTs4fJowq7Xmfzsrq2vrGZmorvb2zu7fvHhw2lDASkzoWTMhWiBRhlJO6ppqRViIJikNGmuHwclpv3hKpqOA3epSQIEZ9TiOKkbZW1z0xHZMgKcUdNHAJdt2Ml/VL+bLnQwuVQr5ctFD0cpV8CfpZb6YMWKjWdT86PYFNTLjGDCnV9r1EB2MkNcWMTNIdo0iC8BD1SdsiRzFRwXh2yASeWacHIyHt4xrO3J8TYxQrNYpD2xkjPVB/a1NzWa1tdFQOxpQnRhOO54siw6AWcJoK7FFJsGYjCwhLav8K8QBJhLXNLm1D+L4U/g+NXNa3EV0XMtWLRRwpcAxOwTnwQQlUwRWogTrA4B48gmfw4jw4T86r8zZvXXEWM0fgl5z3L40nmlI=</latexit><latexit sha1_base64="QkEZx0FKvmP08b1LQtMgEWGJ4Ec=">AAACCHicdZDLSgMxFIYzXmu9jbp0YbAIrspMW3rZFd24rGAv0A4lk2ba0Ewy5KKU0qUbX8WNC0Xc+gjufBvTi6BSfwh8/OccTs4fJowq7Xmfzsrq2vrGZmorvb2zu7fvHhw2lDASkzoWTMhWiBRhlJO6ppqRViIJikNGmuHwclpv3hKpqOA3epSQIEZ9TiOKkbZW1z0xHZMgKcUdNHAJdt2Ml/VL+bLnQwuVQr5ctFD0cpV8CfpZb6YMWKjWdT86PYFNTLjGDCnV9r1EB2MkNcWMTNIdo0iC8BD1SdsiRzFRwXh2yASeWacHIyHt4xrO3J8TYxQrNYpD2xkjPVB/a1NzWa1tdFQOxpQnRhOO54siw6AWcJoK7FFJsGYjCwhLav8K8QBJhLXNLm1D+L4U/g+NXNa3EV0XMtWLRRwpcAxOwTnwQQlUwRWogTrA4B48gmfw4jw4T86r8zZvXXEWM0fgl5z3L40nmlI=</latexit><latexit sha1_base64="QkEZx0FKvmP08b1LQtMgEWGJ4Ec=">AAACCHicdZDLSgMxFIYzXmu9jbp0YbAIrspMW3rZFd24rGAv0A4lk2ba0Ewy5KKU0qUbX8WNC0Xc+gjufBvTi6BSfwh8/OccTs4fJowq7Xmfzsrq2vrGZmorvb2zu7fvHhw2lDASkzoWTMhWiBRhlJO6ppqRViIJikNGmuHwclpv3hKpqOA3epSQIEZ9TiOKkbZW1z0xHZMgKcUdNHAJdt2Ml/VL+bLnQwuVQr5ctFD0cpV8CfpZb6YMWKjWdT86PYFNTLjGDCnV9r1EB2MkNcWMTNIdo0iC8BD1SdsiRzFRwXh2yASeWacHIyHt4xrO3J8TYxQrNYpD2xkjPVB/a1NzWa1tdFQOxpQnRhOO54siw6AWcJoK7FFJsGYjCwhLav8K8QBJhLXNLm1D+L4U/g+NXNa3EV0XMtWLRRwpcAxOwTnwQQlUwRWogTrA4B48gmfw4jw4T86r8zZvXXEWM0fgl5z3L40nmlI=</latexit>

came from  

Gauge Theory of strong interaction



22

LQCD =  j (i/Djk �m�jk) k � 1

4
F a
µ⌫F

µ⌫a +G.F
<latexit sha1_base64="IWqqz8orP7Du4VoV9ymwJ06mLL8="></latexit><latexit sha1_base64="IWqqz8orP7Du4VoV9ymwJ06mLL8="></latexit><latexit sha1_base64="IWqqz8orP7Du4VoV9ymwJ06mLL8="></latexit><latexit sha1_base64="IWqqz8orP7Du4VoV9ymwJ06mLL8="></latexit>

Aµ ! U(�)

✓
Aµ � i

g
@µ

◆
U †(�)

<latexit sha1_base64="rjRjIKARAE6skcdUzYFroYh6vHk="></latexit><latexit sha1_base64="rjRjIKARAE6skcdUzYFroYh6vHk="></latexit><latexit sha1_base64="rjRjIKARAE6skcdUzYFroYh6vHk="></latexit><latexit sha1_base64="rjRjIKARAE6skcdUzYFroYh6vHk="></latexit>

Dµ ! U(�)Dµ 
<latexit sha1_base64="Hnd17L6aN8gPQUGM9caulwaugfY="></latexit><latexit sha1_base64="Hnd17L6aN8gPQUGM9caulwaugfY="></latexit><latexit sha1_base64="Hnd17L6aN8gPQUGM9caulwaugfY="></latexit><latexit sha1_base64="Hnd17L6aN8gPQUGM9caulwaugfY="></latexit>

Fµ⌫ = @µA⌫ � @⌫Aµ � igs[Aµ, A⌫ ]
<latexit sha1_base64="O7Cx6shRZQx8aCklB+DH3XW5+xM="></latexit><latexit sha1_base64="O7Cx6shRZQx8aCklB+DH3XW5+xM="></latexit><latexit sha1_base64="O7Cx6shRZQx8aCklB+DH3XW5+xM="></latexit><latexit sha1_base64="O7Cx6shRZQx8aCklB+DH3XW5+xM="></latexit>

Dµ (x) =
�
@µ � igsT

aAa
µ

�
 (x)

<latexit sha1_base64="sEzZi2PlnuDHBZD7YWG7yl9K6Kg="></latexit><latexit sha1_base64="sEzZi2PlnuDHBZD7YWG7yl9K6Kg="></latexit><latexit sha1_base64="sEzZi2PlnuDHBZD7YWG7yl9K6Kg="></latexit><latexit sha1_base64="sEzZi2PlnuDHBZD7YWG7yl9K6Kg="></latexit>

Aµ = T aAa
µ

<latexit sha1_base64="zq+qVBpGqv9hI6SeO8gfB8wdFNU=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgqsy0UzsuhFY3Liv0BX0MmTTThmYeJBmhDPVX3LhQxK0f4s6/MdNWUNEDF07OuZfce9yIUSEN40PLrK1vbG5lt3M7u3v7B/rhUVuEMcekhUMW8q6LBGE0IC1JJSPdiBPku4x03Ol16nfuCBc0DJpyFpGBj8YB9ShGUkmOnq87fT+Gl7A5RLA+ROnL0QtG0bStUrkCjWLJtMuVlFStC/vcgmbRWKAAVmg4+nt/FOLYJ4HEDAnRM41IDhLEJcWMzHP9WJAI4Skak56iAfKJGCSL5efwVCkj6IVcVSDhQv0+kSBfiJnvqk4fyYn47aXiX14vlp49SGgQxZIEePmRFzMoQ5gmAUeUEyzZTBGEOVW7QjxBHGGp8sqpEL4uhf+TdqloqqxurULtahVHFhyDE3AGTFAFNXADGqAFMJiBB/AEnrV77VF70V6XrRltNZMHP6C9fQJLD5Pp</latexit><latexit sha1_base64="zq+qVBpGqv9hI6SeO8gfB8wdFNU=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgqsy0UzsuhFY3Liv0BX0MmTTThmYeJBmhDPVX3LhQxK0f4s6/MdNWUNEDF07OuZfce9yIUSEN40PLrK1vbG5lt3M7u3v7B/rhUVuEMcekhUMW8q6LBGE0IC1JJSPdiBPku4x03Ol16nfuCBc0DJpyFpGBj8YB9ShGUkmOnq87fT+Gl7A5RLA+ROnL0QtG0bStUrkCjWLJtMuVlFStC/vcgmbRWKAAVmg4+nt/FOLYJ4HEDAnRM41IDhLEJcWMzHP9WJAI4Skak56iAfKJGCSL5efwVCkj6IVcVSDhQv0+kSBfiJnvqk4fyYn47aXiX14vlp49SGgQxZIEePmRFzMoQ5gmAUeUEyzZTBGEOVW7QjxBHGGp8sqpEL4uhf+TdqloqqxurULtahVHFhyDE3AGTFAFNXADGqAFMJiBB/AEnrV77VF70V6XrRltNZMHP6C9fQJLD5Pp</latexit><latexit sha1_base64="zq+qVBpGqv9hI6SeO8gfB8wdFNU=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgqsy0UzsuhFY3Liv0BX0MmTTThmYeJBmhDPVX3LhQxK0f4s6/MdNWUNEDF07OuZfce9yIUSEN40PLrK1vbG5lt3M7u3v7B/rhUVuEMcekhUMW8q6LBGE0IC1JJSPdiBPku4x03Ol16nfuCBc0DJpyFpGBj8YB9ShGUkmOnq87fT+Gl7A5RLA+ROnL0QtG0bStUrkCjWLJtMuVlFStC/vcgmbRWKAAVmg4+nt/FOLYJ4HEDAnRM41IDhLEJcWMzHP9WJAI4Skak56iAfKJGCSL5efwVCkj6IVcVSDhQv0+kSBfiJnvqk4fyYn47aXiX14vlp49SGgQxZIEePmRFzMoQ5gmAUeUEyzZTBGEOVW7QjxBHGGp8sqpEL4uhf+TdqloqqxurULtahVHFhyDE3AGTFAFNXADGqAFMJiBB/AEnrV77VF70V6XrRltNZMHP6C9fQJLD5Pp</latexit><latexit sha1_base64="zq+qVBpGqv9hI6SeO8gfB8wdFNU=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgqsy0UzsuhFY3Liv0BX0MmTTThmYeJBmhDPVX3LhQxK0f4s6/MdNWUNEDF07OuZfce9yIUSEN40PLrK1vbG5lt3M7u3v7B/rhUVuEMcekhUMW8q6LBGE0IC1JJSPdiBPku4x03Ol16nfuCBc0DJpyFpGBj8YB9ShGUkmOnq87fT+Gl7A5RLA+ROnL0QtG0bStUrkCjWLJtMuVlFStC/vcgmbRWKAAVmg4+nt/FOLYJ4HEDAnRM41IDhLEJcWMzHP9WJAI4Skak56iAfKJGCSL5efwVCkj6IVcVSDhQv0+kSBfiJnvqk4fyYn47aXiX14vlp49SGgQxZIEePmRFzMoQ5gmAUeUEyzZTBGEOVW7QjxBHGGp8sqpEL4uhf+TdqloqqxurULtahVHFhyDE3AGTFAFNXADGqAFMJiBB/AEnrV77VF70V6XrRltNZMHP6C9fQJLD5Pp</latexit>

LQCD = LK.E + gsA
a
µ �

µT a � gsf
abc(@µA

a
⌫)A

bµAc⌫ � g2sf
eabfecdAa

µA
b
⌫A

µcA⌫d
<latexit sha1_base64="Okh7Pns3Tq18luxD5egq4Z1ZIF4=">AAACqnicdZFdb </latexit><latexit sha1_base64="Okh7Pns3Tq18luxD5egq4Z1ZIF4=">AAACqnicdZFdb </latexit><latexit sha1_base64="Okh7Pns3Tq18luxD5egq4Z1ZIF4=">AAACqnicdZFdb </latexit><latexit sha1_base64="Okh7Pns3Tq18luxD5egq4Z1ZIF4=">AAACqnicdZFdb </latexit>

