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 Motivation for H+jj @NNLO
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[ATLAS 2202.00487]

Experimental uncertainty on the H+≥2j cross section @HL-LHC: 12.5%

Background to VBF

Real-virtual contribution to N3LO H+j and 
N4LO H production

[Les Houches 2023 Wishlist]



Current frontier of 2  3 →
scattering amplitudes (1)

Massless external particles:

● pp  γγγ→

● pp  γγj→

● pp  γjj→

● pp  jjj→        

[Abreu, Page, Pascual, Sotnikov ’20]
[Chawdhry, Czakon, Mitov, Poncelet ’21]
[Abreu, De Laurentis, Ita, Klinkert,
Page, Sotnikov ’23]

[Agarwal, Buccioni, von Manteuffel, Tancredi ’21]
[Chawdhry, Czakon, Mitov, Poncelet ’21]
[Badger, Brönnum-Hansen, Chicherin, Gehrmann, 
Hartanto, Henn, Marcoli, Moodie, Peraro, Zoia ’21]
[Buccioni, Chen, Feng, Gehrmann, Huss, Marcoli, ‘25]

[Badger, Czakon, Hartanto, Moodie, Peraro,
Poncelet, Zoia ’23]

[Abreu, Febres Cordero, Ita, Page, Sotnikov ’21]
[De Laurentis, Ita, Klinkert, Sotnikov ’23]
[Agarwal, Buccioni, Devoto, Gambuti, 
von Manteuffel, Tancredi ’23]
[De Laurentis, Ita, Sotnikov ’23]

One massive external
particle leading colour:

● pp  Wbb→

● pp  Wjj→

● pp  Hbb→

● pp  Wγj→

● pp  W/Zbb  →
     

[Badger, Hartanto, Zoia ’21]
[Hartanto, Poncelet, Popescu, Zoia ’22]

[Abreu, Febres Cordero, Ita, Klinkert, 
Page, Sotnikov ’22]

[Badger, Hartanto, Krys, Zoia ’21]

[Badger, Hartanto, Krys, Zoia ’22]

[Buonocore, Devoto, Kallweit, Mazzitelli, 
Rottoli, Savoini ’22]
[Mazzitelli, Sotnikov, Wiesemann ’24]
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Numerical evaluations
with more internal masses:

● qq  ttH  (nf part)→

● gg  ttg   (leading colour) →

   

One massive external
particle full colour:

● pp  Wγγ→

● pp  Hbb    →  

[Badger, Hartanto, Wu, Zhang, Zoia ’24]

[Badger, Hartanto, Poncelet, Wu, Zhang, Zoia ’24]

[Agarwal, Heinrich, Jones, Kerner, Klein, Lang,
Magerya, Olsson ’24]

[Badger, Becchetti, Brancaccio, Hartanto, Zoia ‘24]

Current frontier of 2  3 →
scattering amplitudes (2)
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https://arxiv.org/pdf/2412.13876
https://arxiv.org/pdf/2412.13876


  

Outline of the talk

Why self-dual Higgs?

Two-loop all-plus Yang-Mills amplitudes

Cut-constructible part

Rational remainder

Renormalisation and IR structure

Results
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Why self-dual Higgs?

[Dixon,Glover,Khoze ‘04]
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Some helicity configurations are 
easier than others
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easier than others



  

Two-loop all-plus Yang-Mills
Planar five-gluon amplitude via D-dimensional generalised unitarity.  

Full-analytic (integrated) planar five-gluon amplitude. [Gehrmann,Henn,Lo Presti ‘15]

4D generalised unitarity + augmented BCFW recursion relations. Analytic up to seven-
gluon full-colour amplitude and all-multiplicity conjectures. Only one-loop integrations!

[Dalgleish,Dunbar,Godwin,Jehu,Perkins,Strong ‘16 ‘17 ‘20 ‘24]

Planar six-gluon amplitude via D-dimensional generalised unitarity and local numerators.
[Badger,Mogull,Peraro ‘16]

[Badger,Frellesvig,Zhang ‘13]
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Separability conjecture: polylogarithmic part and rational remainder are associated to 
different powers of gluon polarization number

Direct computation of rational remainder. Separability conjecture tested up to nine-gluon 
amplitude and extended to subleading-colour. [Kosower,Pogel ‘22]



  

φ+gluons

One-Loop finite all-multiplicity amplitudes using loop level BCFW 
recursion relations

Two-loop all-plus up to four-gluon amplitude:
4D unitarity cuts + direct Feynman diagram computation over finite fields   

This Talk!
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[Berger,Del Duca,Dixon ‘06]



  

Cut constructible contribution (1)

Triple Cuts Tree(YM) x 1L(φ) 1L(YM) x Tree(φ) 
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Cut constructible contribution (1)

Triple Cuts Tree(YM) x 1L(φ) 1L(YM) x Tree(φ) 

It is zero!

