SC|| SciPost Phys. Comm. Rep. 18 (2026)

Modelling bbH production for the LHC at 13.6 TeV

Christian Biello'*, Alessandro Gavardi2, Rebecca von Kuk?, Matthew A. Lim34,
Stefano Manzoni®, Elena Mazzeo®, Javier Mazzitelli®, Aparna Sankarl.7,
Michael Spira®, Frank J. Tackmann?, Marius Wiesemann!",

Giulia Zanderighil” and Marco Zaro®

1 Max-Planck-Institut fiir Physik, Boltzmannstrasse 8, 85748 Garching, Germany
2 Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany
3 Department of Physics and Astronomy, University of Sussex,

Sussex House, Brighton, BN1 9RH, UK
4 Universita degli Studi di Milano-Bicocca & INFN Sezione di Milano-Bicocca,
Piazza della Scienza 3, Milano 20126, Italy
5 CERN, CH-1211 Geneva 23, Switzerland
6 PSI Center for Neutron and Muon Sciences, 5232 Villigen PSI, Switzerland
7 Physik Department T31, James-Franck-Stral3e 1,

Technische Universitdt Miinchen, D-85748 Garching, Germany
8 Universita degli Studi di Milano & INFN Sezione di Milano,

Via Celoria 16, 20133 Milano, Italy

* biello@mpp.mpg.de, T marius.wiesemann@mpp.mpg.de

LH
ﬁ -—c> Part of the Report 5 Collection
Iggs published in the LHC Higgs Working Group Reports Series

Working Group

Abstract

We present new state-of-the-art predictions for Standard Model Higgs boson production
in association with a bottom-quark pair (bbH). Updated cross sections are computed in
accordance with the recommendations of the LHC Higgs Working Group, including the
use of the PDF4LHC21 set of parton distribution functions, with a center-of-mass energy
of 13.6 TeV. For the total inclusive cross section, we provide matched predictions of the
massless five-flavour scheme (5FS) and the massive four-flavour scheme (4FS) at the
fixed-order level. We further present recently obtained simulations matched with par-
ton showers in both flavour schemes within the SM, and also discuss them in the context
of potential BSM scenarios. In the massless scheme, we compare different NNLO+PS
predictions obtained through the MINNLOps and GENEVA generators. In addition, the
role of 4FS predictions is studied as a background to HH searches, considering both the
top-quark and bottom-quark Yukawa contributions to bbH production. Finally, we anal-
yse the sensitivity of the Higgs transverse momentum spectrum to light-quark Yukawa
couplings in the diphoton decay channel based on MINNLOpg simulations.
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1 Introduction

Higgs boson production in association with bottom quarks (bbH) proceeds via two domi-
nant production mechanisms within the Standard Model (SM). The typically considered bbH
process proceeds via tree-level diagrams at Leading Order (L.O) where the Higgs couples to ex-
ternal bottom quarks, see figure 1 for example, which will be referred to as Higgs radiation off
bottom quarks. Hence, the cross section is proportional to the squared bottom Yukawa coupling
(ylf). The other (in the SM even larger) production mechanism is through the loop-induced
gluon fusion process, where the Higgs couples to the quark loop and a radiated gluon splits into
a bottom-quark pair, see figure 2. The dominant contribution to this process is given by the
top-quark loop, and the cross section is therefore proportional to the squared top Yukawa cou-
pling (ytz). Interference effects between the two production mechanisms are of order y, y;,
but they are bottom-mass suppressed and appear only if the bottom quark is considered in a
massive scheme.
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Figure 1: Typical LO Feynman diagrams contributing to bbH production in the four-
flavour scheme (left, centre) and the five-flavour scheme (right). Incoming particles
are shown on the left, and final asymptotic states on the right. In particular, the
last diagram represents the LO contribution to the inclusive Higgs-boson production
through initial-state bottom-quark fusion mediated by the Yukawa coupling y;. In
the five-flavour scheme, this prediction relies on heavy-quark collinear factorization:
the bottom quark is generated through the PDF evolution, and the description is
inclusive with respect to the final state-bottom quark radiation.

t,b

[0

Figure 2: Typical one-loop Feynman diagrams for bbH production in the four-flavour
scheme. The Higgs boson is produced through radiation off internal heavy-quark
loops; for the dominant top-quark contribution, the corresponding vertex is governed
by the Yukawa coupling y,.