LK.E =
<latexit sha1_base64="jwUmqMxPeCdJCzUbcSunbU9aFTU=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0hE0ItQFEHQQwX7AW0Im+22XbrZhN1NoYT8Ey8eFPHqP/Hmv3Hb5qCtDwYe780wMy9MOFPadb+t0srq2vpGebOytb2zu2fvHzRVnEpCGyTmsWyHWFHOBG1opjltJ5LiKOS0FY5upn5rTKVisXjSk4T6ER4I1mcEayMFtp11CeboIQ+ye+c2R1eBXXUddwa0TLyCVKFAPbC/ur2YpBEVmnCsVMdzE+1nWGpGOM0r3VTRBJMRHtCOoQJHVPnZ7PIcnRilh/qxNCU0mqm/JzIcKTWJQtMZYT1Ui95U/M/rpLp/6WdMJKmmgswX9VOOdIymMaAek5RoPjEEE8nMrYgMscREm7AqJgRv8eVl0jxzPNfxHs+rtesijjIcwTGcggcXUIM7qEMDCIzhGV7hzcqsF+vd+pi3lqxi5hD+wPr8ASdjkq0=</latexit><latexit sha1_base64="jwUmqMxPeCdJCzUbcSunbU9aFTU=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0hE0ItQFEHQQwX7AW0Im+22XbrZhN1NoYT8Ey8eFPHqP/Hmv3Hb5qCtDwYe780wMy9MOFPadb+t0srq2vpGebOytb2zu2fvHzRVnEpCGyTmsWyHWFHOBG1opjltJ5LiKOS0FY5upn5rTKVisXjSk4T6ER4I1mcEayMFtp11CeboIQ+ye+c2R1eBXXUddwa0TLyCVKFAPbC/ur2YpBEVmnCsVMdzE+1nWGpGOM0r3VTRBJMRHtCOoQJHVPnZ7PIcnRilh/qxNCU0mqm/JzIcKTWJQtMZYT1Ui95U/M/rpLp/6WdMJKmmgswX9VOOdIymMaAek5RoPjEEE8nMrYgMscREm7AqJgRv8eVl0jxzPNfxHs+rtesijjIcwTGcggcXUIM7qEMDCIzhGV7hzcqsF+vd+pi3lqxi5hD+wPr8ASdjkq0=</latexit><latexit sha1_base64="jwUmqMxPeCdJCzUbcSunbU9aFTU=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0hE0ItQFEHQQwX7AW0Im+22XbrZhN1NoYT8Ey8eFPHqP/Hmv3Hb5qCtDwYe780wMy9MOFPadb+t0srq2vpGebOytb2zu2fvHzRVnEpCGyTmsWyHWFHOBG1opjltJ5LiKOS0FY5upn5rTKVisXjSk4T6ER4I1mcEayMFtp11CeboIQ+ye+c2R1eBXXUddwa0TLyCVKFAPbC/ur2YpBEVmnCsVMdzE+1nWGpGOM0r3VTRBJMRHtCOoQJHVPnZ7PIcnRilh/qxNCU0mqm/JzIcKTWJQtMZYT1Ui95U/M/rpLp/6WdMJKmmgswX9VOOdIymMaAek5RoPjEEE8nMrYgMscREm7AqJgRv8eVl0jxzPNfxHs+rtesijjIcwTGcggcXUIM7qEMDCIzhGV7hzcqsF+vd+pi3lqxi5hD+wPr8ASdjkq0=</latexit><latexit sha1_base64="jwUmqMxPeCdJCzUbcSunbU9aFTU=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0hE0ItQFEHQQwX7AW0Im+22XbrZhN1NoYT8Ey8eFPHqP/Hmv3Hb5qCtDwYe780wMy9MOFPadb+t0srq2vpGebOytb2zu2fvHzRVnEpCGyTmsWyHWFHOBG1opjltJ5LiKOS0FY5upn5rTKVisXjSk4T6ER4I1mcEayMFtp11CeboIQ+ye+c2R1eBXXUddwa0TLyCVKFAPbC/ur2YpBEVmnCsVMdzE+1nWGpGOM0r3VTRBJMRHtCOoQJHVPnZ7PIcnRilh/qxNCU0mqm/JzIcKTWJQtMZYT1Ui95U/M/rpLp/6WdMJKmmgswX9VOOdIymMaAek5RoPjEEE8nMrYgMscREm7AqJgRv8eVl0jxzPNfxHs+rtesijjIcwTGcggcXUIM7qEMDCIzhGV7hzcqsF+vd+pi3lqxi5hD+wPr8ASdjkq0=</latexit>

QCD Lagrangian  

where  

Invariant under

K.E + Interaction part

where  

   Gauge symmetry

U(~�)

0

@
qi,1
qi,2
qi,3

1

A =

0

@
q0i,1
q0i,2
q0i,3

1

A

<latexit sha1_base64="FeatmI1b9UL2PQBfQWZnzIQHNFw="></latexit><latexit sha1_base64="FeatmI1b9UL2PQBfQWZnzIQHNFw="></latexit><latexit sha1_base64="FeatmI1b9UL2PQBfQWZnzIQHNFw="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="UGr7OyRsWk7ajfhCjRHZI9MpdJc="></latexit><latexit sha1_base64="Wc6pAluTsFze3KiWys6SKUt9wUI="></latexit><latexit sha1_base64="Cehc7GvNX/8Jm/8vW/BeLJPQPYk="></latexit><latexit sha1_base64="FeatmI1b9UL2PQBfQWZnzIQHNFw="></latexit><latexit sha1_base64="FeatmI1b9UL2PQBfQWZnzIQHNFw="></latexit><latexit sha1_base64="FeatmI1b9UL2PQBfQWZnzIQHNFw="></latexit><latexit sha1_base64="FeatmI1b9UL2PQBfQWZnzIQHNFw="></latexit><latexit sha1_base64="FeatmI1b9UL2PQBfQWZnzIQHNFw="></latexit><latexit sha1_base64="FeatmI1b9UL2PQBfQWZnzIQHNFw="></latexit>
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QCD Feynman Rules

  Feynman rules
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Lgh = @µc
a@µca � gsf

abc(@µc
a)Aµbcc

<latexit sha1_base64="RbNrZcRIflFpHImmRQR2qOqLq0w="></latexit><latexit sha1_base64="RbNrZcRIflFpHImmRQR2qOqLq0w="></latexit><latexit sha1_base64="RbNrZcRIflFpHImmRQR2qOqLq0w="></latexit><latexit sha1_base64="RbNrZcRIflFpHImmRQR2qOqLq0w="></latexit>

Ghost terms  (Lorenz Gauge:                     ):

Gauge Fields contain two physical and two unphysical degrees   
of freedom

Gauge fixing removes unphysical ones through  Ghost fieldsGhost fields propagate as well as interact with gauge bosons but do not 
show up as physical particles 
             

Gauge fixing:

@µA
µ = 0

<latexit sha1_base64="Afq3HB1TIP0O51TF/kbMjcpFKaE=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARXA2ZPmg3QtWNywr2Ae04ZNK0Dc1khiQjlKFu/BU3LhRx61+4829MH4KKHgg5nHPvTe4JYs6URujDyiwtr6yuZddzG5tb2zv27l5TRYkktEEiHsl2gBXlTNCGZprTdiwpDgNOW8HoYuq3bqlULBLXehxTL8QDwfqMYG0k3z7oxlhqhrnfDRN4dpOaawJPIfLtPHIKVbdarkDklEtFVHThTClVqtB10Ax5sEDdt9+7vYgkIRWacKxUx0Wx9tLpdMLpJNdNFI0xGeEB7RgqcEiVl842mMBjo/RgP5LmCA1n6veOFIdKjcPAVIZYD9Vvbyr+5XUS3a96KRNxoqkg84f6CYc6gtM4YI9JSjQfG4KJZOavkAyxxESb0HImhK9N4f+kWXBc5LhXpXztfBFHFhyCI3ACXFABNXAJ6qABCLgDD+AJPFv31qP1Yr3OSzPWomcf/ID19gnFDZZw</latexit><latexit sha1_base64="Afq3HB1TIP0O51TF/kbMjcpFKaE=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARXA2ZPmg3QtWNywr2Ae04ZNK0Dc1khiQjlKFu/BU3LhRx61+4829MH4KKHgg5nHPvTe4JYs6URujDyiwtr6yuZddzG5tb2zv27l5TRYkktEEiHsl2gBXlTNCGZprTdiwpDgNOW8HoYuq3bqlULBLXehxTL8QDwfqMYG0k3z7oxlhqhrnfDRN4dpOaawJPIfLtPHIKVbdarkDklEtFVHThTClVqtB10Ax5sEDdt9+7vYgkIRWacKxUx0Wx9tLpdMLpJNdNFI0xGeEB7RgqcEiVl842mMBjo/RgP5LmCA1n6veOFIdKjcPAVIZYD9Vvbyr+5XUS3a96KRNxoqkg84f6CYc6gtM4YI9JSjQfG4KJZOavkAyxxESb0HImhK9N4f+kWXBc5LhXpXztfBFHFhyCI3ACXFABNXAJ6qABCLgDD+AJPFv31qP1Yr3OSzPWomcf/ID19gnFDZZw</latexit><latexit sha1_base64="Afq3HB1TIP0O51TF/kbMjcpFKaE=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARXA2ZPmg3QtWNywr2Ae04ZNK0Dc1khiQjlKFu/BU3LhRx61+4829MH4KKHgg5nHPvTe4JYs6URujDyiwtr6yuZddzG5tb2zv27l5TRYkktEEiHsl2gBXlTNCGZprTdiwpDgNOW8HoYuq3bqlULBLXehxTL8QDwfqMYG0k3z7oxlhqhrnfDRN4dpOaawJPIfLtPHIKVbdarkDklEtFVHThTClVqtB10Ax5sEDdt9+7vYgkIRWacKxUx0Wx9tLpdMLpJNdNFI0xGeEB7RgqcEiVl842mMBjo/RgP5LmCA1n6veOFIdKjcPAVIZYD9Vvbyr+5XUS3a96KRNxoqkg84f6CYc6gtM4YI9JSjQfG4KJZOavkAyxxESb0HImhK9N4f+kWXBc5LhXpXztfBFHFhyCI3ACXFABNXAJ6qABCLgDD+AJPFv31qP1Yr3OSzPWomcf/ID19gnFDZZw</latexit><latexit sha1_base64="Afq3HB1TIP0O51TF/kbMjcpFKaE=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARXA2ZPmg3QtWNywr2Ae04ZNK0Dc1khiQjlKFu/BU3LhRx61+4829MH4KKHgg5nHPvTe4JYs6URujDyiwtr6yuZddzG5tb2zv27l5TRYkktEEiHsl2gBXlTNCGZprTdiwpDgNOW8HoYuq3bqlULBLXehxTL8QDwfqMYG0k3z7oxlhqhrnfDRN4dpOaawJPIfLtPHIKVbdarkDklEtFVHThTClVqtB10Ax5sEDdt9+7vYgkIRWacKxUx0Wx9tLpdMLpJNdNFI0xGeEB7RgqcEiVl842mMBjo/RgP5LmCA1n6veOFIdKjcPAVIZYD9Vvbyr+5XUS3a96KRNxoqkg84f6CYc6gtM4YI9JSjQfG4KJZOavkAyxxESb0HImhK9N4f+kWXBc5LhXpXztfBFHFhyCI3ACXFABNXAJ6qABCLgDD+AJPFv31qP1Yr3OSzPWomcf/ID19gnFDZZw</latexit>

