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Full-colour double-virtual amplitudes for associated production of a Higgs boson with a bottom-

quark pair at the LHC
gm; »  Simon Badger (INFN, Turin), Heribertus Bayu Hartanto (APCTP, Pohang and POSTECH), Rene Poncelet (Cracow, INP), Zihao
’ ; Wu (HIAS, UCAS, Hangzhou and Unlisted, CN), Yang Zhang (Hefei, CUST and PCFT, Hefei) et al. (Dec 9, 2024)

Published in: JHEP 03 (2025) 066 * e-Print: 2412.06519 [hep-ph]

Top-Yukawa contributions to pp — bbH: two-loop leading-colour amplitudes

--n Heribertus Bayu Hartanto (APCTP, Pohang and POSTECH), Rene Poncelet (Cracow, INP) (Mar 31, 2026)
e-Print: 2603.29480 [hep-ph]




Higgs Physics at the LHC

Higgs boson discovery in 2012 — from discovery to precision measurements

study its fundamental properties
explore connection to Beyond Standard Model (BSM) physics
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bbH production at the LHC
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* One of the main single Higgs production mode
— contributes at ~1% to ou,sm

» b-tagging kills the production rate
— yet to be observed

 Bottom-Yukawa enhancement: 2HDM/MSSM

 Irreducible background to HH searches
= (H-bb)(H-tTt), (H=bb)(H-yYy) channels
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bbH production at the LHC
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* One of the main single Higgs production mode
— contributes at ~1% to Ou,sm

» b-tagging kills the production rate
- yet to be observed

 Bottom-Yukawa enhancement: 2HDM/MSSM

 Irreducible background to HH searches
= (H-bb)(H-tTt), (H=bb)(H-yYy) channels
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pp—bbH cross sections

Contributions from different Yukawa couplings [Hamilton,Nason,Re,Zanderighi(2013)]
[Deutschmann,Maltoni,Wiesemann,Zaro(2018)]
[Manzoni,Mazzeo,Mazzitelli,Wiesemann,Zaro(2023)]

UbBH = y§ C}'b -+ ybyt th —+ ytz (}'t [Biello,Mazzitelli,Sankar,Wiesemann,Zanderighi(2025)]
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pp—bbH cross sections

Contributions from different Yukawa couplings [Hamilton,Nason,Re,Zanderighi(2013)]

[Deutschmann,Maltoni,Wiesemann,Zaro(2018)]
[Manzoni,Mazzeo,Mazzitelli,Wiesemann,Zaro(2023)]

UbBH = y§ C}'b -+ ybyt th —+ ytz (}'t [Biello,Mazzitelli,Sankar,Wiesemann,Zanderighi(2025)]

g b 2 ) 5 )
Uffo“JdPS oH 4|4 deS >mm<“H P
g b q b
arsutL [ ¢ : : . b 4
Work in 910 j dPS H-}nm<b + 0]+ JdPS >m't?nn< BT
. 0 g q | b
Heavy-top limit . ¥ #

g b _
" g b
4FS,HTL
1 oUFSHTL _ | jpg oRe -oH 4 e H}m~< +)
— b;
L= 2 CIHGEvGam G J QZI ( g b

b

95 ¥ 2
T e +fdps ZRE(




pp—bbH cross sections

do = d6'% +ads™ +a?d6® +

LO SNLO SNNLO
Fiducial region y2 NLO y2 LO v LOg—tb | y; NNLO
(NLO+PS) || (2eF NNLOPS) | (ggF NNLOPS) | (bbH MINNLOps)
No cut 16967525 ab|| 757478 ab P7TATIE ab 1180112 ab
o 18¥55% ab || 31.6715:% ab 20.5"5% ab 51672
Fid. cuts +
g 12+57% ab || 23.3720% ab 1520 s e
Mapay < e
Fid. cuts +
- 0;152(} ol B8t [ nstiRab | 7765 b 4.8131% g1,
Mopoy < e

Table 5: Cross sections in ab for the y? and yg contributions to pp — bbH with H — v decay
at \/g = 13.6 TeV. Biello etal. Modelling bbH production for the LHC at 13.6 TeV, arXiv:2510.18815[hep-ph]

NNLO(+PS) HEFT prediction for y contribution is desirable

pp—bbH: 2-3 scattering process, actively studied in the last couple of years



[Badger,C zakon,HBH,Moodie,Peraro,Poncelet,Zoia(2023)] One of the precision calculation
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approximated two-loop amplitudes

(massification) for massive b quark calculation

[Chawdhry,Czakon,Mitov,Poncelet(2019)]
[Kallweit,Sotnikov,Wiesemann(2020)]
[Czakon,Mitov,Poncelet(2020)]
[HBH,Poncelet,Popescu,Zoia(2022)]

