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Why study H+2 jets from gluon fusion?
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Why study H+2 jets from gluon fusion?

CP nature of the top Yukawa coupling

SM

[Bahl, Fuchs, Hannig, Menen `23]

ℒtop−Yuk = −
ySM
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[Klämke, Zeppenfeld ’07; Dolan, Harris, Jankowiak, 
Spannowsky ’14; Demartin, Maltoni, Mawarti, Page, Zaro ’14]



CP nature of the top Yukawa coupling 
 

Hbb: background di-Higgs production 
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Why study H+2 jets from gluon fusion?
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[arXiv:2307.09992]

generator used in 

experimental analyses

[Manzoni, Mazzeo, Mazzitelli, 
 Wiesemann, Zaro ’23]

[Klämke, Zeppenfeld ’07; Dolan, Harris, Jankowiak, 
Spannowsky ’14; Demartin, Maltoni, Mawarti, Page, Zaro ’14]
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Why study H+2 jets from gluon fusion?

[ATLAS ’22]
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CP nature of the top Yukawa coupling 
 

Hbb: background di-Higgs production 
 

Background Vector boson fusion

[Klämke, Zeppenfeld ’07; Dolan, Harris, Jankowiak, 
Spannowsky ’14; Demartin, Maltoni, Mawarti, Page, Zaro ’14]

[Manzoni, Mazzeo, Mazzitelli, 
 Wiesemann, Zaro ’23]

ggF, bbH VBF

https://arxiv.org/abs/2202.00487


LO: NLO: missing 2L integrals 
 
 
 
 
 
 
 
 
￼  approximation top-quark loop →

Higgs + 2 jet amplitudes
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LO: 

 

heavy top-mass limit (HTL) ￼  & rescaling by LO mass-effects 
 
 
 
 
 

e.g. for H+j cross section @ NLO: ￼  (FTapprox) effect vs. ￼  NLO uncertainty

mt → ∞

∼ 1 % ∼ 15 %

NLO: missing 2L integrals 
 
 
 
 
 
 
 
 
￼  approximation top-quark loop →

Higgs + 2 jet amplitudes
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Goal: virtual NNLO QCD corrections in HTL 

 
 
 
 
 
 

Higgs + 2 jet amplitudes in HTL @ 2 loops
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[Hartanto, Poncelet ‘26]
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[De Laurentis, Ita, V.K., Ruf, Sotnikov ‘26]



Goal: virtual NNLO QCD corrections in HTL 

 
 
 
 
 
 

Challenges: 

‣ Scale: # (color-factors x helicities x crossings x Feynman diagrams) 

‣ Complexity: 6 scales, non-planar integrals, higher rank integrands 

Higgs + 2 jet amplitudes in HTL @ 2 loops
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[Hartanto, Poncelet ‘26]
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Goal: virtual NNLO QCD corrections in HTL 

 
 
 
 
 
 

Challenges: 

‣ Scale: # (color-factors x helicities x crossings x Feynman diagrams) 

‣ Complexity: 6 scales, non-planar integrals, higher rank integrands 

￼  Strategy: 

‣ leading color approximation: ￼  

‣ amplitude reduction & evaluation in finite fields ￼  

‣ Analytic reconstruction from numeric samples

→

Nc , Nf → ∞

𝔽p = ℤ/pℤ

Higgs + 2 jet amplitudes in HTL @ 2 loops
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[Hartanto, Poncelet ‘26]
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[von Manteuffel, Schabinger ’15], [Peraro ’16]

new ideas

[De Laurentis, Ita, V.K., Ruf, Sotnikov ‘26]



Numerical amplitude reduction
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+ cIBP

ci

Master Integrals

Amplitude decomposition

= ∑
i

ci ℐici

 [Abreu, Ita, Moriello, Page, Tschernow ’20]

 [Papadopoulos, Tommasini, Wever ’15 & ‘19]

[Abreu, Chicherin, Ita, Page, 
Sotnikov, Tschernow, Zoia  ’23]



Numerical amplitude reduction
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+ cIBP

[Abreu et al. ’20]

ci

Caravel

Master Integrals

ci ∈ 𝔽p(ϵ)

Amplitude decomposition

= ∑
i

ci ℐici

solve

 [Abreu, Ita, Moriello, Page, Tschernow ’20]

 [Papadopoulos, Tommasini, Wever ’15 & ‘19]

[Abreu, Chicherin, Ita, Page, 
Sotnikov, Tschernow, Zoia  ’23]

https://arxiv.org/abs/2009.11957


Numerical amplitude reduction
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+ cIBP

[Abreu et al. ’20]

ci

Unitarity cuts

Caravel

Master Integrals

ci ∈ 𝔽p(ϵ)

Amplitude decomposition

= ∑
i

ci ℐici

solve

 [Abreu, Ita, Moriello, Page, Tschernow ’20]

 [Papadopoulos, Tommasini, Wever ’15 & ‘19]

[Abreu, Chicherin, Ita, Page, 
Sotnikov, Tschernow, Zoia  ’23]