  Ghost fields …
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lµ ! ±1
<latexit sha1_base64="I0SXUlhbOmYCyQ6CSVxzYR3/fm0=">AAACBnicdVBNSwMxEM36WetX1aMIwSJ4Klm72HoTvXisYG2hW0s2zbbBJLsks0opnrz4V7x4UMSrv8Gb/8a0VlDRBwOP92aYmRelUlgg5N2bmp6ZnZvPLeQXl5ZXVgtr6+c2yQzjdZbIxDQjarkUmtdBgOTN1HCqIskb0eXxyG9ccWNFos9gkPK2oj0tYsEoOKlT2JIXocpwaESvD9SY5BrjMFU4FDqGQadQJKX9oFyuHmBSIpWAlANH/D2fkAD7JTJGEU1Q6xTewm7CMsU1MEmtbfkkhfaQGhBM8pt8mFmeUnZJe7zlqKaK2/Zw/MYN3nFKF8eJcaUBj9XvE0OqrB2oyHUqCn372xuJf3mtDOJqeyh0mgHX7HNRnEkMCR5lgrvCcAZy4AhlRrhbMetTQxm45PIuhK9P8f/kfK/ku2ROg+Lh0SSOHNpE22gX+aiCDtEJqqE6YugW3aNH9OTdeQ/es/fy2TrlTWY20A94rx8zv5j0</latexit><latexit sha1_base64="I0SXUlhbOmYCyQ6CSVxzYR3/fm0=">AAACBnicdVBNSwMxEM36WetX1aMIwSJ4Klm72HoTvXisYG2hW0s2zbbBJLsks0opnrz4V7x4UMSrv8Gb/8a0VlDRBwOP92aYmRelUlgg5N2bmp6ZnZvPLeQXl5ZXVgtr6+c2yQzjdZbIxDQjarkUmtdBgOTN1HCqIskb0eXxyG9ccWNFos9gkPK2oj0tYsEoOKlT2JIXocpwaESvD9SY5BrjMFU4FDqGQadQJKX9oFyuHmBSIpWAlANH/D2fkAD7JTJGEU1Q6xTewm7CMsU1MEmtbfkkhfaQGhBM8pt8mFmeUnZJe7zlqKaK2/Zw/MYN3nFKF8eJcaUBj9XvE0OqrB2oyHUqCn372xuJf3mtDOJqeyh0mgHX7HNRnEkMCR5lgrvCcAZy4AhlRrhbMetTQxm45PIuhK9P8f/kfK/ku2ROg+Lh0SSOHNpE22gX+aiCDtEJqqE6YugW3aNH9OTdeQ/es/fy2TrlTWY20A94rx8zv5j0</latexit><latexit sha1_base64="I0SXUlhbOmYCyQ6CSVxzYR3/fm0=">AAACBnicdVBNSwMxEM36WetX1aMIwSJ4Klm72HoTvXisYG2hW0s2zbbBJLsks0opnrz4V7x4UMSrv8Gb/8a0VlDRBwOP92aYmRelUlgg5N2bmp6ZnZvPLeQXl5ZXVgtr6+c2yQzjdZbIxDQjarkUmtdBgOTN1HCqIskb0eXxyG9ccWNFos9gkPK2oj0tYsEoOKlT2JIXocpwaESvD9SY5BrjMFU4FDqGQadQJKX9oFyuHmBSIpWAlANH/D2fkAD7JTJGEU1Q6xTewm7CMsU1MEmtbfkkhfaQGhBM8pt8mFmeUnZJe7zlqKaK2/Zw/MYN3nFKF8eJcaUBj9XvE0OqrB2oyHUqCn372xuJf3mtDOJqeyh0mgHX7HNRnEkMCR5lgrvCcAZy4AhlRrhbMetTQxm45PIuhK9P8f/kfK/ku2ROg+Lh0SSOHNpE22gX+aiCDtEJqqE6YugW3aNH9OTdeQ/es/fy2TrlTWY20A94rx8zv5j0</latexit><latexit sha1_base64="I0SXUlhbOmYCyQ6CSVxzYR3/fm0=">AAACBnicdVBNSwMxEM36WetX1aMIwSJ4Klm72HoTvXisYG2hW0s2zbbBJLsks0opnrz4V7x4UMSrv8Gb/8a0VlDRBwOP92aYmRelUlgg5N2bmp6ZnZvPLeQXl5ZXVgtr6+c2yQzjdZbIxDQjarkUmtdBgOTN1HCqIskb0eXxyG9ccWNFos9gkPK2oj0tYsEoOKlT2JIXocpwaESvD9SY5BrjMFU4FDqGQadQJKX9oFyuHmBSIpWAlANH/D2fkAD7JTJGEU1Q6xTewm7CMsU1MEmtbfkkhfaQGhBM8pt8mFmeUnZJe7zlqKaK2/Zw/MYN3nFKF8eJcaUBj9XvE0OqrB2oyHUqCn372xuJf3mtDOJqeyh0mgHX7HNRnEkMCR5lgrvCcAZy4AhlRrhbMetTQxm45PIuhK9P8f/kfK/ku2ROg+Lh0SSOHNpE22gX+aiCDtEJqqE6YugW3aNH9OTdeQ/es/fy2TrlTWY20A94rx8zv5j0</latexit>

Z
d4l

(4⇡)4
f(l, p)

(l2 + i✏)((p� l)2 + i✏)
<latexit sha1_base64="N1HYBnmoW1OMmmG1LplIzbEoXxM="></latexit><latexit sha1_base64="N1HYBnmoW1OMmmG1LplIzbEoXxM="></latexit><latexit sha1_base64="N1HYBnmoW1OMmmG1LplIzbEoXxM="></latexit><latexit sha1_base64="N1HYBnmoW1OMmmG1LplIzbEoXxM="></latexit>

diverge when 

Perturbation theory to compute Green’s functions

Vacuum polarization

Vertex Function

Selft energy

  Quantum corrections
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Perturbation theory to compute Green’s functions

Large momentum regions in Feynman Loop integrals

1. Regularise the theory  so that we can proceed 

2. Rescale the fields and parameters with  infinite  
constants (Zi) in such a way that the Green’s function computed 
in terms of recalled fields and parameters always give finite result

At short distances, local interactions give UV divergences

Practical resolution:   Renormalisation

Beyond leading order in coupling constant, they often diverge

 Coupling constant serves as an expansion parameter

  Renormalisation 



27

LQCD

�
 , , Aµ, c, c, gs,m

�
<latexit sha1_base64="huUkMAB067KorWdsxFnsXajlB0c="></latexit><latexit sha1_base64="huUkMAB067KorWdsxFnsXajlB0c="></latexit><latexit sha1_base64="huUkMAB067KorWdsxFnsXajlB0c="></latexit><latexit sha1_base64="huUkMAB067KorWdsxFnsXajlB0c="></latexit>

 = Z
1
2
 (µR) R(µR)

<latexit sha1_base64="cgMPndc9NWcC5NyyDWkKt8IrJVg="></latexit><latexit sha1_base64="cgMPndc9NWcC5NyyDWkKt8IrJVg="></latexit><latexit sha1_base64="cgMPndc9NWcC5NyyDWkKt8IrJVg="></latexit><latexit sha1_base64="cgMPndc9NWcC5NyyDWkKt8IrJVg="></latexit>

· · · · ·<latexit sha1_base64="+hdgskC3pvl58iegh/8XbPJkvkk=">AAACCnicdVDLSgMxFM3UVx1foy7dRIvgapjUqa27ohuXFewD2qFkMpk2NPMgyQhl6NqNv+LGhSJu/QJ3/o3pQ1DRA/dyOOdeknv8lDOpHOfDKCwtr6yuFdfNjc2t7R1rd68lk0wQ2iQJT0THx5JyFtOmYorTTioojnxO2/7ocuq3b6mQLIlv1DilXoQHMQsZwUpLfeuwR4JEwX+6aUKzb5Ucu3yGkIugY1fK1XPkanJadmpuBSLbmaEEFmj0rfdekJAsorEiHEvZRU6qvBwLxQinE7OXSZpiMsID2tU0xhGVXj47ZQKPtRLAMBG6YgVn6veNHEdSjiNfT0ZYDeVvbyr+5XUzFda8nMVppmhM5g+FGYcqgdNcYMAEJYqPNcFEMP1XSIZYYKJ0etMQvi6F/5NW2UaOja7dUv1iEUcRHIAjcAIQqII6uAIN0AQE3IEH8ASejXvj0XgxXuejBWOxsw9+wHj7BN1omRI=</latexit><latexit sha1_base64="+hdgskC3pvl58iegh/8XbPJkvkk=">AAACCnicdVDLSgMxFM3UVx1foy7dRIvgapjUqa27ohuXFewD2qFkMpk2NPMgyQhl6NqNv+LGhSJu/QJ3/o3pQ1DRA/dyOOdeknv8lDOpHOfDKCwtr6yuFdfNjc2t7R1rd68lk0wQ2iQJT0THx5JyFtOmYorTTioojnxO2/7ocuq3b6mQLIlv1DilXoQHMQsZwUpLfeuwR4JEwX+6aUKzb5Ucu3yGkIugY1fK1XPkanJadmpuBSLbmaEEFmj0rfdekJAsorEiHEvZRU6qvBwLxQinE7OXSZpiMsID2tU0xhGVXj47ZQKPtRLAMBG6YgVn6veNHEdSjiNfT0ZYDeVvbyr+5XUzFda8nMVppmhM5g+FGYcqgdNcYMAEJYqPNcFEMP1XSIZYYKJ0etMQvi6F/5NW2UaOja7dUv1iEUcRHIAjcAIQqII6uAIN0AQE3IEH8ASejXvj0XgxXuejBWOxsw9+wHj7BN1omRI=</latexit><latexit sha1_base64="+hdgskC3pvl58iegh/8XbPJkvkk=">AAACCnicdVDLSgMxFM3UVx1foy7dRIvgapjUqa27ohuXFewD2qFkMpk2NPMgyQhl6NqNv+LGhSJu/QJ3/o3pQ1DRA/dyOOdeknv8lDOpHOfDKCwtr6yuFdfNjc2t7R1rd68lk0wQ2iQJT0THx5JyFtOmYorTTioojnxO2/7ocuq3b6mQLIlv1DilXoQHMQsZwUpLfeuwR4JEwX+6aUKzb5Ucu3yGkIugY1fK1XPkanJadmpuBSLbmaEEFmj0rfdekJAsorEiHEvZRU6qvBwLxQinE7OXSZpiMsID2tU0xhGVXj47ZQKPtRLAMBG6YgVn6veNHEdSjiNfT0ZYDeVvbyr+5XUzFda8nMVppmhM5g+FGYcqgdNcYMAEJYqPNcFEMP1XSIZYYKJ0etMQvi6F/5NW2UaOja7dUv1iEUcRHIAjcAIQqII6uAIN0AQE3IEH8ASejXvj0XgxXuejBWOxsw9+wHj7BN1omRI=</latexit><latexit sha1_base64="+hdgskC3pvl58iegh/8XbPJkvkk=">AAACCnicdVDLSgMxFM3UVx1foy7dRIvgapjUqa27ohuXFewD2qFkMpk2NPMgyQhl6NqNv+LGhSJu/QJ3/o3pQ1DRA/dyOOdeknv8lDOpHOfDKCwtr6yuFdfNjc2t7R1rd68lk0wQ2iQJT0THx5JyFtOmYorTTioojnxO2/7ocuq3b6mQLIlv1DilXoQHMQsZwUpLfeuwR4JEwX+6aUKzb5Ucu3yGkIugY1fK1XPkanJadmpuBSLbmaEEFmj0rfdekJAsorEiHEvZRU6qvBwLxQinE7OXSZpiMsID2tU0xhGVXj47ZQKPtRLAMBG6YgVn6veNHEdSjiNfT0ZYDeVvbyr+5XUzFda8nMVppmhM5g+FGYcqgdNcYMAEJYqPNcFEMP1XSIZYYKJ0etMQvi6F/5NW2UaOja7dUv1iEUcRHIAjcAIQqII6uAIN0AQE3IEH8ASejXvj0XgxXuejBWOxsw9+wHj7BN1omRI=</latexit>