[Buonocore,Devoto,Kallweit,Mazzitelli,Rottoli,Savoini(2022)]

[Mazzitelli,Sotnikov,Wiesemann(2024)]

[Buccioni,Chen,Feng,Gehrmann,Huss,Marcolli(2025)]

[Garbarino,Grazzini,Kallweit,Savoini(2025)]

[Biello,Mazzitelli,Sankar,Wiesemann,Zanderighi(2025)]

frontiers at the LHC:

NNLO QCD for 2—3 scattering process
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[Czakon,Mitov,Poncelet(2021)][Chen,Gehrmann, [Badger,Brancaccio,Becchetti,Czakon,

Glover,Huss,Marcoli(2022)]Alvarez,Cantero,
Czakon,Llorente,Mitov,Poncelet(2023)]
[Czakon,Poncelet(2025)]

HBH,Poncelet,Zoia(2025)]

approximated two-loop amplitudes

- SN (soft approximation and massification)
pp ttVV’ pp ttH & fully numerical approach

[Buonocore,Devoto,Grazzini,Kallweit,Mazzitelli,Rottoli,Savoini(2022)]
[Catani,Devoto,Grazzini,Kallweit,Mazzitelli,Savoini(2020)][Biello,Savoini,
Signorile-Signorile,Wiesemann(2026)][Becchetti,Canko,Chen,Chestnov,

Delto,Ditsch,Grazzini, Kallweit,Peraro,Pozzoli,Savoini,Tancredi,Zoia(2026)]



NNLO QCD corrections: ingredients

SNNLO: :jz'

Double-Virtual (VV) Real-Virtual (RV) Double-Real (RR)

NNLO subtraction scheme to cancel IR singularities

applied to 2-3 process: STRIPPER, Antenna Subtraction, gr-subtraction
[Czakon(2010)][Gehrmann,Gehrmann-de Ridder,Glover(2005)][Catani,Grazzini(2007)]

NNLO+PS applied to 2-3 process: MiNNLOPS (massive coloured pair+colourless)
[Monni,Nason,Re,Wiesemann,Zanderighi(2022)]

One-loop amplitudes highly automatized: OpenLoops,Recola,MadLoop,Helac-1loop,etc
Remaining bottleneck: two-loop five-point amplitudes

loop amplitude = Z(rational coefficients) x (integral/special functions)

highly non-trivial for multi-scale process!!




State-of-the art: two-loop five-point integrals

massless one external mass

3 2 4
4
< E = L) el ] :
Pl 4 i
1 5 L 2

[Abreu,Chicherin,Dixon,Gehrmann,Henn, (a) PBmzz (b) PBzmz (c) PBzzz
Herrmann,LoPresti,Papadopoulos,Page, X - 4

Sotnikov,Tomassini,Wasser,Wever,Zeng, “(2 1-®3
Zhang,Zoia(2015-2020)] =G R
(d) HBmzz (e) HBzmz (f) HBzzz

pentagon functions for massless ek T.BEL

and one-external mass
(g) DPmz (h) DPzz

[Gehrmann,Henn,Lo Presti(2018)]
[Chicherin,Sotnikov(2020)]1[Chicherin,
Sotnikov,Zoia(2021)][Abreu,Chicherin,lta,
Page,Sotnikov,Tschernow,Zoia(2023)]

[Abreu,Canko,Chicherin,lta,Kardos,Moriello,

Tomassini, Tschernow,Wever,Zeng,Zoia
(2015-2023)]

pp-ttH: leading colour, Nt

[Badger,Becchetti,Chaubey, e lliptic.
Marzucca(2022)] o o

2 ka k1 g
[Badger,Becchetti,Giraudo, j«i
O~
[Febres Cordero,Figueiredo,Kraus, 1 .

Zoia(2024)]
Page,Reina(2023)] (9 Toolgy P

[Becchetti,Dlapa,Zoia(2025)]

Page,Papadopoulos,Smirnov,Sotnikov,Syrrakos,

'. ' NP AIRNEYS
pp-ttj: leading colour 2 3

elliptic "4

two external masses
(planar)

(d) PBzmz (e) PBzzm

[Jiang,Liu,Xu,Yang(2024)]
[Abreu,Chicherin,Sotnikov,Zoia(2024)]

pp-ttW: leading colour

[Becchetti,Canko,
Chestnov,Peraro, o=

Pozzoli,Zoia(2025)] (
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State-of-the art: analytic two-loop five-point amplitudes

