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Motivation
•Precision study at Standard Model (SM) and exploring physics beyond  
    the SM (BSM) 

•To better understand the Higgs Sector, the shape of the potential and the 
electroweak symmetry breaking mechanism

•Form of the Higgs potential plays an important part

• Independent measurements on Higgs trilinear and quartic couplings become 
essential

•At the LHC measuring the quartic coupling via triple Higgs production is 
    very hard

•Higgs trilinear coupling can be probed via di-higgs boson production at high 
luminosities 

•Future hadron colliders will increase the importance of such processes



Higgs Sector

•  Thanks to large amounts of high precision data,  available from two runs at 
the LHC

Precise measurements of mass of the Higgs and its spin properties  
are possible  

        Independent measurement of self coupling to be probed 
        to understand EWSB

•Higgs potential:

 Measure shape of the potential through these coupling



Di-Higgs production
 [Boudjema, Chopin]

 [Djouadi, Killian, Mühlleitner, Zerwas]  [Barger et. al.]

 [Osland, Pandita]

 [Asakawa, Harada, Kanemura]•  Triple Higgs production sensitive to trilinear coupling  
•   Xsecn ~            Not feasible at the LHC at present!
•  Possible with high luminosities,   Xsecn~

O(ab)
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[ Baglio et. al.]

• Still small:   Xsecn ~1000 times smaller than single Higgs 



•gg -> HH :  calculation with top mass effect has been achieved till NLO
S. Borowka et al., 
J. Baglio et al., 
J. Davies et al.

•Calculations done in the infinite top-quark mass limit till  for N3LO
g + g → H + H Chen, Hai Tao, Hua-

Sheng, Wang

A. Xsection is ~14% less than born improved HEFT(                  )

B. NLO top mass effects ~ -15%

C. Top mass scheme uncertainties      30% .
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• Going beyond NLO with top mass effects is very hard

• Alternate approach -  Effective Field Theory    
                                                                               Banerjee, Borowka, Dhani, TGehrmann, 
Ravindran

Developments



State of the Art! at N3LO
•     at  in QCD  in EFTg + g → H + H N3LO

Chen, Hai Tao, Hua-
Sheng, Wang



• Soft gluon resummation at NNLL 
[Shao, Li, Li, Wang]
[de Florian, Mazzitelli]

[Q.Li, Q.-S. Yan, X. Zhao ] 

[Maierhofer, Papaefstathiou]

•Inclusion of sub-leading partonic channels b+B -> HH    (Important in MSSM)

•   at NNLO b + b̄ → H + H Ajjath,  Ahmed ,Dhani, Banerjee, Mukherjee, Ravindran

Improvements 

•Differential Distribution



Goal of present work

•Sub-leading channels do play important role in some kinematic regions

•A lot of work has been done in past two decades on  and 
 

g + g → H + H
b + b̄ → H + H

                       Light Quark contributions to Di-Higgs  in EFT 
                         
                                     
                           

•We are in the era of ‘Ultra-Precision’ so we want to quantify even the smaller 
contributions 

•Role of light quarks in other production channels:  

         and   q + q̄ → A + A q + q̄ → H + A

q + q̄ → H + H



WHAT WE COMPUTE…
•Diagrams : In EFT (large top limit) in powers of as
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•Class A

•Class B

• NLO• LO

                     OUR COMPUTATION !

Contains diagrams proportional to CHH

Contains diagrams proportional to C2
H



CH
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•We work in effective field theory where large      limit (EFT)

•Class A diagrams give zero contribution to all orders!

•Higgs trilinear coupling diagrams included in Class A are zero

•Only Class B diagrams give non-zero contribution 

WHAT WE COMPUTE…



•Wilson coefficients  and  determined by matching the effective theory to 
full theory, are given as,

CH CHH

Matching Coefficients in EFT



         Computation of Class B diagrams 

• Amplitude:

•  Diagram generation by QGRAF:  5 diagrams @LO, 143  diagrams @NLO [Nogueira]

•  Kinematics:

i,j are the incoming quarks

• The coefficients  can be determined from the amplitude  by using appropriate 
projection operators

C Aij



d = 4 + ϵ

•The sum includes spin, flavors and colors of the external fermions. 