The c.c. amplitude is bootstrapped by studying discontinuities in all the channels 
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IR poles UV pole

[Catani ‘98]

UV structure is not complete! 
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Cut constructible contribution (2)
The cut-constructible finite remainder is defined subtracting IR and UV divergences 



  

IR poles

[Biello’s Master Thesis  ‘22]

UV pole

[Catani ‘98]

UV structure is not complete! 

weight 2 contribution, 
contains only log2 and Li2 

Bubble contribution, 
the same at all-

multiplicity

4D quadrupole cuts

Collinear limit

Agreement with Feynman 
diagram computation
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Cut constructible contribution (2)
The cut-constructible finite remainder is defined subtracting IR and UV divergences 



  

Rational remainder 
extrapolation



  

  Integrand construction
Feynman diagrams generated with QGRAF [Nogueira]

We take the leading colour limit α Nc
2

We adopt ‘t Hooft Veltman scheme (external 4D, internal D-dimension):

is a 4D object!

dependence on 
extra-dim indices 
only in the metric 

4D objects 
inside the 
trace 

Symbolic algebra with Mathematica and Form. Spinor helicity and Dirac algebra with 
spinney [Cullen, Koch-Janusz, Reiter ‘10] [Ruijl, Ueda, Vermaseren]
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 Integrand reduction and IBPs
Rules to map numerators to linear combinations of denominators and ISPs of a given topology 

loop 
momentum linear combinations of pn·ki

linear combination of 
denominators and ISPsexternal momenta

External kinematic variables (momentum twistors) {x1,x2,x3,x4,x5,x6} are sampled over finite fields Zp. 
From now on symbolic calculations are replaced by numerical calculations mod p within the 
framework FiniteFlow [Peraro ‘19]

A system of IBPs for each maximal cut topology (only main permutation). IBPs generated with 
the package NeatIBP  [Wu,Boehm,Ma,Xu,Zhang ‘24]

Reduction to MIs of permuted topologies solving multiple times the main system for different 
permutations of sij(xk)

Mappings between all the MIs of different topologies and different permutations
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Fast and accurate 
numerical evaluation

Simplification of the 
finite remainder

Analytic UV/IR 
subtraction

 Map to pentagon functions
We would like to have a basis of algebraically 
independent MIs components in terms of which 
we can express the amplitude

The elements of such a basis are well known in 
the massless and one massive external particle 
cases, they are called pentagon functions and 
are iterated integrals over dlog one-forms

Each MI component can be written as a Q-linear combination of pentagon functions of the same 
weight, products of pentagon functions of lower weight and trascendental constants.

LC limit

[Gehrmann,Henn,Lo Presti ‘18] [Chicherin,Sotnikov ‘20] [Chicherin,Sotnikov,Zoia ‘22] [Abreu,Chicherin,Ita,Page,Sotnikov,Tschernow,Zoia ‘24]
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[Larin ‘93]

Renormalisation and IR structure
We need renormalisation of αs and self-dual operator

The IR singularities are captured by Catani’s operator

[Kluberg-Stern,Zuber ‘75]

naively unexpected 
counter term 

[Catani ‘98]
arbitrary 

finite term 
13/17

Renormalisation constants for scalar and pseudo-scalar operator are different at two-loop level

IR UV UV



  

Rational remainder
The rational remainder is the difference between full and c.c. finite remainders  

gauge check

weight drop: 
only functions up 
to weight 2 in the 
amplitude

pole check

14/17

unitarity 
constraint

Validation checks:

In the Ds expansion, the (Ds−2)2 component is not only rational, as 
it is in Yang-Mills, but still contains all the information needed to 
extract the rational remainder

We extract R(2) from the (Ds−2)2 component regularising the polylogarithmic part 

(Ds−2)2 component 
is much cheaper to 
reconstruct!

[Badger,Brønnum-Hansen,Hartanto,Peraro ‘18]



  

Reconstruction strategy

Make the ansatz:
pentagon letters

determined by 
reconstructing on a 
slice

Perform univariate partial fraction decomposition

[Badger,Brønnum-Hansen,Chicherin,Gehrmann,Hartanto,Henn,Marcoli,Moodie,Peraro,Zoia ‘21]

Example
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Collinear limit
[Bern,Dixon,Dunbar,Kosower ‘94]

[Bern,Del Duca,Kilgore,Schmidt ‘99]

Triple Collinear limit [Badger,Buciuni,Peraro ‘15]
16/17



  

Conclusions and outlooks

17/17

We computed analytically the Two-loop All-plus Leading Colour amplitude of a self-
dual Higgs and (up to) four external gluons.

We bootstrapped the polylogarithmic part from 4D unitarity cuts. It has a simple 
expression in terms of weight-2 functions (log2 and Li2). 

Direct Feynman diagram computation, sampling over finite fields, allowed us to 
determine the rational finite remainder and to check the cut-constructible term.  

We extrapolated the rational remainder from the (Ds−2)2 component, much cheaper 
to reconstruct with respect to the whole tHV amplitude. 

Why the (Ds−2)2 component is not only rational? Does it depend on the scheme?  

How far we can go with multiplicity? Is it possible to automate the rational remainder 
extrapolation? Other techniques to directly compute the (Ds−2)2 component could be 
explored  

Computation of the subleading colour, other helicity configurations.



  

Thank you!
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