Regularisation:   Dimension regularization :  d = 4 + "
<latexit sha1_base64="mWAIA7U//ZyVINdkDVmL1Jvuons=">AAAB/3icdVDLSsNAFJ34rPEVFdy4GSyCIJSkto0uhKIblxXsA9pQJpNJO3QyCTOTQqld+CtuXCji1t9w5984aSuo6IELh3Pu5d57/IRRqWz7w1hYXFpeWc2tmesbm1vb1s5uQ8apwKSOYxaLlo8kYZSTuqKKkVYiCIp8Rpr+4Crzm0MiJI35rRolxItQj9OQYqS01LX2A3gBS/CkM0SCJJKymJsmNLtW3i44rl2plKEmpxXXdjQpO27x3IZOwZ4iD+aoda33ThDjNCJcYYakbDt2orwxEopiRiZmJ5UkQXiAeqStKUcRkd54ev8EHmklgGEsdHEFp+r3iTGKpBxFvu6MkOrL314m/uW1UxWeeWPKk1QRjmeLwpRBFcMsDBhQQbBiI00QFlTfCnEfCYSVjiwL4etT+D9pFAuOjuimlK9ezuPIgQNwCI6BA1xQBdegBuoAgzvwAJ7As3FvPBovxuusdcGYz+yBHzDePgHKdJQH</latexit><latexit sha1_base64="mWAIA7U//ZyVINdkDVmL1Jvuons=">AAAB/3icdVDLSsNAFJ34rPEVFdy4GSyCIJSkto0uhKIblxXsA9pQJpNJO3QyCTOTQqld+CtuXCji1t9w5984aSuo6IELh3Pu5d57/IRRqWz7w1hYXFpeWc2tmesbm1vb1s5uQ8apwKSOYxaLlo8kYZSTuqKKkVYiCIp8Rpr+4Crzm0MiJI35rRolxItQj9OQYqS01LX2A3gBS/CkM0SCJJKymJsmNLtW3i44rl2plKEmpxXXdjQpO27x3IZOwZ4iD+aoda33ThDjNCJcYYakbDt2orwxEopiRiZmJ5UkQXiAeqStKUcRkd54ev8EHmklgGEsdHEFp+r3iTGKpBxFvu6MkOrL314m/uW1UxWeeWPKk1QRjmeLwpRBFcMsDBhQQbBiI00QFlTfCnEfCYSVjiwL4etT+D9pFAuOjuimlK9ezuPIgQNwCI6BA1xQBdegBuoAgzvwAJ7As3FvPBovxuusdcGYz+yBHzDePgHKdJQH</latexit><latexit sha1_base64="mWAIA7U//ZyVINdkDVmL1Jvuons=">AAAB/3icdVDLSsNAFJ34rPEVFdy4GSyCIJSkto0uhKIblxXsA9pQJpNJO3QyCTOTQqld+CtuXCji1t9w5984aSuo6IELh3Pu5d57/IRRqWz7w1hYXFpeWc2tmesbm1vb1s5uQ8apwKSOYxaLlo8kYZSTuqKKkVYiCIp8Rpr+4Crzm0MiJI35rRolxItQj9OQYqS01LX2A3gBS/CkM0SCJJKymJsmNLtW3i44rl2plKEmpxXXdjQpO27x3IZOwZ4iD+aoda33ThDjNCJcYYakbDt2orwxEopiRiZmJ5UkQXiAeqStKUcRkd54ev8EHmklgGEsdHEFp+r3iTGKpBxFvu6MkOrL314m/uW1UxWeeWPKk1QRjmeLwpRBFcMsDBhQQbBiI00QFlTfCnEfCYSVjiwL4etT+D9pFAuOjuimlK9ezuPIgQNwCI6BA1xQBdegBuoAgzvwAJ7As3FvPBovxuusdcGYz+yBHzDePgHKdJQH</latexit><latexit sha1_base64="mWAIA7U//ZyVINdkDVmL1Jvuons=">AAAB/3icdVDLSsNAFJ34rPEVFdy4GSyCIJSkto0uhKIblxXsA9pQJpNJO3QyCTOTQqld+CtuXCji1t9w5984aSuo6IELh3Pu5d57/IRRqWz7w1hYXFpeWc2tmesbm1vb1s5uQ8apwKSOYxaLlo8kYZSTuqKKkVYiCIp8Rpr+4Crzm0MiJI35rRolxItQj9OQYqS01LX2A3gBS/CkM0SCJJKymJsmNLtW3i44rl2plKEmpxXXdjQpO27x3IZOwZ4iD+aoda33ThDjNCJcYYakbDt2orwxEopiRiZmJ5UkQXiAeqStKUcRkd54ev8EHmklgGEsdHEFp+r3iTGKpBxFvu6MkOrL314m/uW1UxWeeWPKk1QRjmeLwpRBFcMsDBhQQbBiI00QFlTfCnEfCYSVjiwL4etT+D9pFAuOjuimlK9ezuPIgQNwCI6BA1xQBdegBuoAgzvwAJ7As3FvPBovxuusdcGYz+yBHzDePgHKdJQH</latexit>

d - space time dimension

! LQCD

�
 , , Aµ, c, c, gs,m, ✏, µ

�
<latexit sha1_base64="T+t7fkdv6bVcWjCoB5nBrR2Z3Co="></latexit><latexit sha1_base64="T+t7fkdv6bVcWjCoB5nBrR2Z3Co="></latexit><latexit sha1_base64="T+t7fkdv6bVcWjCoB5nBrR2Z3Co="></latexit><latexit sha1_base64="T+t7fkdv6bVcWjCoB5nBrR2Z3Co="></latexit>

Rescaling of fields and parameters:

Aµ = Z
1
2
A(µR)AµR(µR)

<latexit sha1_base64="H/HJ/MeeeCK0ZI9u3qOPL2+dGkQ=">AAACInicbVDLSsNAFJ34rPUVdelmsAh1U5IiqAuh1Y3LWuwDmxgm00k7dPJgZiKUkG9x46+4caGoK8GPcdIG1NYDA4dzzuXOPW7EqJCG8aktLC4tr6wW1orrG5tb2/rObluEMcekhUMW8q6LBGE0IC1JJSPdiBPku4x03NFl5nfuCRc0DG7kOCK2jwYB9ShGUkmOflZ3LD+G5/DWSerpXZKY0ArVAKymKSwry2kewbqTZKHmjwJh0dFLRsWYAM4TMyclkKPh6O9WP8SxTwKJGRKiZxqRtBPEJcWMpEUrFiRCeIQGpKdogHwi7GRyYgoPldKHXsjVCyScqL8nEuQLMfZdlfSRHIpZLxP/83qx9E7thAZRLEmAp4u8mEEZwqwv2KecYMnGiiDMqforxEPEEZaq1awEc/bkedKuVkyjYl4fl2oXeR0FsA8OQBmY4ATUwBVogBbA4AE8gRfwqj1qz9qb9jGNLmj5zB74A+3rGwOOoM0=</latexit><latexit sha1_base64="H/HJ/MeeeCK0ZI9u3qOPL2+dGkQ=">AAACInicbVDLSsNAFJ34rPUVdelmsAh1U5IiqAuh1Y3LWuwDmxgm00k7dPJgZiKUkG9x46+4caGoK8GPcdIG1NYDA4dzzuXOPW7EqJCG8aktLC4tr6wW1orrG5tb2/rObluEMcekhUMW8q6LBGE0IC1JJSPdiBPku4x03NFl5nfuCRc0DG7kOCK2jwYB9ShGUkmOflZ3LD+G5/DWSerpXZKY0ArVAKymKSwry2kewbqTZKHmjwJh0dFLRsWYAM4TMyclkKPh6O9WP8SxTwKJGRKiZxqRtBPEJcWMpEUrFiRCeIQGpKdogHwi7GRyYgoPldKHXsjVCyScqL8nEuQLMfZdlfSRHIpZLxP/83qx9E7thAZRLEmAp4u8mEEZwqwv2KecYMnGiiDMqforxEPEEZaq1awEc/bkedKuVkyjYl4fl2oXeR0FsA8OQBmY4ATUwBVogBbA4AE8gRfwqj1qz9qb9jGNLmj5zB74A+3rGwOOoM0=</latexit><latexit sha1_base64="H/HJ/MeeeCK0ZI9u3qOPL2+dGkQ=">AAACInicbVDLSsNAFJ34rPUVdelmsAh1U5IiqAuh1Y3LWuwDmxgm00k7dPJgZiKUkG9x46+4caGoK8GPcdIG1NYDA4dzzuXOPW7EqJCG8aktLC4tr6wW1orrG5tb2/rObluEMcekhUMW8q6LBGE0IC1JJSPdiBPku4x03NFl5nfuCRc0DG7kOCK2jwYB9ShGUkmOflZ3LD+G5/DWSerpXZKY0ArVAKymKSwry2kewbqTZKHmjwJh0dFLRsWYAM4TMyclkKPh6O9WP8SxTwKJGRKiZxqRtBPEJcWMpEUrFiRCeIQGpKdogHwi7GRyYgoPldKHXsjVCyScqL8nEuQLMfZdlfSRHIpZLxP/83qx9E7thAZRLEmAp4u8mEEZwqwv2KecYMnGiiDMqforxEPEEZaq1awEc/bkedKuVkyjYl4fl2oXeR0FsA8OQBmY4ATUwBVogBbA4AE8gRfwqj1qz9qb9jGNLmj5zB74A+3rGwOOoM0=</latexit><latexit sha1_base64="H/HJ/MeeeCK0ZI9u3qOPL2+dGkQ=">AAACInicbVDLSsNAFJ34rPUVdelmsAh1U5IiqAuh1Y3LWuwDmxgm00k7dPJgZiKUkG9x46+4caGoK8GPcdIG1NYDA4dzzuXOPW7EqJCG8aktLC4tr6wW1orrG5tb2/rObluEMcekhUMW8q6LBGE0IC1JJSPdiBPku4x03NFl5nfuCRc0DG7kOCK2jwYB9ShGUkmOflZ3LD+G5/DWSerpXZKY0ArVAKymKSwry2kewbqTZKHmjwJh0dFLRsWYAM4TMyclkKPh6O9WP8SxTwKJGRKiZxqRtBPEJcWMpEUrFiRCeIQGpKdogHwi7GRyYgoPldKHXsjVCyScqL8nEuQLMfZdlfSRHIpZLxP/83qx9E7thAZRLEmAp4u8mEEZwqwv2KecYMnGiiDMqforxEPEEZaq1awEc/bkedKuVkyjYl4fl2oXeR0FsA8OQBmY4ATUwBVogBbA4AE8gRfwqj1qz9qb9jGNLmj5zB74A+3rGwOOoM0=</latexit>

Choose Zi in such a way all the Green’s functions in terms of  
renormalized quantities give finite result to all orders in  
perturbation theory   