•  is the number of colors in  gauge theory.N SU(N)

•The projector that satisfy ,  is found to be∑ P(C)T = 1

• We expand the amplitude  as well as the coefficient  in powers of the 
strong coupling constant defined by 

Aij C
as = g2

s (μ2
R)/16π2

         Computation of Class B diagrams



•Complexity in computing the coefficients         becomes involved due to the 
number of diagrams.

•These coefficients were calculated using in-house routines in  FORM.

•At each stage, simplification was done to ensure the expressions remain compact.

[Vermaseren]

•Reduze 2 : Shift propagators to transform diagrams to different basis.
[von Manteuffel, Studerus]

•So the task : • Up to 2-Loop

•  Computational Details :

         Computation of Class B diagrams 



• 149 Master integrals.

•Reduction of huge number of scalar Feynman integrals to Master Integrals; done   
independently in LiteRed and REDUZE 2.

[Lee]

[Gehrmann, von Manteuffel,  Tancredi, Weihs] [Gehrmann, Tancredi, Weihs]

[von Manteuffel, Studerus]

•Integrals calculated for the process 

•  Using the integrals, we compute the UV and IR divergent amplitudes.

         Computation of Class B diagrams



H
⇤

1

Effective vertex Multiply overall renormalisation constant 

1

ZO

       UV renormalization
• Coupling constant renomalization:

•  Effective  
     vertices

[Nielsen] [Spiridonov, Chetyrkin]
[Kataev, Krasnikov, Pivovarov]

Multiply  

ϵ ϵ ϵ



                Operator Renormalisation

•For  it was observed that a new renormalization constant ,  , was 
required  at two loop.

gg → HH ZL
11

•Due to presence of two composite operators:   Zoller

    UV finite

•For  we  observe that no additional renormalization is required due to 
the absence of Class A diagram.

qq̄ → HH

+  ZL
11



            IR  factorization
[Catani]•UV finite and IR divergent projected amplitudes:

⇣

<latexit sha1_base64="jcKnQfqDnZ+HrVeGqEeNfwGpo2c=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY+lXjxWMLXQhrLZbtqlm03YnQgl9Dd48aCIV3+QN/+N24+Dtj4YeLw3w8y8MJXCoOt+O4WNza3tneJuaW//4PCofHzSNkmmGfdZIhPdCanhUijuo0DJO6nmNA4lfwzHtzP/8YlrIxL1gJOUBzEdKhEJRtFKfq8phtV+ueLW3DnIOvGWpAJLtPrlr94gYVnMFTJJjel6bopBTjUKJvm01MsMTykb0yHvWqpozE2Qz4+dkgurDEiUaFsKyVz9PZHT2JhJHNrOmOLIrHoz8T+vm2F0E+RCpRlyxRaLokwSTMjsczIQmjOUE0so08LeStiIasrQ5lOyIXirL6+Tdr3mXdbq91eVRnMZRxHO4Byq4ME1NOAOWuADAwHP8ApvjnJenHfnY9FacJYzp/AHzucPMDeORg==</latexit>

⌘

<latexit sha1_base64="5BqpZi1erpg0hC/SttagH1OnCWA=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSLopSRV0GOpF48VTFtoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dtbWNza3tgs7xd29/YPD0tFxUyeZYuizRCSqHVKNgkv0DTcC26lCGocCW+Hobua3nlBpnshHM04xiOlA8ogzaqzkd+t8cNkrld2KOwdZJV5OypCj0St9dfsJy2KUhgmqdcdzUxNMqDKcCZwWu5nGlLIRHWDHUklj1MFkfuyUnFulT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6DSZcpplByRaLokwQk5DZ56TPFTIjxpZQpri9lbAhVZQZm0/RhuAtv7xKmtWKd1WpPlyXa/U8jgKcwhlcgAc3UIN7aIAPDDg8wyu8OdJ5cd6dj0XrmpPPnMAfOJ8/MbuORw==</latexit>

UV finite,  
IR singular

=

 + ⇣
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UV finite,  
IR finite

where ,



                Conclusion

•This amplitude will contribute to  inclusive cross sections at N3LO and differential 
ones at N2LO for di-Higgs production in the effective theory.

• Combine these amplitudes into fully differential calculation will require more 
work.

• We have computed light quark initiated processes at two loops amplitude in 
HEFT framework for HH pair production. 

Thank You

• Study of light quark initiated processes at two loops in QCD  to,   A+A  and A+H 
productions is underway