® - [Abreu,Page,Pascual,Sotnikov(2020)][Chawdhry,Czakon,Mitov,Poncelet(2021)]
pp yyy [Abreu,De Laurentis,Ita,Klinkert,Page,Sotnikov(2023)]

pp—) VV_/ [Agarwal,Buccioni,von Manteuffel, Tancredi(2021)][Chawdhry,Czakon,Mitov,Poncelet(2021)]
[Badger,Bronnum-Hansen,Chicherin,Gehrmann,HBH,Henn,Marcoli,Moodie,Peraro,Zoia(2021)]

massless
all full colour

® pp—)yjj [Badger,Czakon,HBH,Moodie,Peraro,Poncelet,Zoia(2023)]
° [Abreu,Febres Cordero,lta,Page,Sotnikov(2021)][De Laurentis,Ita,Klinkert,Sotnikov(2023)]
pp_).ljj [Agarwal,Buccioni,Devoto,Gambuti,von Manteuffel,Tancredi(2023)][De Laurentis,lta,Sotnikov(2023)]

* pp—>WDbb (leading colour, massless b) EElaédl-?,iz:cilrétz,ggap(ggczul,)z]oia(2022)]
&+ pp->Wjj tleading colour) e e e e
E « pp—Hbb (ys-term, full colour, massless b) [Badger HBH Poncelet Wu Zhang Zoia(2024)]
('_EU ° pp_)WY_I (Ieading colour) [Badger,HBH,Krys,Zoia(2022)]
9 « pp-Wyy (analytic l.c., numerical s.l.c.) [Badger,HBH,Wu,Zhang,Zoia(2024)]
E)  pp—>HbDb (y-term, leading colour, my=0, HTL)  [HBH,Poncelet(2026)]

° pp—)Hjj (|eading colour, HTL) [DeLaurentis,Ita,Kuschke,Ruf,Sotnikov(2026)]
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State-of-the art: analytic two-loop five-point amplitudes

ﬁ ° pp—)ttj (Ieading colour) [Badger,Brancaccio,Becchetti,Czakon,HBH,Poncelet,Zoia(2025)]
E * pp—>WDbb (leading colour, massive b) [Buonocore,Devoto,Kallweit,Mazzitelli,Rottoli,Savoini(2022)]

g ° pp—)be (leading colour, massive b) [Mazzitelli,Sotnikov,Wiesemann(2024)]

% ° pp_)be (leading colour, massive b) [Biello,Mazzitelli,Sankar,Wiesemann,Zanderighi(2025)]

& * pp—-HLtt (leading colour) Eglee\lll(z)t%zglgazllg:gKna(lIr\lAI,:ItS||\32(Z)$:It:|\lll\l|seas\$rl1r;£12r\(()§g£]6)]

g o pp_)th (Ieading colour) [Fligtc;gﬁ’cso;\e/é[i)ri\(/g(t)ozggazzini,KaIIweit,MazziteIIi,

—

£+ Pp->WEt (leading colour, fully numerical) 5525 Corke che Chestnon oetodtch crzn

see Jim Canko’s talk
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State-of-the art: analytic two-loop five-point amplitudes

n . .
% ° pp—)ttj (leading colour) [Badger,Brancaccio,Becchetti,Czakon,HBH,Poncelet,Zoia(2025)]
E ° pp—)Wbb (|eading colour, massive b) [Buonocore,Devoto,Kallweit,Mazzitelli,Rottoli,Savoini(2022)]
©
- . pp—)be (leading colour, massive b) [Mazzitelli,Sotnikov,Wiesemann(2024)]
Q
">‘<’ o pp_)be (leading colour, massive b) [Biello,Mazzitelli,Sankar,Wiesemann,Zanderighi(2025)]
)
: [Devoto,Grazzini,Kallweit,Mazzitelli,Savoini(2024)]
“5 * pp_)Htt (Ieadmg CO|OUI’) [Biello,Savoini,Signorile-Signorile,Wiesemann(2026)]
g ° pp_)th (Ieading colour) [Eg&gﬁcso;\e/(,)[i)ri\(/%ozggazzini,KaIIweit,MazziteIIi,
L ’
v : : [Becchetti,Canko,Chen,Chestnov,Delto,Ditsch,Grazzini
-IE * pp_)th (leadmg CO|OUF, fuIIy numerlcal) Kallweit,Peraro,Pozzoli,Savoini,Tancredi,Zoia(2026)]

see Jim Canko’s talk

capture leading contributions in mo/Q using massification procedure [Mitov,Moch(2007)]
l 2 d
Mgt = MP=0 4+ 28, MT=0 + 22 M§=" Zig = f(6logmi/Q%)  Terme neglected