We can thus write the bbH production cross section as follows:
0 0
do=y?a? (A;; + (’)(as)) +yypal (Agl?yt + (’)(as)) +yZal (Ang) + O(as)) , (M

where A;O) is the LO contribution to each coupling structure. The first term corresponds to
Higgs radiation off bottom quarks, the last term to the loop-induced gluon fusion process,
and the central one is their interference. Higher-order corrections, indicated generically by
the O(a,) (and higher) corrections, are typically computed separately for each process, with
the caveat that at higher orders in Quantum Chromodynamics (QCD) the two processes mix,
giving rise to their y,y; interference contributions. Notice that the loop-induced gluon fu-
sion contribution is formally a Next-to-Next-to-Leading Order (NNLO) correction (relative asz)
due to the loop suppression, which however is fully compensated by its yt2 / ylf enhancement
compared to the LO yf cross section. As a result, the cross section of the yt2 contribution is
roughly twice as large as the ylf one. There are further relevant bbH production mechanisms,
including Higgsstrahlung (VH) and Vector Boson Fusion (VBH), but their numerical impact is
subleading compared to the yt2 and yi contribution, at least for the inclusive cross section. We
note that, in experimental analyses, these contributions are already included in the simulations
of the VH and VBF processes, and that the corresponding interference terms are negligible.
For fully inclusive Higgs boson production, the radiation off bottom quarks is about two
orders of magnitude smaller than the dominant gluon-fusion cross section and ranks at the
same size as Higgs production in association with top quarks (ttH) production. Higgs boson
production in association with bottom quarks yields therefore a subleading, but yet relevant
contribution to the inclusive Higgs cross section, especially in the precision age of the LHC.
However, when b-tagging is applied in experimental analyses, the bbH signal yield drops sub-
stantially, as the b-jets in this process are typically softer and more forward than those in ttH
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production. In addition, ttH events feature a more distinctive event topology with electroweak
(EW) signatures, which allows for more effective background suppression. As a result of the
small signal yield and involved experimental signature, the measurement of the bbH process
in the SM has not been achieved yet at the LHC.! In the Minimal Supersymmetric Standard
Model (MSSM) or the Two-Higgs-Doublet Model (2HDM) of type II, on the other hand, the
bottom Yukawa coupling is strongly enhanced for large values of tan 3 = v,/v;, where v; ,
denote the vacuum expectation values acquired by the gauge-eigenstate Higgs fields, so that
this production becomes the dominant one, i.e. even larger than the gluon-fusion mechanism.
In addition, bbH production is a major background to di-Higgs searches, where at least one
of the two Higgs bosons decays to bottom quarks.

The calculation of the bbH cross section can be performed in two different schemes. In
the Four-Flavour Scheme (4FS), the bottom quarks are massive and thus no bottom Parton
Distribution Functions (PDFs) are taken into account so that the bottom quarks are entirely
generated in the final state starting from light quark-antiquark and gluon-gluon initial states
at LO, see figure 1 (left, center). The calculation requires 4FS PDFs and a 4FS strong coupling
a, in order to avoid artificially large logarithms at higher orders. The 4FS calculation has
been performed at Next-to-Leading Order (NLO) QCD some time ago [2,3], while NNLO QCD
results became available only very recently [4].

In the 4FS, the integration over the transverse momenta of the final-state bottom quarks,
however, generates logarithmic contributions in the bottom-quark mass that might reduce
the perturbative convergence. In order to resum these logarithms, bottom-quark densities
need to be introduced by treating the bottom quark as a massless particle. The Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution of the PDFs leads to the resummation. This
framework defines the Five-Flavour Scheme (5FS) and starts from a bb initial state at LO,
see figure 1 (right), which neglects the off-shellness and transverse momenta of the initial-
state bottom quarks as well as all power corrections in the bottom-quark mass. The first two
approximations are resolved by adding higher-order QCD corrections that, order by order,
restore the full kinematics of the bottom quarks. However, finite bottom-mass effects cannot
be studied in the 5FS, but they can be included through a combination with the 4FS calculation.
The NLO QCD cross section in the 5FS has been obtained some time ago [5,6]. The NNLO
QCD corrections [7] can range up to several 10% (depending on the scale settings) and they
stabilise the scale dependence significantly. More recently, the 5FS calculation has even been
extended to Next-to-Next-to-Next-to-Leading Order (NLO) QCD [8], which induces a small
correction and further reduces the scale uncertainties.