µR
<latexit sha1_base64="PHzpacWkHuZnKf/gfdAjII/uSuE=">AAAB7HicdVDLSgMxFM34rPVVdekmWARXQ6YdbN0V3bis4rSFdiiZNNOGJpkhyQhl6De4caGIWz/InX9j+hBU9MCFwzn3cu89UcqZNgh9OCura+sbm4Wt4vbO7t5+6eCwpZNMERqQhCeqE2FNOZM0MMxw2kkVxSLitB2Nr2Z++54qzRJ5ZyYpDQUeShYzgo2Vgp7I+rf9Uhm55361Wr+AyEU1H1V9S7yKh5APPRfNUQZLNPul994gIZmg0hCOte56KDVhjpVhhNNpsZdpmmIyxkPatVRiQXWYz4+dwlOrDGCcKFvSwLn6fSLHQuuJiGynwGakf3sz8S+vm5m4HuZMppmhkiwWxRmHJoGzz+GAKUoMn1iCiWL2VkhGWGFibD5FG8LXp/B/0qq4nk3mxi83LpdxFMAxOAFnwAM10ADXoAkCQAADD+AJPDvSeXRenNdF64qznDkCP+C8fQIMno7W</latexit><latexit sha1_base64="PHzpacWkHuZnKf/gfdAjII/uSuE=">AAAB7HicdVDLSgMxFM34rPVVdekmWARXQ6YdbN0V3bis4rSFdiiZNNOGJpkhyQhl6De4caGIWz/InX9j+hBU9MCFwzn3cu89UcqZNgh9OCura+sbm4Wt4vbO7t5+6eCwpZNMERqQhCeqE2FNOZM0MMxw2kkVxSLitB2Nr2Z++54qzRJ5ZyYpDQUeShYzgo2Vgp7I+rf9Uhm55361Wr+AyEU1H1V9S7yKh5APPRfNUQZLNPul994gIZmg0hCOte56KDVhjpVhhNNpsZdpmmIyxkPatVRiQXWYz4+dwlOrDGCcKFvSwLn6fSLHQuuJiGynwGakf3sz8S+vm5m4HuZMppmhkiwWxRmHJoGzz+GAKUoMn1iCiWL2VkhGWGFibD5FG8LXp/B/0qq4nk3mxi83LpdxFMAxOAFnwAM10ADXoAkCQAADD+AJPDvSeXRenNdF64qznDkCP+C8fQIMno7W</latexit><latexit sha1_base64="PHzpacWkHuZnKf/gfdAjII/uSuE=">AAAB7HicdVDLSgMxFM34rPVVdekmWARXQ6YdbN0V3bis4rSFdiiZNNOGJpkhyQhl6De4caGIWz/InX9j+hBU9MCFwzn3cu89UcqZNgh9OCura+sbm4Wt4vbO7t5+6eCwpZNMERqQhCeqE2FNOZM0MMxw2kkVxSLitB2Nr2Z++54qzRJ5ZyYpDQUeShYzgo2Vgp7I+rf9Uhm55361Wr+AyEU1H1V9S7yKh5APPRfNUQZLNPul994gIZmg0hCOte56KDVhjpVhhNNpsZdpmmIyxkPatVRiQXWYz4+dwlOrDGCcKFvSwLn6fSLHQuuJiGynwGakf3sz8S+vm5m4HuZMppmhkiwWxRmHJoGzz+GAKUoMn1iCiWL2VkhGWGFibD5FG8LXp/B/0qq4nk3mxi83LpdxFMAxOAFnwAM10ADXoAkCQAADD+AJPDvSeXRenNdF64qznDkCP+C8fQIMno7W</latexit><latexit sha1_base64="PHzpacWkHuZnKf/gfdAjII/uSuE=">AAAB7HicdVDLSgMxFM34rPVVdekmWARXQ6YdbN0V3bis4rSFdiiZNNOGJpkhyQhl6De4caGIWz/InX9j+hBU9MCFwzn3cu89UcqZNgh9OCura+sbm4Wt4vbO7t5+6eCwpZNMERqQhCeqE2FNOZM0MMxw2kkVxSLitB2Nr2Z++54qzRJ5ZyYpDQUeShYzgo2Vgp7I+rf9Uhm55361Wr+AyEU1H1V9S7yKh5APPRfNUQZLNPul994gIZmg0hCOte56KDVhjpVhhNNpsZdpmmIyxkPatVRiQXWYz4+dwlOrDGCcKFvSwLn6fSLHQuuJiGynwGakf3sz8S+vm5m4HuZMppmhkiwWxRmHJoGzz+GAKUoMn1iCiWL2VkhGWGFibD5FG8LXp/B/0qq4nk3mxi83LpdxFMAxOAFnwAM10ADXoAkCQAADD+AJPDvSeXRenNdF64qznDkCP+C8fQIMno7W</latexit>

 Renormalisation scale

µ
<latexit sha1_base64="DBjJ6ik52kpYJ7Lsvi2bdBSzgqI=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbPJYuIt6MVjRPOAZAmzk0kyZGZ3mZkVwpJP8OJBEa9+kTf/xslDUNGChqKqm+6uMBFcG4w/nJXVtfWNzdxWfntnd2+/cHDY1HGqKGvQWMSqHRLNBI9Yw3AjWDtRjMhQsFY4vpr5rXumNI+jOzNJWCDJMOIDTomx0m1Xpr1CEbvnfrlcvUDYxRUfl31LvJKHsY88F89RhCXqvcJ7tx/TVLLIUEG07ng4MUFGlOFUsGm+m2qWEDomQ9axNCKS6SCbnzpFp1bpo0GsbEUGzdXvExmRWk9kaDslMSP925uJf3md1AyqQcajJDUsootFg1QgE6PZ36jPFaNGTCwhVHF7K6Ijogg1Np28DeHrU/Q/aZZczyZz4xdrl8s4cnAMJ3AGHlSgBtdQhwZQGMIDPMGzI5xH58V5XbSuOMuZI/gB5+0Ts4+OEQ==</latexit><latexit sha1_base64="DBjJ6ik52kpYJ7Lsvi2bdBSzgqI=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbPJYuIt6MVjRPOAZAmzk0kyZGZ3mZkVwpJP8OJBEa9+kTf/xslDUNGChqKqm+6uMBFcG4w/nJXVtfWNzdxWfntnd2+/cHDY1HGqKGvQWMSqHRLNBI9Yw3AjWDtRjMhQsFY4vpr5rXumNI+jOzNJWCDJMOIDTomx0m1Xpr1CEbvnfrlcvUDYxRUfl31LvJKHsY88F89RhCXqvcJ7tx/TVLLIUEG07ng4MUFGlOFUsGm+m2qWEDomQ9axNCKS6SCbnzpFp1bpo0GsbEUGzdXvExmRWk9kaDslMSP925uJf3md1AyqQcajJDUsootFg1QgE6PZ36jPFaNGTCwhVHF7K6Ijogg1Np28DeHrU/Q/aZZczyZz4xdrl8s4cnAMJ3AGHlSgBtdQhwZQGMIDPMGzI5xH58V5XbSuOMuZI/gB5+0Ts4+OEQ==</latexit><latexit sha1_base64="DBjJ6ik52kpYJ7Lsvi2bdBSzgqI=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbPJYuIt6MVjRPOAZAmzk0kyZGZ3mZkVwpJP8OJBEa9+kTf/xslDUNGChqKqm+6uMBFcG4w/nJXVtfWNzdxWfntnd2+/cHDY1HGqKGvQWMSqHRLNBI9Yw3AjWDtRjMhQsFY4vpr5rXumNI+jOzNJWCDJMOIDTomx0m1Xpr1CEbvnfrlcvUDYxRUfl31LvJKHsY88F89RhCXqvcJ7tx/TVLLIUEG07ng4MUFGlOFUsGm+m2qWEDomQ9axNCKS6SCbnzpFp1bpo0GsbEUGzdXvExmRWk9kaDslMSP925uJf3md1AyqQcajJDUsootFg1QgE6PZ36jPFaNGTCwhVHF7K6Ijogg1Np28DeHrU/Q/aZZczyZz4xdrl8s4cnAMJ3AGHlSgBtdQhwZQGMIDPMGzI5xH58V5XbSuOMuZI/gB5+0Ts4+OEQ==</latexit><latexit sha1_base64="DBjJ6ik52kpYJ7Lsvi2bdBSzgqI=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbPJYuIt6MVjRPOAZAmzk0kyZGZ3mZkVwpJP8OJBEa9+kTf/xslDUNGChqKqm+6uMBFcG4w/nJXVtfWNzdxWfntnd2+/cHDY1HGqKGvQWMSqHRLNBI9Yw3AjWDtRjMhQsFY4vpr5rXumNI+jOzNJWCDJMOIDTomx0m1Xpr1CEbvnfrlcvUDYxRUfl31LvJKHsY88F89RhCXqvcJ7tx/TVLLIUEG07ng4MUFGlOFUsGm+m2qWEDomQ9axNCKS6SCbnzpFp1bpo0GsbEUGzdXvExmRWk9kaDslMSP925uJf3md1AyqQcajJDUsootFg1QgE6PZ36jPFaNGTCwhVHF7K6Ijogg1Np28DeHrU/Q/aZZczyZz4xdrl8s4cnAMJ3AGHlSgBtdQhwZQGMIDPMGzI5xH58V5XbSuOMuZI/gB5+0Ts4+OEQ==</latexit>

 Regularisation scale

+LCT ({Zi(µR)}, R, · · ·, gsR, ✏, µR)
<latexit sha1_base64="yhwF+wpxu68eryKi83k//CvApvo="></latexit><latexit sha1_base64="yhwF+wpxu68eryKi83k//CvApvo="></latexit><latexit sha1_base64="yhwF+wpxu68eryKi83k//CvApvo="></latexit><latexit sha1_base64="yhwF+wpxu68eryKi83k//CvApvo="></latexit>

LQCD ( , · · ·, gs,m, ✏, µ) = LQCD,R ( R, · · ·, gsR,mR, ✏, µR)
<latexit sha1_base64="878LZJjDrwfaZatpqloqmYqE1XA="></latexit><latexit sha1_base64="878LZJjDrwfaZatpqloqmYqE1XA="></latexit><latexit sha1_base64="878LZJjDrwfaZatpqloqmYqE1XA="></latexit><latexit sha1_base64="878LZJjDrwfaZatpqloqmYqE1XA="></latexit>

gs = Zg(µR)

✓
µ

µR

◆ "
2

S
� 1

2
" gsR(µR)

<latexit sha1_base64="xK6/GFIGigdslTi74XxCN/dUZIM="></latexit><latexit sha1_base64="xK6/GFIGigdslTi74XxCN/dUZIM="></latexit><latexit sha1_base64="xK6/GFIGigdslTi74XxCN/dUZIM="></latexit><latexit sha1_base64="xK6/GFIGigdslTi74XxCN/dUZIM="></latexit>

  Counter Terms …
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Renoramliation group invariance:

Since LHS does not depends on   

LQCD ( , · · ·, gs,m, ✏, µ) = LQCD,R ( R, · · ·, gsR,mR, ✏, µR)
<latexit sha1_base64="878LZJjDrwfaZatpqloqmYqE1XA="></latexit><latexit sha1_base64="878LZJjDrwfaZatpqloqmYqE1XA="></latexit><latexit sha1_base64="878LZJjDrwfaZatpqloqmYqE1XA="></latexit><latexit sha1_base64="878LZJjDrwfaZatpqloqmYqE1XA="></latexit>

+LCT ({Zi(µR)}, R, · · ·, gsR, ✏, µR)
<latexit sha1_base64="yhwF+wpxu68eryKi83k//CvApvo="></latexit><latexit sha1_base64="yhwF+wpxu68eryKi83k//CvApvo="></latexit><latexit sha1_base64="yhwF+wpxu68eryKi83k//CvApvo="></latexit><latexit sha1_base64="yhwF+wpxu68eryKi83k//CvApvo="></latexit>