Ziq1: universal, perturbative factor, obtained from the ratio of massive to massless y*qgq form factors
e R S R T T e T T T e e e e e E L e L B



Multi-loop scattering amplitudes

Finite remainder = subtract universal UV/IR singularities [CatanillBecher,Neubert][Gardi,Magnea]

FO = A® = PRy = D ri({p}) moni(£) + O(e

)

= analytic pole cancellation, simplest representation of the amplitude

Challenges:

 Analytic - obtaining canonical basis of Feynman master integrals
— determination of special functions: f =In, Li_, Elliptic
- intricate branch cuts
- efficient evaluation for physical kinematics

* Algebraic - expression swell in the intermediate stage
— high-degree rational functions in r, for multiscale process
N R I 1 S 8 109011 S B F S £ S e S R S R A SRR | AR ERESsEensmassnasaEnAsHSsEsSAEEERSASEANARESNAsA AN SRR AN EEA AR



A basis of special functions: pentagon function approach

[Gehrmann,Henn,Lo Presti(2018)][Chicherin,Sotnikov(2020)][Chicherin,Sotnikov,Zoia(2021)]
[Abreu,Chicherin,lta,Page,Sotnikov,Tschernow,Zoia(2023)]

Why? analytic cancellation of UV+IR poles
simplification of finite remainders
efficient numerical evaluation

dMI, | dMI
= Bjj(z, e)MI; = EZ F— MI’

!
I = MI, (33' E) — Z Z djk: 1 € monjk‘(f)‘
N ) 7=0 k }
canonlcal basis basis of special functions
Inputs: see Mattia Pozzolli’s and Jim Canko’s talks

v canonical DEs
v high-precision boundary values of Mis at a random (boundary) point (AMFlow|Liu,Ma(2020)]1)

3

4
1
e3(1 = 26) [AD x <> 2 S 2043 (fﬂ)-f(U)f@uE;f)- L1l 447910 (e9)
5

1

Credit: Simone Zoia (https://www.physik.uzh.ch/dam/jcr:89cf407b-5202-463a-8985-e1947084478e/zoia_UZH_2024.pdf)




Taming algebraic complexity: analytics from numerics

A /:\ - AP ({p},e) = Z (Feynman diagram),
/ K l map loop numerators to Z
rk O Output:
Algebraic / \"\ Scattering amplitude | A@"({p},¢) = Z M ({p},€) Ti({p}.e)
complexity Y. £\ i
Input: //y:: e .\ l IBP reduction
Feynman diagrams /.. 4 A
. L ADM({p},e) = S d ({p}.e) ML({p}, €)
€b> ‘
awr to take A map to special functions

From Simone Zoia’'s Moriond 2024 talk

FO = 3 ({p}) mons(f ({237

Replace algebraic operations with
numerical evaluation over finite fields

subtract UV /IR poles

€ expansion

FOh({p}) = Z r ({p}) mon;(f) + O(e)

. # points X eval. time T
Reconstructed in I
# cores

Reconstruct analytic expressions from
numerical samples ri({p}) mod r




Two-loop amplitudes for pp—bbH (y, contribution)

[Badger,HBH,Poncelet,Wu,Zhang,Zoia;arXiv:2412.06519]

2

___5 -
H TR G,

Colour decomposition in terms of partial amplitudes
M® (15,24,34,44,58) = 0525 {(t“%‘“)if%éi)(lg, 2,34, 4g,511)
asgazy 11 A(L) q_ i1 gasaq (L)1
+(t t )ig 43 (15725v39?4935ﬂ)+5i2 d -’46 (lba25139149v5H)

(N¢,nf) decomposition

2 2),N2 2).1 1 (2),1/N2 2),Nen N¢ ,(2),ns/Ne (2),n2
Ag,ﬁ = NSAgzl) 5 Ag4) £ N2 Aé&l) e - Ncangﬁl) et Fngél) i, n}A&:l &

) n -
_Agzj,1/NC+ang2), f_l_ﬂA(z), FIG

N, N2
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Two-loop amplitudes for pp—bbH (y, contribution)

[Badger,HBH,Poncelet,Wu,Zhang,Zoia;arXiv:2412.06519]

Colour decomposition in terms of partial amplitudes Leading-colour approximation

ME)(15,24,3,,44,55) = nZ325 {(t“3t“4) 1 ASY (15, 26, 39, 49, 51)

_|_ (ta4ta3) EIA(L)(1512533934935H) _|_ 6 1150‘.3&4 ;T, , 4 5H)}

(N¢,nf) decomposition

AR = N2AGN + ZR M + Neng AN 4 W +n2AD"T
AP = AT 1 2T T TR




Two-loop amplitudes for pp—bbH (y, contribution)