At sufficiently high perturbative order, the two schemes need to approach each other. How-
ever, the comparison of the 4FS at NLO and the 5FS at NNLO shows a discrepancy at the level
of 20-30%, so that a combination of both schemes became mandatory for reliable prediction.
In order to cope with the logarithmic terms in the 4FS, a factorization scale smaller than the
Higgs mass has been introduced (typically My /4) that reduces the differences between the
4FS and 5FS [9,10]. The combination of the 4FS and 5FS was first performed by applying the
empirical Santander matching [11], which is based on a logarithmic weighting between the
4FS and 5FS. This heuristic approach has been replaced by two proper matching procedures
some years ago, the FONLL approach [12,13] and the NLO+NNLL,,+Y; Y, method [14,15].
Both approaches rely on a systematic expansion of the 4FS parameters and 5FS PDFs using
different methods to merge the two schemes without double-counting of common contribu-
tions. The combined results show a better agreement with the 5FS at NNLO QCD than with
the 4FS at NLO QCD. This situation has changed recently with the computation of the NNLO
QCD corrections in the 4FS [4]. At NNLO QCD, 4FS and 5FS predictions agree within 10% or

1Although no evidence for an observation of bbH production has been reported so far, dedicated searches have
been performed; see, for example, ref. [1].
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better, thus solving the previous discrepancies between the schemes.

Apart from fixed-order predictions, there has been substantial progress also in the matching
of NNLO QCD corrections with parton showers (NNLO+PS) for bbH production recently. A
NNLO+PS calculation in the 5FS has been performed using the GENEVA method [16], while in
the MINNLOpg framework [4,17] NNLO+PS predictions for both the 4FS and 5FS predictions
have been achieved. These three implementations provide suitable NNLO event generators
for the experimental analyses.

The ytz-induced contributions to the inclusive bbH cross section (cf. figure 2) are not well-
defined in the 5FS, since, formally, the rate diverges for massless bottom quarks in fixed-order
perturbation theory. Only by selecting bottom-flavoured jets (b-jets), with an appropriate defi-
nition of the jet flavour (and imposing kinematical selections on them) fixed-order predictions
for the yt2 contribution in the 5FS are infrared safe. So far, the size of the yt2 contribution to
the bbH final state has been estimated effectively only at LO in the SFS, using the inclusive
NNLO+PS generator for gluon fusion [18-20]. In this case, reshuffling of the bottom mo-
menta onto the mass shell and matching to the parton shower, where the bottom quarks are
considered as massive particles, renders the selection of bottom quarks in the final state finite,
even if the underlying perturbative calculation is performed in the 5FS.

In the 4FS, on the other hand, the yt2 part of the inclusive bbH cross section is finite by
construction, since the bottom quarks are treated as massive. On top of that, there is the ad-
ditional y, y, interference contribution in the 4FS, which vanishes in the 5FS.? The complete
NLO QCD corrections to the top-Yukawa induced terms (both yt2 and y,y, interference) have
been obtained in the Heavy-Top Limit (HTL) [22] and turn out to be substantial. This cal-
culation has later been extended in ref. [23] to include the parton-shower matching at NLO
(NLO+PS) to study bbH production as a background to di-Higgs searches. The y, y, inter-
ference amounts to about 10% [2,3] compared to the inclusive ylf cross section, while the yt2
contribution is roughly twice as large as the ylf one [22]. This reduces the sensitivity of the

bbH process to the bottom Yukawa coupling substantially in the SM. For heavy Higgs bosons
in Beyond the Standard Model (BSM) scenarios with an enhanced bottom-Yukawa coupling,
however, the radiation off bottom quarks is the dominant contribution, while all top-quark
Yukawa induced ones become subleading.