[Bern, Dixon, Dunbar, Kosower, ’94], 
[Britto, Cachazo, Feng ’04], 
[Ossola, Papadopoulos, Pittau ‘06] 
[Giele, Kunszt, Melnikov ’08; + Zanderighi ’08; 
+ Ellis ’09], 
[Abreu, Febres Cordero, Ita, Jaquier, Page ’17; 
+ Zeng ’17]

Integrand ansatz

cPB cHB+

cDB+

https://arxiv.org/abs/2009.11957


Numerical amplitude reduction
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+ cIBP

special functions

coefficients in ￼𝔽p

[Abreu et al. ’20]

ℛ = ∑k Rk Gk(x)

ci

[Chicherin, Sotnikov, Zoia ’21]

Unitarity cuts

Caravel

Integrand ansatz

Master Integrals

cPB cHB+

cDB+

Finite Remainder

ci ∈ 𝔽p(ϵ)

Amplitude decomposition

Renormalisation & 
IR subtraction

= ∑
i

ci ℐici

solve

 [Abreu, Ita, Moriello, Page, Tschernow ’20]

 [Papadopoulos, Tommasini, Wever ’15 & ‘19]

[Abreu, Chicherin, Ita, Page, 
Sotnikov, Tschernow, Zoia  ’23]

[Bern, Dixon, Dunbar, Kosower, ’94], 
[Britto, Cachazo, Feng ’04], 
[Ossola, Papadopoulos, Pittau ‘06] 
[Giele, Kunszt, Melnikov ’08; + Zanderighi ’08; 
+ Ellis ’09], 
[Abreu, Febres Cordero, Ita, Jaquier, Page ’17; 
+ Zeng ’17]

https://arxiv.org/abs/2009.11957


 

spinor-helicity variables ￼  homogeneous little group transformation and mass-dimensions 

multivariate rational reconstruction: ￼  recoverable from enough samples 

→

Rk(x)

Rk(x) =
N(x)
D(x)

Coefficient reconstruction
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Rk ∈ 𝔽p

Numeric Coefficient Rational Function
∈ ℚ[x]

x ∈ {⟨ij⟩, [ij], si5, ⟨i |5 | i], ⟨i | j + k | i], …}

ℛ = ∑k Rk Gk(x)

[Peraro ‘16], [Klappert, Lange ’19], [Magerya ‘22], [Belitsky, Smirnov, Yakovlev ‘23], [Liu ‘26]



 

spinor-helicity variables ￼  homogeneous little group transformation and mass-dimensions 

multivariate rational reconstruction: ￼  recoverable from enough samples 

Simplification: ￼  have denominator structure 
 

→

Rk(x)

Rk(x)

Rk(x) =
N(x)
D(x)

Coefficient reconstruction
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Rk ∈ 𝔽p

Numeric Coefficient Rational Function
∈ ℚ[x]

letters from symbol alphabet 
of integrals

x ∈ {⟨ij⟩, [ij], si5, ⟨i |5 | i], ⟨i | j + k | i], …}

D(x) = ωa
1 ⋅ … ⋅ ωz

n

ℛ = ∑k Rk Gk(x)

[Abreu, Dormans, Febres Cordero, Ita, Page ‘18]

[Peraro ‘16], [Klappert, Lange ’19], [Magerya ‘22], [Belitsky, Smirnov, Yakovlev ‘23], [Liu ‘26]



 

spinor-helicity variables ￼  homogeneous little group transformation and mass-dimensions 

multivariate rational reconstruction: ￼  recoverable from enough samples 

Simplification: ￼  have denominator structure 
 
 

Bottleneck: numerators ￼  

‣ numerator power up to 168 ￼  ￼  free parameters 

‣ evaluation time per kinematic point O(2h)

→

Rk(x)

Rk(x)

N(x)

→ 8 × 107

Rk(x) =
N(x)
D(x)

Coefficient reconstruction
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Rk ∈ 𝔽p

Numeric Coefficient Rational Function
∈ ℚ[x]

letters from symbol alphabet 
of integrals

x ∈ {⟨ij⟩, [ij], si5, ⟨i |5 | i], ⟨i | j + k | i], …}

D(x) = ωa
1 ⋅ … ⋅ ωz

n

ℛ = ∑k Rk Gk(x)

[Abreu, Dormans, Febres Cordero, Ita, Page ‘18]

[Peraro ‘16], [Klappert, Lange ’19], [Magerya ‘22], [Belitsky, Smirnov, Yakovlev ‘23], [Liu ‘26]



steps in reconstruction: 

 
 

Improved reconstruction strategy
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R(x) =
N(x)
D(x) ∈ ℚ[x]

Partial Fraction 
Decomposition

Multivariate 
reconstruction 𝔽p

𝔽p → ℚ

simplify functions to reconstruct

Simple Basis of ￼Rk



steps in reconstruction: 

 
 

Improved reconstruction strategy
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R(x) =
N(x)
D(x) ∈ ℚ[x]