[Badger,HBH,Poncelet,Wu,Zhang,Zoia;arXiv:2412.06519]

IBP reduction to master integrals: solving linear system of eqgs for all integral families

Solve IBP systems numerically over FF, permute the solutions, chain to the next stage of computation

planar

PBmzz

< ¢

HTmzzz HTzmzz

HBmzz HBzmz

PBzmz

2 -5 1 4

3l 4 s 3
DPmz DPzz

non-planar

ADNE [ a@3 | A@IUNT | @0 [ q@ae [ (s
4 of scalar integrals | 20905 || 147235 | 83731 | 215394 | 204375 | filesize
Noerin(PBmzz) 2 16 7 8 8 8MB
Noermn(PBzmz) 1 7 4 4 3 10MB
Nperm (PBzzz) 2 4 7 12 24 5.9MB
Nperm (HTmzzz) 2 8 b 24 24 1.9MB
Nperm (HTzmzz) 2 14 8 24 20 3.8MB
Ny ion (H Pz 1 4 4 12 12 4MB
Nperm (HBmzz) 0 10 6 10 12 17MB
Nperm (HBzmz) 0 5 3 ) 5 13MB
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Two-loop amplitudes for pp—bbH (y, contribution)

[Badger,HBH,Poncelet,Wu,Zhang,Zoia;arXiv:2412.06519]

Analytic reconstruction data

F(2) — Zn({p}) mon; (f)

Subleading colour terms:

- more complicated rational coeffs

- slower evaluation time

exploit relations of rational coefficients
among different partial amplitudes

2),N? 2),1 2),N, ) 1N
I g g Ik
helicity set Eg f_ifq f_ig Eg
;=1 133/132|| 176/175 176/175 | 265/269 265/269 | 214/207 214/207
Ag;)’l (2).1
(2),1 Agy”
ansatz for o (2),1
; Ads
linear . @) 1/N?
relations | N/D: max polynomial degrees g
1. . 43
- in the numerator/denominator
. 133/132 | 17 135/130
relations
number of
independent 162 a72 216 D82 151 281 258
coefficients
denominator
e 133/0 176/0 110/0 233/0 119/0 141/0 135/0
univariate
partial 32/25 38/33 25,/22 36/33 36/33 32/28 32/28
fraction
factor
sttt 28/0 38/0 24/0 36/0 36/0 32/0 32/0
nymlscof 16711 | 47608 10382 | 38221 37002 | 21150 20337
sample points
evaluation to 100t 67t 106t, 57t0 74t, 621,

time per point




Two-loop amplitudes for pp—bbH (y, contribution)

[Badger,HBH,Poncelet,Wu,Zhang,Zoia;arXiv:2412.06519]

Analytic reconstruction data

F(2) — Zn({p}) mon; (f)

Subleading colour terms:

- more complicated rational coeffs

- slower evaluation time

exploit relations of rational coefficients
among different partial amplitudes

I P A
helicity set ﬁg f_i;, f_ig Eg
1 =1 133/132|| 176/175 176/175 [|265/269 265/269 | 214/207 214/207
Ag;)’l A1
(2),1 34
ansatz for ) Al ) A1
linear = Aéi)’wc & A(si)’l/Nc < A(Zigl/Nf
relations Afa)’l/ N A?;),I/Nf
@)1/ 43
&
linear
e 133/132|| 176/175 110/109 ||233/233 121/115 | 141/140 135/130
number of
independent 162 a72 216 D82 151 281 258
coefficients
denominator
waehne 133/0 176/0 110/0 233/0 119/0 141/0 135/0
univariate
partial 32/25 38/33 25,/22 36/33 36/33 32/28 32/28
fraction
factor
sttt 28/0 38/0 24/0 36/0 36/0 32/0 32/0
nymlscof 16711 || 47608 10382 || 38221 37002 | 21150 20337
sample points
evaluation to 100t 67t 106t, 57t0 74t, 621,

time per point




Two-loop amplitudes for pp—bbH (y, contribution)

[Badger,HBH,Poncelet,Wu,Zhang,Zoia;arXiv:2412.06519]

Analytic reconstruction data

F(2) — Zn({p}) mon; (f)

Subleading colour terms:

- more complicated rational coeffs

- slower evaluation time

exploit relations of rational coefficients
among different partial amplitudes
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ansatz for ) Al ) A1
linear - Aé?’””ﬂ - A(si)’l/Nc Z A(Zigl/Nf
relations Afa)’l/ N A?;),I/Nf
@)1/ 43
&
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e 133/132|| 176/175 110/109 ||233/233 121/115 | 141/140 135/130
number of
independent 162 a72 216 D82 151 281 258
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waehne 133/0 176/0 110/0 233/0 119/0 141/0 135/0
univariate
partial 32/25 38/33 25/22 36/33 36/33 32/28 32/28
fraction
factor
sttt 28/0 38/0 24/0 36/0 36/0 32/0 32/0
nymlscof 16711 || 47608 10382 || 38221 37002 | 21150 20337
sample points
evaluation to 100t 67t 106t, 57t0 74t, 621,

time per point
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Two-loop amplitudes for pp—bbH (y, contribution)

[Badger,HBH,Poncelet,Wu,Zhang,Zoia;arXiv:2412.06519]

Analytic structure of the full-colour amplitude

Planar scattering V. Sotnikov, QCD meets Gravity 2023

Only linear or quadratic letters vanish in Ppyhys, poles always canceled, i.e. R =0

New feature of nonplanar scattering

Square roots of quartic polynomials 1/¥5 can vanish in Pp,ys = new types of divergences

VZ5 B520 dmg tot* o

\f‘25 ’ a,\f'25 § e ey it

¥s—0 t—t* .
2. Uncompensated poles: dlog+/%5 2 7, ggg a t_c;* + ... = log divergence!

1. Integrable square root: dlog Zi_

see G. Papathanasiou’s talk

e Choose basis functions to localize non-analytic behavior

e Functions with type 2 divergence cancel out in physical results? YES!!
yP g Py : (at the level of bare amplitude)
e Numerical evaluation more challenging I need to check for other processes !!!



NNLO+PS predictions for pp—bbH (y, contribution)

[Biello,Mazzitelli,Sankar,Wiesemann,Zanderighi;arXiv:2412.09510]

NNLO calculation with massive b matched to parton shower using MiNNLO+PS

— our two-loop amplitudes with massless b + massification

Final state signatures: inclusive, at least 1 b jet, at least 2 b jets

bbH@LHC 13 TeV

" ?U./dF.JT"T' [f!;)/?e\ll] . bHeHcwsT 02 dcw‘de,.|I [fb/G-IeV] I .b?H.@L'H(.: 1|3'I:e\{ 100 dc/deH [fb/GeV] bbH@LHC 13 TeV
3 3 | r—r—1rr17T 71T 771 77
---- NLOpg (4FS) F 1 bje - NLOpg (4FS) 2 bJEXP
10" 55

_ —— MINNLOpg (4FS)

----------

prJ > 30 GeV, npl < 2. 4

—— MiNNLOpg (4FS) ]

[ P> 30 GeV, nyl < 24

- NLOpg (4FS) ]
—— MiNN LOPS (4FS) 1

0 50 100 150 200
pr.H [GeV]

20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
prH [GeV] PTH [GeV]



NNLO+PS predictions for pp—bbH (y, contribution)

[Biello,Mazzitelli,Sankar,Wiesemann,Zanderighi;arXiv:2412.09510]

5 flavour scheme: typically Q?>my? - treat bottom quark as massless,
active flavour in proton PDF, absorb log(Q?/my?) in b-quark PDF

4 flavour scheme: full bottom-quark mass dependence, only appear in the final state

g2 907dpr [fo/GeV] bBH@LHC 13 TeV ., do/dpry [fb/GeV]
S L s L L L

bbH@LHC 13 TeV

I 3
~- NLOpg (5FS) ]

---- NLOpg (4FS) 101 L™

- 100L 0 Tl

------ MIiNNLOpsg (5FS)
—— MINNLOpg (4FS) _

50 100 150 2000 0 50 100 150
PTH [GeV] PTH [GeV]

i
R LLLLLLLLE el
...... H cxssranyg
b CNTTTITITIR - B

(a) LCY g, diagram in 5F5 (b)) LO g diagram in 4F5

4FS vs 5FS
good agreement at
NNLO QCD




NNLO+PS predictions for pp—bbH (y, contribution)

[Biello,Mazzitelli,Sankar,Wiesemann,Zanderighi;arXiv:2412.09510], Christian Biello’s Dissertation (2025)

Assessment of two-loop subleading colour effects

size of corrections <5% but

~20x more expensive to evaluate

Fiducial region Precision Gistagwated [ID] MINNFI{J%?;;O JSLC

mp— H MINNLOps wo/SLC | 466.(0)*15% 1.000
MINNLOps w/SLC | 451.(3)*12% 0.968

pp — H+ < 1b jets | MINNLOpg wo/SLC | 92.(8)T9.5% 1.000
MINNLOps w/SLC | 88.(6)15:2% 0.955

pp — H+ < 2b jets | MINNLOpg wo/SLC 6.5(4):1,;332 1.000
MINNLOps w/SLC | 6.5(1)%35% 0.995

pp — H +0bjets | MINNLOpg wo/SLC 373.(2)333;‘; 1.000
MINNLOps w/SLC | 362.(7)7 3% 0.972

102

10!