Finally, while the discussion up to here focused on QCD corrections, it is worth mentioning
that EW corrections for bbH production have also been computed in the 4FS. In particular,
they have been first evaluated for the sole gg-induced mechanism [24], and then computed for
the full production process [25], and they turn out to be rather small (at the few-percent level).
In the latter case, complete-NLO corrections (including QCD and EW corrections) have been
computed. In this study, it was also shown that other production mechanisms, specifically VH
and VBE can have a relevant contribution to the bbH rate when requiring b-jets, although their
impact can be minimised through suitable kinematical requirements, as shown in ref. [26].
Nevertheless, these are additional backgrounds to the ylf signal, further reducing the sensitivity
to the bottom Yukawa coupling in bbH final states at the LHC.

In this contribution, we present updated cross section predictions for Higgs boson produc-
tion in association with bottom quarks in both the 4FS and the 5FS for the ylf contribution
and including the y, y, interference. To provide a consistent overview of state-of-the-art hbbH
predictions at 13.6 TeV centre-of-mass energy, all results are obtained using a common com-
putational setup detailed in section 2. Updated inclusive cross section predictions at 13.6 TeV
are reported in section 3, which are obtained by an interpolation of existing LHC Higgs Work-
ing Group (LHCHWG) data [27] of the matched NLO 4FS and NNLO 5FS predictions from

2Throughout this contribution, we consider 5FS to correspond to the massless treatment of all power corrections
with m, = 0. Alternatively, the 5FS can be considered to be the leading-power contribution in the bottom-quark
mass, thereby including the dominant interference term of O(y,y.m,), as done in ref. [21] for instance.
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the NLO+NNLL,+y3 Y, calculation at 13 and 14 TeV. In section 4, we present the resummed
Higgs transverse momentum spectrum in the 5FS at Next-to-Next-to-Next-to Leading Loga-
rithmic (N3LL) accuracy for the yg component. Section 5 discusses recent developments of
Monte Carlo (MC) event generators for the y,f contribution and compares NNLO+PS results
from MINNLOpg and GENEVA in the 5FS, consideres MINNLOpg predictions for heavy Higgs
bosons in BSM scenarios, and subsequently examines NNLO+PS predictions from MINNLOpg
in the 4FS. In section 6, we analyse the role of bbH production as a background in di-Higgs
searches, focusing on both yf and ytz contributions in phase-space regions relevant for HH
studies.

Finally, we discuss a natural extension of the massless calculation for bb — H to de-
scribe Higgs-boson production via lighter-parton fusion (qqg — H). Although these modes
are strongly suppressed by the small Yukawa coupling—proportional to the light-quark
masses—they receive a PDF enhancement, with distinctive differential effects. We therefore
present novel results for Higgs boson production via light-quark fusion at N°LL'+ approxi-
mate Next-to-Next-to-Next-to-Leading Order (aN3L0O) and NNLO+PS in section 7, with partic-
ular emphasis on the sensitivity of the transverse momentum distribution on the light-quark
Yukawa couplings. We summarise our findings and discuss possible future directions for im-
proved bbH predictions in section 8.

2 Computational setup

All simulations in this paper are obtained at a centre-of-mass energy of /s = 13.6 TeV, em-
ploying the PDFALHC21 40 (LHAPDF ID 93100) set for the parton distribution functions for
massless-scheme calculations and the set PDF4LHC21 40 nf4 (LHAPDF ID 93500) for simu-
lations with massive bottom quarks [28]. We used the LHAPDF interface [29] to utilise the
PDF sets in our calculations.

2.1 Numerical Inputs

The parametric inputs, including the strong coupling and EW parameters relevant for the Higgs
vacuum expectation value, follow the latest recommendations from the LHCHWG [30] and
the Particle Data Group parameters (PDG) [31]. For completeness, the most relevant inputs
for bbH predictions are reported in the following: The predictions in the massive schemes
are obtained using an on-shell value of the bottom-quark mass of m(b)S = (4.92 £0.13) GeV
for internal and external bottom quark lines. The Yukawa coupling, on the other hand, is
renormalised in the MS scheme using an input value of m;(m;) = (4.18 = 0.03) GeV for the
renormalization group running of the Yukawa mass. This scheme choice for the Yukawa cou-
pling is crucial in order to evaluate it at its natural scale, which is of the order of the Higgs
boson mass, and to avoid large logarithmic corrections. The scale settings are discussed in
the following subsection. The following EW input parameters are used: my, = 80.379 GeV,
Iy = 2.085GeV, m; = 91.1876 GeV, I, = 2.4952 GeV. Employing complex masses with the
electromagnetic coupling set to a@ = 1/132.3489045, the corresponding vacuum expectation
value is v = (246.403 — 3.80601) GeV. The Higgs boson is considered to be stable in all sim-
ulations, except where its decay into photons or tau leptons is explicitly considered. Also
in these cases it is treated as on-shell and with zero width. The strong coupling is set to
a,(m;) = 0.1180 in the 5FS calculations. The corresponding 4FS value is obtained by account-
ing for heavy-quark decoupling effects, as discussed below. The strong coupling is obtained
directly from the corresponding PDF set for consistency.
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2.2 Running of the bottom Yukawa coupling