µR
<latexit sha1_base64="WQWVOSQb/th0DvM6epsU6CNR1gU=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLtYOuu6MZlFfuAdiiZNNPGJpkhyQhl6D+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTscX8789j1VmsXy1kwSGgg8lCxiBBsrtXoi7d/AfrGE3DO/UqmdQ+Siqo8qviVe2UPIh56L5iiBJRr94ntvEJNUUGkIx1p3PZSYIMPKMMLptNBLNU0wGeMh7VoqsaA6yObXTuGJVQYwipUtaeBc/T6RYaH1RIS2U2Az0r+9mfiX101NVAsyJpPUUEkWi6KUQxPD2etwwBQlhk8swUQxeyskI6wwMTaggg3h61P4P2mVXc8mc+2X6hfLOPLgCByDU+CBKqiDK9AATUDAHXgAT+DZiZ1H58V5XbTmnOXMIfgB5+0TY/mPAA==</latexit><latexit sha1_base64="WQWVOSQb/th0DvM6epsU6CNR1gU=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLtYOuu6MZlFfuAdiiZNNPGJpkhyQhl6D+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTscX8789j1VmsXy1kwSGgg8lCxiBBsrtXoi7d/AfrGE3DO/UqmdQ+Siqo8qviVe2UPIh56L5iiBJRr94ntvEJNUUGkIx1p3PZSYIMPKMMLptNBLNU0wGeMh7VoqsaA6yObXTuGJVQYwipUtaeBc/T6RYaH1RIS2U2Az0r+9mfiX101NVAsyJpPUUEkWi6KUQxPD2etwwBQlhk8swUQxeyskI6wwMTaggg3h61P4P2mVXc8mc+2X6hfLOPLgCByDU+CBKqiDK9AATUDAHXgAT+DZiZ1H58V5XbTmnOXMIfgB5+0TY/mPAA==</latexit><latexit sha1_base64="WQWVOSQb/th0DvM6epsU6CNR1gU=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLtYOuu6MZlFfuAdiiZNNPGJpkhyQhl6D+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTscX8789j1VmsXy1kwSGgg8lCxiBBsrtXoi7d/AfrGE3DO/UqmdQ+Siqo8qviVe2UPIh56L5iiBJRr94ntvEJNUUGkIx1p3PZSYIMPKMMLptNBLNU0wGeMh7VoqsaA6yObXTuGJVQYwipUtaeBc/T6RYaH1RIS2U2Az0r+9mfiX101NVAsyJpPUUEkWi6KUQxPD2etwwBQlhk8swUQxeyskI6wwMTaggg3h61P4P2mVXc8mc+2X6hfLOPLgCByDU+CBKqiDK9AATUDAHXgAT+DZiZ1H58V5XbTmnOXMIfgB5+0TY/mPAA==</latexit><latexit sha1_base64="WQWVOSQb/th0DvM6epsU6CNR1gU=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLtYOuu6MZlFfuAdiiZNNPGJpkhyQhl6D+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTscX8789j1VmsXy1kwSGgg8lCxiBBsrtXoi7d/AfrGE3DO/UqmdQ+Siqo8qviVe2UPIh56L5iiBJRr94ntvEJNUUGkIx1p3PZSYIMPKMMLptNBLNU0wGeMh7VoqsaA6yObXTuGJVQYwipUtaeBc/T6RYaH1RIS2U2Az0r+9mfiX101NVAsyJpPUUEkWi6KUQxPD2etwwBQlhk8swUQxeyskI6wwMTaggg3h61P4P2mVXc8mc+2X6hfLOPLgCByDU+CBKqiDK9AATUDAHXgAT+DZiZ1H58V5XbTmnOXMIfgB5+0TY/mPAA==</latexit>

Green’s functions computed from RHS will also not depend on 
, when it is computed to all orders in coupling constantµR
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This leads to renormalisation group equations for 
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in the limit

  Renormalisation Group:



29

gs = Zg(µR)

✓
µ

µR

◆ "
2

S
� 1

2
" gsR(µR)

<latexit sha1_base64="xK6/GFIGigdslTi74XxCN/dUZIM="></latexit><latexit sha1_base64="xK6/GFIGigdslTi74XxCN/dUZIM="></latexit><latexit sha1_base64="xK6/GFIGigdslTi74XxCN/dUZIM="></latexit><latexit sha1_base64="xK6/GFIGigdslTi74XxCN/dUZIM="></latexit>
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<latexit sha1_base64="2erUZmDjq67xd9lmO/XTGpbbyHo=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuwiSoaRZC0Y3LCvZB0xgm00k7dPJgZiKU0M9w40IRt36NO//G6UNQ0QMXDufcy733hBlnUiH0YSwtr6yurZc2yptb2zu7lb39lkxzQWiTpDwVnRBLyllCm4opTjuZoDgOOW2Ho6up376nQrI0uVXjjPoxHiQsYgQrLXndAMML2A0Gd3ZQqSLTRm7NsSEyLbdmu64m55bjnCFomWiGKligEVTee/2U5DFNFOFYSs9CmfILLBQjnE7KvVzSDJMRHlBP0wTHVPrF7OQJPNZKH0ap0JUoOFO/TxQ4lnIch7ozxmoof3tT8S/Py1VU8wuWZLmiCZkvinIOVQqn/8M+E5QoPtYEE8H0rZAMscBE6ZTKOoSvT+H/pGWblo7o5rRav1zEUQKH4AicAAs4oA6uQQM0AQEpeABP4NlQxqPxYrzOW5eMxcwB+AHj7RMvSJCL</latexit><latexit sha1_base64="2erUZmDjq67xd9lmO/XTGpbbyHo=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuwiSoaRZC0Y3LCvZB0xgm00k7dPJgZiKU0M9w40IRt36NO//G6UNQ0QMXDufcy733hBlnUiH0YSwtr6yurZc2yptb2zu7lb39lkxzQWiTpDwVnRBLyllCm4opTjuZoDgOOW2Ho6up376nQrI0uVXjjPoxHiQsYgQrLXndAMML2A0Gd3ZQqSLTRm7NsSEyLbdmu64m55bjnCFomWiGKligEVTee/2U5DFNFOFYSs9CmfILLBQjnE7KvVzSDJMRHlBP0wTHVPrF7OQJPNZKH0ap0JUoOFO/TxQ4lnIch7ozxmoof3tT8S/Py1VU8wuWZLmiCZkvinIOVQqn/8M+E5QoPtYEE8H0rZAMscBE6ZTKOoSvT+H/pGWblo7o5rRav1zEUQKH4AicAAs4oA6uQQM0AQEpeABP4NlQxqPxYrzOW5eMxcwB+AHj7RMvSJCL</latexit><latexit sha1_base64="2erUZmDjq67xd9lmO/XTGpbbyHo=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuwiSoaRZC0Y3LCvZB0xgm00k7dPJgZiKU0M9w40IRt36NO//G6UNQ0QMXDufcy733hBlnUiH0YSwtr6yurZc2yptb2zu7lb39lkxzQWiTpDwVnRBLyllCm4opTjuZoDgOOW2Ho6up376nQrI0uVXjjPoxHiQsYgQrLXndAMML2A0Gd3ZQqSLTRm7NsSEyLbdmu64m55bjnCFomWiGKligEVTee/2U5DFNFOFYSs9CmfILLBQjnE7KvVzSDJMRHlBP0wTHVPrF7OQJPNZKH0ap0JUoOFO/TxQ4lnIch7ozxmoof3tT8S/Py1VU8wuWZLmiCZkvinIOVQqn/8M+E5QoPtYEE8H0rZAMscBE6ZTKOoSvT+H/pGWblo7o5rRav1zEUQKH4AicAAs4oA6uQQM0AQEpeABP4NlQxqPxYrzOW5eMxcwB+AHj7RMvSJCL</latexit><latexit sha1_base64="2erUZmDjq67xd9lmO/XTGpbbyHo=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuwiSoaRZC0Y3LCvZB0xgm00k7dPJgZiKU0M9w40IRt36NO//G6UNQ0QMXDufcy733hBlnUiH0YSwtr6yurZc2yptb2zu7lb39lkxzQWiTpDwVnRBLyllCm4opTjuZoDgOOW2Ho6up376nQrI0uVXjjPoxHiQsYgQrLXndAMML2A0Gd3ZQqSLTRm7NsSEyLbdmu64m55bjnCFomWiGKligEVTee/2U5DFNFOFYSs9CmfILLBQjnE7KvVzSDJMRHlBP0wTHVPrF7OQJPNZKH0ap0JUoOFO/TxQ4lnIch7ozxmoof3tT8S/Py1VU8wuWZLmiCZkvinIOVQqn/8M+E5QoPtYEE8H0rZAMscBE6ZTKOoSvT+H/pGWblo7o5rRav1zEUQKH4AicAAs4oA6uQQM0AQEpeABP4NlQxqPxYrzOW5eMxcwB+AHj7RMvSJCL</latexit>

Differentiate w.r.t µR
<latexit sha1_base64="WQWVOSQb/th0DvM6epsU6CNR1gU=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLtYOuu6MZlFfuAdiiZNNPGJpkhyQhl6D+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTscX8789j1VmsXy1kwSGgg8lCxiBBsrtXoi7d/AfrGE3DO/UqmdQ+Siqo8qviVe2UPIh56L5iiBJRr94ntvEJNUUGkIx1p3PZSYIMPKMMLptNBLNU0wGeMh7VoqsaA6yObXTuGJVQYwipUtaeBc/T6RYaH1RIS2U2Az0r+9mfiX101NVAsyJpPUUEkWi6KUQxPD2etwwBQlhk8swUQxeyskI6wwMTaggg3h61P4P2mVXc8mc+2X6hfLOPLgCByDU+CBKqiDK9AATUDAHXgAT+DZiZ1H58V5XbTmnOXMIfgB5+0TY/mPAA==</latexit><latexit sha1_base64="WQWVOSQb/th0DvM6epsU6CNR1gU=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLtYOuu6MZlFfuAdiiZNNPGJpkhyQhl6D+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTscX8789j1VmsXy1kwSGgg8lCxiBBsrtXoi7d/AfrGE3DO/UqmdQ+Siqo8qviVe2UPIh56L5iiBJRr94ntvEJNUUGkIx1p3PZSYIMPKMMLptNBLNU0wGeMh7VoqsaA6yObXTuGJVQYwipUtaeBc/T6RYaH1RIS2U2Az0r+9mfiX101NVAsyJpPUUEkWi6KUQxPD2etwwBQlhk8swUQxeyskI6wwMTaggg3h61P4P2mVXc8mc+2X6hfLOPLgCByDU+CBKqiDK9AATUDAHXgAT+DZiZ1H58V5XbTmnOXMIfgB5+0TY/mPAA==</latexit><latexit sha1_base64="WQWVOSQb/th0DvM6epsU6CNR1gU=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLtYOuu6MZlFfuAdiiZNNPGJpkhyQhl6D+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTscX8789j1VmsXy1kwSGgg8lCxiBBsrtXoi7d/AfrGE3DO/UqmdQ+Siqo8qviVe2UPIh56L5iiBJRr94ntvEJNUUGkIx1p3PZSYIMPKMMLptNBLNU0wGeMh7VoqsaA6yObXTuGJVQYwipUtaeBc/T6RYaH1RIS2U2Az0r+9mfiX101NVAsyJpPUUEkWi6KUQxPD2etwwBQlhk8swUQxeyskI6wwMTaggg3h61P4P2mVXc8mc+2X6hfLOPLgCByDU+CBKqiDK9AATUDAHXgAT+DZiZ1H58V5XbTmnOXMIfgB5+0TY/mPAA==</latexit><latexit sha1_base64="WQWVOSQb/th0DvM6epsU6CNR1gU=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLtYOuu6MZlFfuAdiiZNNPGJpkhyQhl6D+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTscX8789j1VmsXy1kwSGgg8lCxiBBsrtXoi7d/AfrGE3DO/UqmdQ+Siqo8qviVe2UPIh56L5iiBJRr94ntvEJNUUGkIx1p3PZSYIMPKMMLptNBLNU0wGeMh7VoqsaA6yObXTuGJVQYwipUtaeBc/T6RYaH1RIS2U2Az0r+9mfiX101NVAsyJpPUUEkWi6KUQxPD2etwwBQlhk8swUQxeyskI6wwMTaggg3h61P4P2mVXc8mc+2X6hfLOPLgCByDU+CBKqiDK9AATUDAHXgAT+DZiZ1H58V5XbTmnOXMIfgB5+0TY/mPAA==</latexit>

Renormalisation group equation: 

Finite and Computable!