100 1100 |
80 -
107 B0 [y
- 40 - -
102 b o — MiNNLOps (4FS)
2 —— MiNNLOpg (4FS w/SLC)
103 0 L ; . .

doldprp [fb/GeV] bbH@LHC 13 TeV  _ daldyw [fo bBH@LHG 13 TeV
— MiNNLOps (4FS) 140
~— MINNLOps (4FS w/SLC)

r

i \
do/dOpinNLOps (4FS)

:
do/dOyinNLOE (4FS)

3 s R R R L =

i 5 09fF ER R B =
0.8 . RERY) - o 3
1 L 1 L 1 L 1 1 1 1
0 50 100 150 200 250 300 -3 2 1 0 1 2 3
prH[GeV] YH
datdayy 1 [ib] BBH@LHC 13TeV  dofdpyy [b/GeV] bBH@LHG 13 TeV
T T T T T T T T T
10° by — MiNNLOpg (4FS) E
Pry>30GeV  —— MiNNLOpg (4FS wiSLC)
F il <2.4 E
1
i ]
a0F —— MINNLOpg (4FS) 102 1
——— MiINNLOpg (4FS w/SLC)
20 1 I 1 1 Il 10-3 1 1 1 L Il
do/dOMiNNLORs (4FS) do/dOMiNNLORs (4FS)
T T T T T T T T T
. 12F 3
[R S S— 3
| e
E EEE
09F. E
0gf— i : 3
1 L 1 L 1 1 1 1 1 Il
3 2 1 0 1 2 3 50 100 150 200 250 300
Ayt prH [GeV]



Two-loop amplitudes for pp—bbH (y:)

[HBH,Poncelet;arXiv:2603.29480]

Colour decomposition in terms of partial amplitudes (exactly the same as y: amplitude)

M) (15,25, 34,44,51) = AL §2C, {(t“3t“4) 1 ASY (15, 26, 39, 49, 51)

12

4 (o) M AR (s, 2,35, 40, 5] + 6,7 89 AP (15,9, 35, 4, 5H)}

(N¢,nf) decomposition (exactly the same as y, amplitude)

9,1 /N2 2),Nen n 2).n¢ /N, (2),n?
A() / +NnA;(,_4) f_|__ng4) 7/ —|—n§A34 .

445(3.24) . NzAgi) N2 i A(Q) 1 =

2 2).Ne | 2),1/N. @)y . N (2),ns /N2
AP = N AP NCA()/ + npAS f+N2A !



Leading colour two-loop amplitudes for pp—bbH (y:)

[HBH,Poncelet;arXiv:2603.29480]

Colour decomposition in terms of partial amplitudes (exactly the same as y, amplitude)

M) (15,25, 34,44,51) = AL §2C, {(t“3t“4) 1 ASY (15, 26, 39, 49, 51)

_|_ (ta4ta,3) ilA(L)(lbg2bggg,4gg5H) _|_ 6 315&3&4 ;T, , 4 5H)}

(N¢,nf) decomposition (exactly the same as y, amplitude)

AR = N2AGN + ZR M + Neng AN 4 W +n2AD"T
AP = AT 1 2T T TR




Leading colour two-loop amplitudes for pp—bbH (y:)

[HBH,Poncelet;arXiv:2603.29480]

IBP reduction to master integrals

(2.N? (2)Neng (N2
AO—»BbggH 'AO—a_bbggH 0—bbgqH
# of scalar integrals 139180 62337 54042
PBmzz j:‘:Z_ * | Nperms 6 4 4
PBzmz m Wi 3 1 2
PBzzz /]:I:E 3 Nperms 6 6 4
HTmzz {1:2 Nperms 6 6 4
HTzmz Q 1 Nperms 6 6 4
HTzzz ° @3 Nperms 4 3 4

(2).N? (2).N.n; (2).N?
0—bbggH 0—bbggH 0—bbgqH
HBmzz @ L Nperms # - .
HBzmz @ Nperms - - -
4
HBzzz 3 Nperms 4 4 4
2
ppme | L | N |- : :
DPzz Nperms 2 1 2




Leading colour two-loop amplitudes for pp—bbH (y:)

[HBH,Poncelet;arXiv:2603.29480]