The Yukawa coupling is renormalized in the MS scheme in both the 4FS and the 5FS, adapt-
ing the following recommendation: We derive the coupling y;,(uz) = my(u)/v by evolving
my, = my(my) = 4.18 GeV to my,(uy) via four-loop running, solving the Renormalization Group
Equation (RGE) [32,33]. This evolution is directly related to the one of the strong coupling,
which is evaluated both at u, and at ;. In the massless scheme, these values are straight-
forwardly obtained by evolving the input a,(m;) = 0.1180 with four-loop QCD running and
ny =5 active flavours. In the massive scheme, the procedure follows the approach commonly
adopted in modern PDF evolution libraries: starting from a,(m;) = 0.1180 we evolve down
to i, with ny = 5, where the decoupling relation [34] is applied to extract a,(rf1,) in the 4FS.
This value is then used as a boundary condition to evolve to a,(u,) with n; = 4 active flavours.

For consistency, scale uncertainties are obtained by varying the scale with respect to the
central one using the order of the evolution consistent with the calculation, i.e. two-loop run-
ning for NLO predictions and three-loop running for NNLO calculations, and with the number
of active flavours consistent with the flavour scheme under consideration.

Predictions involving the top-quark Yukawa contribution employ the on-shell definition of
the coupling. A top-quark mass of 172.5 GeV is used throughout the simulations.

2.3 Scale settings

A scale choice of the order of the Higgs-boson mass is recommended for the factorization (u,)
and renormalization (u,) scales. The precise choices of these scales are specified in this Report
before the corresponding predictions are presented. The theory uncertainty is estimated using
the standard 7-point variation, i.e. by changing the scales by a factor of 2 with the constraint
% < ug/uy < 2 in order to avoid large logarithmic effects. The renormalization scales asso-
ciated with the Yukawa coupling and the strong coupling are simultaneously rescaled by the
same factor. We have performed detailed studies on the impact of this correlation and found
that such a correlated variation provides a reliable estimate of the overall renormalization
uncertainty.

In earlier 4FS predictions, a dynamical scale—specifically, one quarter of the transverse
mass of the bbH system—was often adopted for the Yukawa coupling [35]. Such small scale
resulted in higher 4FS cross sections, which reduced the gap with the 5FS predictions. How-
ever, with the inclusion of NNLO QCD corrections in the 4FS, such a scale choice is no longer
necessary. Moreover, as shown in ref. [4], comparisons between dynamical and fixed scales
at NNLO show minimal differences. Consequently, we recommend aligning the scale choices
of the Yukawa coupling in the 4FS and 5FS at NNLO QCD accuracy, with a scale of the order
of the Higgs-boson mass providing a natural and consistent choice.

3 Updated inclusive cross sections at 13.6 TeV

In this section, we report predictions for the inclusive bbH cross section at 13.6 TeV. The best
description of the bbH process is obtained by combining the calculations in the massless and
massive schemes. The 5FS computation includes the resummation of large collinear logarith-
mic contributions, while the 4FS captures all mass effects order by order in perturbative QCD.
As already mentioned in the introduction, two main approaches exist that have been applied to
obtain the bbH cross section at high accuracy: FONLL [12,13,36] and NLO+NNLL, o+ Y5 Y¢
[14,15].