  Running coupling
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! = 1� �0as(µ
2
R) log

✓
µ2
R

µ2
0

◆

<latexit sha1_base64="qYLPxxaogL2mgP3IdYyRK+cTnHI="></latexit><latexit sha1_base64="qYLPxxaogL2mgP3IdYyRK+cTnHI="></latexit><latexit sha1_base64="qYLPxxaogL2mgP3IdYyRK+cTnHI="></latexit><latexit sha1_base64="qYLPxxaogL2mgP3IdYyRK+cTnHI="></latexit>

⌘i =
�i

�0
<latexit sha1_base64="IV2oXTUTfc6Gez3DXvUPimq7BqE=">AAACCHicdVBLSwMxGMzWV62vVY8eDBbB05Ltg+5FKHrxWME+oLss2TRtQ7MPkqxQlh69+Fe8eFDEqz/Bm//GdFtBRQcCk5n5SL4JEs6kQujDKKysrq1vFDdLW9s7u3vm/kFHxqkgtE1iHotegCXlLKJtxRSnvURQHAacdoPJ5dzv3lIhWRzdqGlCvRCPIjZkBCst+eaxSxX2GTyHmRvk1I11Hi4uaOabZWRVHNupNyCy6rUqqtowV2oNB9oWylEGS7R8890dxCQNaaQIx1L2bZQoL8NCMcLprOSmkiaYTPCI9jWNcEill+WLzOCpVgZwGAt9IgVz9ftEhkMpp2GgkyFWY/nbm4t/ef1UDR0vY1GSKhqRxUPDlEMVw3krcMAEJYpPNcFEMP1XSMZYYKJ0dyVdwtem8H/SqVg2suzrWrl5sayjCI7ACTgDNmiAJrgCLdAGBNyBB/AEno1749F4MV4X0YKxnDkEP2C8fQJAuZmA</latexit><latexit sha1_base64="IV2oXTUTfc6Gez3DXvUPimq7BqE=">AAACCHicdVBLSwMxGMzWV62vVY8eDBbB05Ltg+5FKHrxWME+oLss2TRtQ7MPkqxQlh69+Fe8eFDEqz/Bm//GdFtBRQcCk5n5SL4JEs6kQujDKKysrq1vFDdLW9s7u3vm/kFHxqkgtE1iHotegCXlLKJtxRSnvURQHAacdoPJ5dzv3lIhWRzdqGlCvRCPIjZkBCst+eaxSxX2GTyHmRvk1I11Hi4uaOabZWRVHNupNyCy6rUqqtowV2oNB9oWylEGS7R8890dxCQNaaQIx1L2bZQoL8NCMcLprOSmkiaYTPCI9jWNcEill+WLzOCpVgZwGAt9IgVz9ftEhkMpp2GgkyFWY/nbm4t/ef1UDR0vY1GSKhqRxUPDlEMVw3krcMAEJYpPNcFEMP1XSMZYYKJ0dyVdwtem8H/SqVg2suzrWrl5sayjCI7ACTgDNmiAJrgCLdAGBNyBB/AEno1749F4MV4X0YKxnDkEP2C8fQJAuZmA</latexit><latexit sha1_base64="IV2oXTUTfc6Gez3DXvUPimq7BqE=">AAACCHicdVBLSwMxGMzWV62vVY8eDBbB05Ltg+5FKHrxWME+oLss2TRtQ7MPkqxQlh69+Fe8eFDEqz/Bm//GdFtBRQcCk5n5SL4JEs6kQujDKKysrq1vFDdLW9s7u3vm/kFHxqkgtE1iHotegCXlLKJtxRSnvURQHAacdoPJ5dzv3lIhWRzdqGlCvRCPIjZkBCst+eaxSxX2GTyHmRvk1I11Hi4uaOabZWRVHNupNyCy6rUqqtowV2oNB9oWylEGS7R8890dxCQNaaQIx1L2bZQoL8NCMcLprOSmkiaYTPCI9jWNcEill+WLzOCpVgZwGAt9IgVz9ftEhkMpp2GgkyFWY/nbm4t/ef1UDR0vY1GSKhqRxUPDlEMVw3krcMAEJYpPNcFEMP1XSMZYYKJ0dyVdwtem8H/SqVg2suzrWrl5sayjCI7ACTgDNmiAJrgCLdAGBNyBB/AEno1749F4MV4X0YKxnDkEP2C8fQJAuZmA</latexit><latexit sha1_base64="IV2oXTUTfc6Gez3DXvUPimq7BqE=">AAACCHicdVBLSwMxGMzWV62vVY8eDBbB05Ltg+5FKHrxWME+oLss2TRtQ7MPkqxQlh69+Fe8eFDEqz/Bm//GdFtBRQcCk5n5SL4JEs6kQujDKKysrq1vFDdLW9s7u3vm/kFHxqkgtE1iHotegCXlLKJtxRSnvURQHAacdoPJ5dzv3lIhWRzdqGlCvRCPIjZkBCst+eaxSxX2GTyHmRvk1I11Hi4uaOabZWRVHNupNyCy6rUqqtowV2oNB9oWylEGS7R8890dxCQNaaQIx1L2bZQoL8NCMcLprOSmkiaYTPCI9jWNcEill+WLzOCpVgZwGAt9IgVz9ftEhkMpp2GgkyFWY/nbm4t/ef1UDR0vY1GSKhqRxUPDlEMVw3krcMAEJYpPNcFEMP1XSMZYYKJ0dyVdwtem8H/SqVg2suzrWrl5sayjCI7ACTgDNmiAJrgCLdAGBNyBB/AEno1749F4MV4X0YKxnDkEP2C8fQJAuZmA</latexit>

Solution at three loops

  Running coupling
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µ2
R

d

dµ2
R

as(µ
2
R) = �as(µ

2
R)µ

2
R

d

dµ2
R

log(Za(µ
2
R)) = �(as)

<latexit sha1_base64="wCPSNWDD/z5jAPI2K82GzaPBKCM="></latexit><latexit sha1_base64="wCPSNWDD/z5jAPI2K82GzaPBKCM="></latexit><latexit sha1_base64="wCPSNWDD/z5jAPI2K82GzaPBKCM="></latexit><latexit sha1_base64="wCPSNWDD/z5jAPI2K82GzaPBKCM="></latexit>

�(as) = as
"

2

1

1 + as
d

das
logZa

<latexit sha1_base64="nAk/M4hc1OJp0wX6XlC3u4CmOjw="></latexit><latexit sha1_base64="nAk/M4hc1OJp0wX6XlC3u4CmOjw="></latexit><latexit sha1_base64="nAk/M4hc1OJp0wX6XlC3u4CmOjw="></latexit><latexit sha1_base64="nAk/M4hc1OJp0wX6XlC3u4CmOjw="></latexit>

Za = 1 + as(µ
2
R)

1

"
�0 +O(a2s)

<latexit sha1_base64="fBCV/zh0ywHVpKCYbpEwZTgYZiY="></latexit><latexit sha1_base64="fBCV/zh0ywHVpKCYbpEwZTgYZiY="></latexit><latexit sha1_base64="fBCV/zh0ywHVpKCYbpEwZTgYZiY="></latexit><latexit sha1_base64="fBCV/zh0ywHVpKCYbpEwZTgYZiY="></latexit>

Renormalisation group equation:

Beta function (exact) 

Perturbative result to one-loop:

Beta function at one-loop: �0 =
11

3
CA � 4

3
nfTf

<latexit sha1_base64="vNHPVtZmWy7viS09OaOPwN3MSds="></latexit><latexit sha1_base64="vNHPVtZmWy7viS09OaOPwN3MSds="></latexit><latexit sha1_base64="vNHPVtZmWy7viS09OaOPwN3MSds="></latexit><latexit sha1_base64="vNHPVtZmWy7viS09OaOPwN3MSds="></latexit>

where,

�(as) = �a2s�0 +O(a3s)
<latexit sha1_base64="Rq1/0InaJcrxVgtpyYyvKsXnvkc="></latexit><latexit sha1_base64="Rq1/0InaJcrxVgtpyYyvKsXnvkc="></latexit><latexit sha1_base64="Rq1/0InaJcrxVgtpyYyvKsXnvkc="></latexit><latexit sha1_base64="Rq1/0InaJcrxVgtpyYyvKsXnvkc="></latexit>

µ2
R
das(µ2

R)

dµ2
R

= �a2s�0 +O(a3s)
<latexit sha1_base64="fdsyzHuv1HuGxJAUkz0ewLIPhrA="></latexit><latexit sha1_base64="fdsyzHuv1HuGxJAUkz0ewLIPhrA="></latexit><latexit sha1_base64="fdsyzHuv1HuGxJAUkz0ewLIPhrA="></latexit><latexit sha1_base64="fdsyzHuv1HuGxJAUkz0ewLIPhrA="></latexit>

RG equation:

  One Loop result
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Four Loop results for beta function of QCD

  Beta Function of QCD
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µ2
R
das
dµ2

R

= �a2s�0
<latexit sha1_base64="HAecCse3qAiJzldl9slWCnWfX/s="></latexit><latexit sha1_base64="HAecCse3qAiJzldl9slWCnWfX/s="></latexit><latexit sha1_base64="HAecCse3qAiJzldl9slWCnWfX/s="></latexit><latexit sha1_base64="HAecCse3qAiJzldl9slWCnWfX/s="></latexit>

1

as(µ2
f )

=
1

as(µ2
i )

+ �0 log(µ
2
f/µ

2
i )

<latexit sha1_base64="i/5+Ed+/UMkr/nAFvw1Duc5DjeM="></latexit><latexit sha1_base64="i/5+Ed+/UMkr/nAFvw1Duc5DjeM="></latexit><latexit sha1_base64="i/5+Ed+/UMkr/nAFvw1Duc5DjeM="></latexit><latexit sha1_base64="i/5+Ed+/UMkr/nAFvw1Duc5DjeM="></latexit>

as(µ
2
f ) =

as(µ2
i )

1 + as(µ2
i )�0log(µ2

f/µ
2
i )

<latexit sha1_base64="8mi1j257dnTVdLe9zKE7ekJIAWo="></latexit><latexit sha1_base64="8mi1j257dnTVdLe9zKE7ekJIAWo="></latexit><latexit sha1_base64="8mi1j257dnTVdLe9zKE7ekJIAWo="></latexit><latexit sha1_base64="8mi1j257dnTVdLe9zKE7ekJIAWo="></latexit>

�0 =
11

3
CA � 4

3
nfTf

<latexit sha1_base64="vNHPVtZmWy7viS09OaOPwN3MSds="></latexit><latexit sha1_base64="vNHPVtZmWy7viS09OaOPwN3MSds="></latexit><latexit sha1_base64="vNHPVtZmWy7viS09OaOPwN3MSds="></latexit><latexit sha1_base64="vNHPVtZmWy7viS09OaOPwN3MSds="></latexit>

CA = 3, Tf =
1

2
<latexit sha1_base64="E0TGXv9Qy2Do04BmkU+GE102VEk="></latexit><latexit sha1_base64="E0TGXv9Qy2Do04BmkU+GE102VEk="></latexit><latexit sha1_base64="E0TGXv9Qy2Do04BmkU+GE102VEk="></latexit><latexit sha1_base64="E0TGXv9Qy2Do04BmkU+GE102VEk="></latexit>