Partial Fraction 
Decomposition

Multivariate 
reconstruction 𝔽p

𝔽p → ℚ

simplify functions to reconstruct

PFD from excluded pairings of denominator factors

R =
N

ω1ω2ω2
3

example: no ￼  and no  ￼  denominatorsω1ω2 ω1ω2
3

→
N

ω1ω2ω2
3

=
N1

ω1
+
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ω2ω2
3

Simple Basis of ￼Rk



steps in reconstruction: 

 
 

Improved reconstruction strategy
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R(x) =
N(x)
D(x) ∈ ℚ[x]

Multivariate 
reconstruction 𝔽p

𝔽p → ℚ

simplify functions to reconstruct

PFD from excluded pairings of denominator factors

R =
N

ω1ω2ω2
3

example: no ￼  and no  ￼  denominatorsω1ω2 ω1ω2
3

→
N

ω1ω2ω2
3

=
N1

ω1
+

N2

ω2ω2
3

PFD from excluded pairings of denominator factors 

before: from observation 
[De Laurentis, Page ’22], [Abreu et al. ‘23], 
[De Laurentis, Ita, Page, Sotnikov ‘25]

Partial Fraction 
Decomposition

Simple Basis of ￼Rk

https://arxiv.org/abs/2305.17056


steps in reconstruction: 

 
 

PFD from excluded pairings of denominator factors 

before: from observation 

new strategy: probe exclusion of pairs 
on two-dimensional subspaces 

improvement: ￼  free parameters 
for worst function

8 × 107 → 1 × 104

Improved reconstruction strategy
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R(x) =
N(x)
D(x) ∈ ℚ[x]

Multivariate 
reconstruction 𝔽p

𝔽p → ℚ

simplify functions to reconstruct

R =
N

ω1ω2ω2
3

example: no ￼  and no  ￼  denominatorsω1ω2 ω1ω2
3

→
N

ω1ω2ω2
3

=
N1

ω1
+

N2

ω2ω2
3

[De Laurentis, Page ’22], [Abreu et al. ‘23], 
[De Laurentis, Ita, Page, Sotnikov ‘25]

Partial Fraction 
Decomposition

Simple Basis of ￼Rk

https://arxiv.org/abs/2305.17056


Physically relevant theory input: hard function 

 

Results for H + 2 jet amplitudes
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ℋ(2) =

R ∈ 𝔽p

+

ℋ = ∑
color, helicity

R⋆R



Physically relevant theory input: hard function 

 

 

Compact expressions: 

‣ 24MB disk space in total 

‣ evaluation times: ~ 10s gluons, 3s quarks

Results for H + 2 jet amplitudes
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ℋ(2) =

R ∈ 𝔽p
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https://gitlab.com/five-point-amplitudes/FivePointAmplitudes-cpp.git.


10°5

10°4

10°3

10°2

10°1

100

F
ra

ct
io

n
of

p
oi

nt
s

°2 0 2 4 6 8 10 12 14 16 18

° log10 of relative error (“correct digits”)

100

101

102

103

104

105

N
u
m

b
er

of
p
oi

nt
s

H(2)
g g ! g g H

Avg. time per point: 10 s

Physically relevant theory input: hard function 

 

 

Compact expressions: 

‣ 24MB disk space in total 

‣ evaluation times: ~ 10s gluons, 3s quarks 

Validation: 

‣ Scale variation & UV and IR pole structure 

‣ Correct scaling behavior in collinear limits 

‣ Quark channels agree with [Hartanto, Poncelet ‘26]

Results for H + 2 jet amplitudes
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ℋ(2) =

R ∈ 𝔽p

numerical precision @

+

ℋ = ∑
color, helicity

R⋆R

10   PS points105
FivePointAmplitudes-cpp.git

https://gitlab.com/five-point-amplitudes/FivePointAmplitudes-cpp.git.


Analytic structure: anomalous threshold?
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letter from non-planar 2L integrals 

Σ(3)
5 = (s12s24 + s13(s14 + s24) + s123(s12 + s14))2 − 4s13s14s123s124
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Analytic structure: anomalous threshold?
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letter from non-planar 2L integrals 

singularity of some integrals at 
 
 

‣ non-degenerate momenta in scattering region 

Σ(3)
5 = (s12s24 + s13(s14 + s24) + s123(s12 + s14))2 − 4s13s14s123s124
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Analytic structure: anomalous threshold?
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letter from non-planar 2L integrals 

singularity of some integrals at 
 
 

‣ non-degenerate momenta in scattering region 

non-analyticity of amplitude: 

‣ continuous but not regular across ￼Σ(i)
5 = 0
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H+2j amplitudes are ready for phenomenology: 

‣ ggF Hjj and H ￼  4j  @                  : all LC ingredients available 

‣ ggF Hj @                with 3 loop Hj results from [Chen, Guan, Mistlberger ’25] 

‣ towards ggF H @                with 3loop Hj 

Future directions: 

‣ Subleading color 
￼  tools and integrals available 

‣ Study top-mass dependence H+2j  
￼  subleading orders in HTL or numerical analyses 

‣ Similar processes achievable!

→

→

→

 NNLO HTL 

Outlook

￼28

 N LO  3 
HTL 

 N LO  4 
HTL 

previous talk by Adi Suresh at 14:20

talk earlier by Xi Guan at 14:00