(2),N2 (2).Ncng (2),N2
0—bbggH 0—bbggH 0—bbgqH
] . o =1 256/251 166/161 145/140
Analytic reconstruction data n
HAeE 187/183 157/153 118/114
relations
de;zggg;or 187/0 157/0 118/0
numerator degrees already quite e
high at leading colour partial 53/52 50/49 41/38
fraction in x5
factor
;e 53/0 50/0 41/0
reconstructing subleading colour number of — _— S
. : . sample points
contributions will be .
required
S . e 3 2 3
significantly more challenging prime fields
i 2050s 190s 841s
time per point




Leading colour two-loop amplitudes for pp—bbH (y:)

[HBH,Poncelet;arXiv:2603.29480]

C++ implementation to compute
two-loop hard functions
(interfaced to PentagonFunctions++)

[ Sotore J & open

Published March 31, 2026 | Version v1

Ancillary files for "Top-Yukawa contributions to $pp \to b\bar{b}H$:
two-loop leading-colour amplitudes”

Hartanto, Heribertus Bayu! (®; Poncelet, Rene? (&

Ready for pheno application!!

Also available as pp—Hjj subprocesses
from [DelLaurentis,lIta,Kuschke,Ruf,Sotnikov(2026)]

Show affiliations |

Number of events

Number of events

102 4

Rescue system: evaluate hard functions

at a rescaled point,

switch to higher precision if necessary

T
—— double : double
—— double : dd_real

4 — dd_real : dd_real
y

Channel: gg - Hbb

Channel: bb—Hbb

10

12 14

16

10°

8 10 12 14

16

=
=]
=

Channel: gg - Hbb

Channel: bb - Hbb

6

8

10

12 14

Estimated number of correct digits

6
Estimated num

8 10 12 14
ber of correct digits

16



Summary

Two-loop amplitude for pp—bbH: yb (massless b, full colour)

yt (massless b, heavy-top-limit, leading colour)

Enabled NNLO+PS bbH (y,) computation (massive b via massification)
y2 bbH at NNLO+PS in HEFT is foreseen
Beyond HEFT?

Analytic approach will be extremely challenging
- numerical or semi-numerical approach

see C. Papadopoulos’, A. Spourdalakis’
and D. Canko’s talks




Summary

Two-loop amplitude for pp—bbH: yb (massless b, full colour)

yt (massless b, heavy-top-limit, leading colour)

Enabled NNLO+PS bbH (y,) computation (massive b via massification)
y2 bbH at NNLO+PS in HEFT is foreseen
Beyond HEFT?

Analytic approach will be extremely challenging
- numerical or semi-numerical approach

see C. Papadopoulos’, A. Spourdalakis’
and D. Canko’s talks

Thank you for your attention!!




Back-up slides
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Subleading colour contribution

pp—~Wyy

[Badger,Czakon,HBH,Moodie,Peraro,Poncelet,Zoia(2023)]

ratio to NNLO

ratio to NNLO

PP-V]]

LHC 13 TeV PDF: NNPD

F31 Scale: Hr

melusive
THCHHSTY

e —

—— NNLO

0.90 1" mmmmm NNLO HE? (512)

|| m— NNLO H? , _g(s12)

0.85
s NNLO HE (512)
0.80
10°
E1(7) [GeV]
o LHC 13 TeV PDF: NNPDF31 Scale: Hy
1.05 inclusive

1.00 =m—l—“—u—t—|——

|" m— NNLO

1 m— NNLO H(2 (515) ¢
| = NNLO #{?. 5, _o(512)

s NNLO HP (s12)

pr [GeV]

10°

[Badger,HBH,Wu,Zhang,Zoia(2024)]
[ —ud = yyrft
80F g5 B - 1
£ ptr = 100 GeV . .
S B0 it
2 i
]
2 40} |
E
= ]
20| y
== 01 0
2
HEOHD —1
: —dit = TP
e il =3 iy
I Sl] I
g ug = 100 GeV
S
=
o 40F
5
= |
= L
Z a0} 1
ey
I E
I o)
i .
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Optimising analytic reconstruction

F® =3"r,({p}) mon,(f)

i
need to reduce the complexity of the rational coefficients!!

set one of the kinematic variables to one (si2 =1 or x; = 1)
« find linear relations among coefficients and reconstruct the simpler ones

Zy,-r,- =0, we can supply ansatz - Zym + Z?jfj =0,
- i J

guess the denominators - from letters
on-the-fly univariate partial fraction - one fewer variable, lower degrees

4 2 | 2
1
f(x,y) = A ansatz = f(x,y) = t110(x) 4 tz10(X) X t220(x)

(y = x)(y +x)?’ y—=x y+x (y+x)?

» factor matching: letters, spinor products/strings
» reconstructed expressions can be further simplifed: MultivariateApart, pfd-parallel

+ r(x) 4+ vi(x)y
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