µf ! 1
<latexit sha1_base64="svc36uOfyyZ6qua2GnbUeb4z0nk=">AAACAXicdVDLSgNBEJz1GeMr6kXwMhgET2E3Jibegl48RjAPyC5hdjKbDJmdXWZ6lbDEi7/ixYMiXv0Lb/6Nk4egogUNRVU33V1+LLgG2/6wFhaXlldWM2vZ9Y3Nre3czm5TR4mirEEjEam2TzQTXLIGcBCsHStGQl+wlj+8mPitG6Y0j+Q1jGLmhaQvecApASN1c/tumHQD7CreHwBRKrrFLpcBjLq5vF1wSpVitYrtQrl0elKuGOKUz8q2g52CPUUezVHv5t7dXkSTkEmggmjdcewYvJQo4FSwcdZNNIsJHZI+6xgqSci0l04/GOMjo/RwEClTEvBU/T6RklDrUeibzpDAQP/2JuJfXieBoOqlXMYJMElni4JEYIjwJA7c44pRECNDCFXc3IrpgChCwYSWNSF8fYr/J81iwTHJXJXytfN5HBl0gA7RMXJQBdXQJaqjBqLoDj2gJ/Rs3VuP1ov1OmtdsOYze+gHrLdPJzWXWg==</latexit><latexit sha1_base64="svc36uOfyyZ6qua2GnbUeb4z0nk=">AAACAXicdVDLSgNBEJz1GeMr6kXwMhgET2E3Jibegl48RjAPyC5hdjKbDJmdXWZ6lbDEi7/ixYMiXv0Lb/6Nk4egogUNRVU33V1+LLgG2/6wFhaXlldWM2vZ9Y3Nre3czm5TR4mirEEjEam2TzQTXLIGcBCsHStGQl+wlj+8mPitG6Y0j+Q1jGLmhaQvecApASN1c/tumHQD7CreHwBRKrrFLpcBjLq5vF1wSpVitYrtQrl0elKuGOKUz8q2g52CPUUezVHv5t7dXkSTkEmggmjdcewYvJQo4FSwcdZNNIsJHZI+6xgqSci0l04/GOMjo/RwEClTEvBU/T6RklDrUeibzpDAQP/2JuJfXieBoOqlXMYJMElni4JEYIjwJA7c44pRECNDCFXc3IrpgChCwYSWNSF8fYr/J81iwTHJXJXytfN5HBl0gA7RMXJQBdXQJaqjBqLoDj2gJ/Rs3VuP1ov1OmtdsOYze+gHrLdPJzWXWg==</latexit><latexit sha1_base64="svc36uOfyyZ6qua2GnbUeb4z0nk=">AAACAXicdVDLSgNBEJz1GeMr6kXwMhgET2E3Jibegl48RjAPyC5hdjKbDJmdXWZ6lbDEi7/ixYMiXv0Lb/6Nk4egogUNRVU33V1+LLgG2/6wFhaXlldWM2vZ9Y3Nre3czm5TR4mirEEjEam2TzQTXLIGcBCsHStGQl+wlj+8mPitG6Y0j+Q1jGLmhaQvecApASN1c/tumHQD7CreHwBRKrrFLpcBjLq5vF1wSpVitYrtQrl0elKuGOKUz8q2g52CPUUezVHv5t7dXkSTkEmggmjdcewYvJQo4FSwcdZNNIsJHZI+6xgqSci0l04/GOMjo/RwEClTEvBU/T6RklDrUeibzpDAQP/2JuJfXieBoOqlXMYJMElni4JEYIjwJA7c44pRECNDCFXc3IrpgChCwYSWNSF8fYr/J81iwTHJXJXytfN5HBl0gA7RMXJQBdXQJaqjBqLoDj2gJ/Rs3VuP1ov1OmtdsOYze+gHrLdPJzWXWg==</latexit><latexit sha1_base64="svc36uOfyyZ6qua2GnbUeb4z0nk=">AAACAXicdVDLSgNBEJz1GeMr6kXwMhgET2E3Jibegl48RjAPyC5hdjKbDJmdXWZ6lbDEi7/ixYMiXv0Lb/6Nk4egogUNRVU33V1+LLgG2/6wFhaXlldWM2vZ9Y3Nre3czm5TR4mirEEjEam2TzQTXLIGcBCsHStGQl+wlj+8mPitG6Y0j+Q1jGLmhaQvecApASN1c/tumHQD7CreHwBRKrrFLpcBjLq5vF1wSpVitYrtQrl0elKuGOKUz8q2g52CPUUezVHv5t7dXkSTkEmggmjdcewYvJQo4FSwcdZNNIsJHZI+6xgqSci0l04/GOMjo/RwEClTEvBU/T6RklDrUeibzpDAQP/2JuJfXieBoOqlXMYJMElni4JEYIjwJA7c44pRECNDCFXc3IrpgChCwYSWNSF8fYr/J81iwTHJXJXytfN5HBl0gA7RMXJQBdXQJaqjBqLoDj2gJ/Rs3VuP1ov1OmtdsOYze+gHrLdPJzWXWg==</latexit>
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RGE at one loop:

Integrating from  initial to final scales

Solution at one loop:

QCD Coupling constant runs  At large energies as

coupling vanishes

QCD is asymptotically free

At high energies QCD is weakly interacting

  Asymptotic freedom
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 Status of  

Four Loops
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 Quantum Chromodynamics

↵s(Q
2) ! 0

Non-Abelian Gauge theory - SU(3)

Asymptotic Freedom 

Q2 ! 1

Accommodates Bjorken Scaling



  Parton Model in QCD
Hadronic Cross section:

Partonic cross section:

Partonic Flux:

PDFs

Precise ResultsPrecision Measurements
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 QCD improved Parton Model

Collinear Renormalisation Factorisation Scale
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 Factorisation Theorem 

�P (x,Q2) =
X

i=q,q,g

Z 1

x

dz

z
Ci

�
z,Q2, µ2

R, µ
2
F

�
fi/P

⇣x
z
, µ2

F

⌘

- Factorisation ScaleµF

µR - Renormalisation Scale

Process Dependent Coefficient function 
Perturbqtively Calculable to all orders

Only Parton and Target dependent 
Non-Perturbative 
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 DGLAP Evolution
Collinear Renormalisation

Arbitrariness in the choice of µ = µF

µ2 d

dµ2
q0(z) = 0

Collinear  
Renormalisation Group Equation

DGLAP Evolution Equation

Leading Order
In QCD perturbation
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Pij(x, µ
2) = as(µ

2)P (0)
ij (x)

+ a2s(µ
2)P (1)

ij (x)

+ a3s(µ
2)P (2)

ij (x)

 NNLO Results
Optical Theorem

Poles in Dim. Regularisation

Finite part 

Cj(x, µ
2) = C(0)

j (x, µ2) + as(µ
2)C(1)

j (x, µ2) + a2s(µ
2)C(2)

j (x, µ2)

UV + IR Poles in Dim. Regularisation
[ Moch,Vogt, Vermaseren]
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 NNLO splitting functions
[ Moch,Vogt, Vermaseren]
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 NNLO splitting functions
[ Moch,Vogt, Vermaseren]
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 Going beyond NNLO

Large x double log behaviour of Splitting and Coefficient functions

Trick:    Use Physical Evolution Equations (PEE):

PEE: Differential equations w.r.t Q of Structure functions 

Kernels are enhanced by single logs 

[ Moch et al]
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 Going beyond NNLO

(F2, F�) and (F2, FL)

(F2, F�)From PEE of 

From PEE of 

log6,5,4(1� x) of C(3)
LPredictions of 

Large x Behaviour of 4-loop Splitting and Coefficient functions 

4-loop results! 

[Vogt et al]
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 Going beyond NNLO
MINCER to FORCER  

for 4 loop results 

C(3)
2,3,L P (3)

ij (x), �(3)
ij (N)

Third order contributions to Coefficient and  
 splitting functions

N

N

[Vogt, Vermaseren et al]
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 Going beyond NNLO
[Baikov et al, Velizhanin]

Non-Singlet Splitting function at 4-loops 

n=2 moment 

n= 3, 4 moment 
3480

4200

Pade`

Pade`

�n = �
Z

dxxn�1P (x)
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f(x, µ2
o) = ↵ox

↵1(1� x)↵2P (x)

P (x) = (1 + ↵3x+ ↵4x
2 + · · ·)e�1x(1 + e�4x)�5

Z 1

0
dx

�
fu/P (x, µ

2)� fu/P (x, µ
2)
�
= 2

Z 1

0
dx

⇣
fd/P (x, µ

2)� fd/P (x, µ
2)
⌘
= 1

Z 1

0
dx

�
fs/P (x, µ

2)� fs/P (x, µ
2)
�
= 0

Z 1

0
dx x

 
X

i

�
fqi/P (x, µ

2)� fqi/P (x, µ
2)
�
+ fg/P (x, µ

2)

!
= 1

 Parametrisation of PDFs
Standard form

where

µ0at initial scale

Simple Constraints

Momentum sum rule
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 Observables for PDF exactraction
DIS � eN, µN

DIS � ⌫N, ⌫N

(SLAC,BCDMS,NMC,E665,H1,ZEUS)

(CDHS,CHARM,CCFR,CHORUS,NuTeV)

(CDF,D0)
pp ! jets

Drell-Yan

(WA70,UA6,E706)
Prompt photon
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 PDF extraction

GRV,  GJR …

MRST, MSTW …

CTEQ, CT# …

NNPDF 

ABM, ABKM 

Long List of 19 pages 
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World Data:  NS-analysis 

 PDFs at approx. N3LO

W^2> 12.5 GeV^2 , Q^2 > 4 GeV^2

[Bluemlein et al]
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 Heavy Flavours to DIS

F2,L(x,Q
2) =

X

j

Cj,2,L

✓
x,

Q2

µ2
,
m2

µ2

◆
⌦ fj(x, µ

2)

Cj,2,L

✓
N,

Q
2

µ2
,
m

2

µ2

◆
= Cj,2,L

✓
N,

Q
2

µ2

◆
+Hj,2,L

✓
N,

Q
2

µ2
,
m

2

µ2

◆

Hj,2,L

✓
N,

Q
2

µ2
,
m

2

µ2

◆
=

X

i

Ci,2,L

✓
N,

Q
2

µ2

◆
Aij

✓
m

2

µ2
, N

◆

Coefficient functions depend on m 

mass of the heavy flavour 
Mellin space result 

Light flavour Heavy flavour 
Factorisation  

Operator 

Perturbatively Calculable:  

[Bluemlein et al]
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 Heavy Flavours to DIS
[Bluemlein et al]
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 Higher Twist to DIS
[Bluemlein et al]
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 Resummationed PDFs
Coefficient functions in 

�(1� z),

 
logj(1� z)

1� z

!

j = 0, ...,1

1

z
logj z

z ! 1 z << 1Soft Gluons High Energy Gluons 

↵m
s (µ2

R) a(x) log
n b(x) ⇡ 1 when for certain n = g(m)  

Resummation  to all orders   Reliable perturbations predictions  

[Bonvini et al]
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 Resummationed PDFs

Soft Gluon Resummation: z ! 1 N ! 1Or Mellin

Ci(z,Q
2, µ2) = C(0)

i (z) g0(↵s) exp

✓
1

↵s
g1(↵sL) + g2(↵sL) + ↵sg3(↵sL) + · · ·

◆

L =
�0

4⇡
logN

N independent

DIS prod. Drell-Yan prod. Top pair prod.

[Bonvini et al]
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 Resummationed PDFs

• Valence quark are less sensitive to Resumed Coefficient functions  

• Large  x behaviour of gluons gets modified

[Bonvini et al]
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 Resummationed PDFs
• Kt or BFKL approach to Small x Resummation  
• Altarelli-Ball-Forte procedure to resum small x for both 
    Coefficient and splitting functions   

HELL (High Energy Large Logarithm) interfaced with APFELL 

[Bonvini et al]
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NLO QCD, Giele, Glover, Kosher 93 
NLO EW Denner, Dittmaier, Kasprzik, Muck 11 

NNLO QCD, Antenna substraction, ..Gehrmann-De Ridder,Gehrmann, Glover, Huss, Morgan 
N-jettiness, Boughezal, campbell, Ellis, Focke, Giele, Liu, petriello,15 
Boughezal, Liu, Petriello,16

 Jets at NNLO for PDF
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Jet data has a big impact on the medium to large-x gluon PDF 
   
Need exact NNLO all-channel prediction to include full jet  
dataset

 Jet studies for PDFs
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• Z boson transverse momentum depends on high x of the gluon 
• Fiducial cross section is sensitive to NNLO  
• Cross section is dominated at x 10^-2 which is closer to H 

production region 
 

Boughezal, Liu, Petriello 2016

 Pt of Z boson in DY for PDFs
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 Strong Coupling from PDFs


