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• Computation of Pseudo-scalar Higgs boson form factor at 
three loops in QCD  

• Discuss UV and IR poles structure using K+G equation  

• How IR can be used to obtain UV renormalisation constant 

• Applications to 1.N3LO threshold corrections and 2. N-
independent part of  N3LL and 3. Matching coefficient in 
SCET 

• Leading Transcendentality Principle  

• Scale dependence has been studied.

  Plan



[Anastasiou, Duhr, Dulat, Furlan, Herzog, Mistlberger]

CP even Higgs boson Production cross section at  N3LO

CP odd Higgs boson Production cross section at  N2LO
[Harlander, Kilgore; Anastasiou, Melnikov; VR, Smith, Neerven]

N3LO

CP odd Higgs boson production at   

1. Virtual Corrections             2. Real Emission Corrections 

CP Odd Higgs boson



Three Loop Virtual Contributions
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[Chetyrkin, Kniehl, Steinhauser and Bardeen]

 Effective Theory 
Integrating top quark fields:

Effective Operators OG & OJ

• CG and CJ are Wilson Coe�cients

• CG is exact to all orders due to Adler-Bardeen theorem

• CJ is known to as only



Vanishes

OG
OJ

 Effective Couplings 

Feynman Rules: 
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[Nogueira,Vermaseren]

 Qgraf and FORM … 

Qgraf    
         Diagram generation 

FORM  
          Feynman rules 
          SU(N) color algebra  
          Lorentz contraction 

Mathematica 

           IBP reductions

Form Factors at Three loops in QCD

1.

2.

3.

4.

# of diagrams
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[’t Hooft and Veltman]

{�5, �µ} 6= 0

Defining                     in          dimension ?�5 & ✏µ⌫��

Many Prescriptions exist

We follow:     
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✏µ1µ2µ3µ4✏
⌫1⌫2⌫3⌫4 = 4! �⌫1···⌫4

[µ1···µ4]

! n-dim

Breaks Chiral Ward identity !  

                      Remedy: Finite renormalisation

         in n-dimensions �5 & ✏µ⌫��

[Larin]

n 6= 4

n 6= 4



Unphysical degrees of Freedom of gluons: 
    1. Feynman Gauge  for internal gluons 
      2. Physical Polarisation for external gluons

Large number of 3- loop Integrals: 
    1. IBP reduction    
      2. Lorentz Invariant (LI) Identities

[Chetyrkin, Tkachov; Gehrmann, Remiddi]

22 Master Integrals Reduze2 and LiteRed  

 Method 
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 Master Integrals 
[T.Gehrmann,T.Huber,D.Maitre,G.Heinrich,C.Studerus,D.A.Kosower,V.A.Smirnov,A.V.Smirnov, R.N.Lee]



UV Renormalisation
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BareRenormalised

needs finite renormalisation

[Larin]



[OG]R = ZGG [OG]B + ZGJ [OJ ]B
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 On-shell matrix elements 

Form Factors :

Matrix elements between quark and gluon fields :
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 On-shell matrix elements 

Matrix elements between quark and gluon fields :

Form Factors :



 UV and IR poles mix 

On-shell matrix elements between quark and gluon fields :

< M̂I,(0)
i |MK,(n)

i >
I,K = G, J

i = g, q

UV and IR poles mix in n-dimensions 

Exploit Univerality of IR poles  

Trick!
UV poles  
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[Moch, Vogt, Vermaseren; Ravindran; Magnea]

 Sudakov Equation (K+G Eqn.) 

RG invariance
 poles No poles

Cusp Anomalous dim.UV + IR Anomalous dim.



[Moch, Vogt, Vermaseren; Ravindran; Magnea]

 Solution in n-dimensions
Solution in 4 + ✏ dim:

Cusp Anomalous dim.



[Ravindran, Smith, van Neerven; Moch et. al.]

Collinear Anomalous dim.

UV Anomalous dim.

Soft Anomalous dim.

 Single Pole term & UV from IR
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 UV Renormalisation Constant

Solution to third order 

All UV ZIK agree with those in the literature



 Adler-Bell-Jackie Anomaly

CP odd operators

and 

 related by

ABJ Anomaly

Renormalisation Group Invariance

Check !



N3LO Soft+Virtual  Cross section
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 Soft+Virtual at N3LO
Inclusive cross section:

Born cross section: Partonic Flux:

Partonic Cross section:

Soft+Virtual:
Hard part to NNLO

SV part to N3LO
New!



 Soft+Virtual at N3LO

Soft+Virtual:

Plus distributions:

z-space exponentiation of SV cross section:

Mellin Convolution in z-space:



N3LO

 z-space Exponent at

RG invariance, K+G equation, Mass factorisation:

• ZA
g is operator renormalisation

• FA
g is the Form Factor

• �

A
g is the Soft distribution function

• �gg is the Altarelli Parisi kernel

Checked 
New ! 
Known 
Known
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[V.Ravindran]



N3LL Resumed Cross section
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 Constant part at N3LL

N3LL

Resumed Cross section

New!

[S.Catani, L.Trentadue, G.F.Sterman]



N3LO Matching Coefficient in SCET
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 Matching Coefficient in SCET

N3LL

IR finite Matching Coefficient  

New!

[T.Becher, M.Neubert]



 Relations in     SYM

Leading Transcendentality Principle 

• Set CA = CF = N,Tfnf = N/2 for SU(N)

• Leading Transcendental (LT) parts of quark and gluon form factors in

QCD are equal upto a factor 2

l

• LT part of quark and gluon form factors are identical to the scalar form

factor in N = 4 SYM

• LT part of pseudo scalar form factor is identical to quark and gluon form

factors in QCD upto a factor 2

l
also to scalar form factor in N = 4 SYM

N = 4

[A.V.Kotikov,L.N.Lipatov,A.I.Onishchenko,V.N.Velizhanin,T. Gehrmann,J. Henn]



N3LO Phenomenology
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• ≈

 Cross section at N3LO sv



    dependence at N3LO (sv)p
S



 Scale dependence at N3LO sv



 PDF dependence at N3LO sv



• Pseudo-scalar Higgs form factor at three loops in 
QCD  

• UV and IR poles structure using K+G equation  

• Subtraction of IR poles results in UV 
renormalisation constant 

• N3LO threshold corrections and N-independent 
part of  resumed cross section at N3LL, Matching 
coefficients at N3LO in SCET are available 

• Scale dependence has been studied.                         

 Conclusions