FONLL-B [12,13] and NLO+NNLL,+Y;,Y, [14,15] match the NNLO 5FS and the NLO
4FS cross section. Both approaches yield results that are fully consistent with each other, as
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Table 1: Total bbH cross sections in the SM for a LHC center-of-mass energy of
/s = 13.6 TeV obtained via linear interpolation of results from 13 TeV and 14 TeV.
The results are given with symmetrised uncertainties from the 7-point scale variation
combined with the resummation dependency and the parametric uncertainty from
PDFs and strong coupling.

| m[Gev] | o[fb] | At e, [%] | Aeprea [%] |

125.00 | 569.1 +8.63 +3.35/-3.44
125.09 | 567.9 +8.63 +3.36/—3.44
125.10 | 567.7 +8.63 +3.36/—3.44
125.20 | 566.3 +8.63 +3.35/-3.44

Table 2: Total bbH cross sections in the SM for a LHC center-of-mass energy of
/s = 13.6 TeV obtained via logarithmic interpolation of results from 13 TeV and 14
TeV.

| m[Gev] | o] | Apsens[%] | Aeorea [%] |

125.00 | 568.1 +8.64 +3.35/-3.44
125.09 | 566.9 +8.64 +3.36/—3.44
125.10 | 566.7 +8.64 +3.36/—3.45
125.20 | 565.3 +8.64 +3.35/—3.45

shown in ref. [27]. The novel FONLL-C matching [36] adds the N°LO corrections in the 5FS
to FONLL-B. The NLO+NNLL,,+Y3 Y, combination introduces a resummation scale u;, which
enables an estimate of the matching uncertainties. The y;y, contribution is easily included
as a fixed-order non-singular term, since these interference effects are power corrections that
vanish to all perturbative orders in the small bottom-quark mass limit.

The setup of the calculation follows that is described in section 2, with the choice of the
following central scales,

1 1
Wy = Z(mH+2mb): U = EmH’ (2)

in order to ensure a good perturbative convergence in the fully-inclusive calculation.
In table 1, we report the results of the NLO+NNLL,,+Y;y, combination via a linear in-
terpolation between the existing 13 TeV and 14 TeV results, using the relation

o(13.6 TeV) = 0.40(13.0 TeV) + 0.60(14.0 TeV).. 3)

The cross section is provided together with an overall theoretical uncertainty. This includes
the standard 7-point renormalization and factorization scale variation, the resummation scale
uncertainty, and the uncertainties associated with the PDFs and the strong coupling. An al-
ternative cross section estimation is presented in table 2 where the same numbers have been

Table 3: Total bbH cross sections in the SM for a LHC center-of-mass energy of
/s = 13.6 TeV obtained via linear interpolation of results from 13.5 TeV and 14 TeV.

| m[Gev] | o] | Ap e [%] | Abprea [%] |
125.00 567.7 +8.86 +3.30/—3.68
125.09 566.4 +8.92 +3.43/-3.51
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combined using a logarithmic interpolation. In order to test the accuracy of the interpolation,
we have also considered linear interpolation of 13.5 TeV and 14 TeV results. Using the latter,
we have estimated the cross section in table 3 with the following linear interpolation,

0(13.6TeV) =0.80(13.5TeV) + 0.20(14.0TeV). 4

We observe a good agreement between the cross section values obtained with different in-
terpolations or different choices of boundary conditions. Due to the good accuracy of the
interpolation and the substantial theoretical and parametric uncertainty, dedicated runs at
13.6 TeV are not required.

4 Transverse momentum resummation at third order

The Higgs transverse momentum spectrum provides a promising approach for extracting the
Yukawa coupling from Higgs boson production processes, because its shape is sensitive to the
precise value of the coupling. In particular, one can exploit the pattern of QCD emissions
from the incoming quarks and gluons to discriminate between the gluon and various quark
channels in the initial state [37]. That is, the radiation pattern for different initial states yields
different shapes for the transverse momentum (q7) spectrum of the recoiling Higgs boson. As
a result, a precise measurement of the Higgs g spectrum, especially at small g, allows one to
gain sensitivity to the quark Yukawa couplings [38,39]. At small q < my, this requires the
all-order resummation of logarithms of g /my that would otherwise spoil the convergence of
perturbation theory in this regime.

In this section, we provide recent results for the resummed q; spectrum for bb — H at
N3LL’ order matched to fixed NNLO and aN°LO in the 5FS [40].® Previously, the spectrum
was calculated to Next-to-Next-to-Leading Logarithmic (NNLL) +NNLO accuracy [42] using
the Collins-Soper-Sterman (CSS) formalism [43-45]. For this prediction, we use Soft-Collinear
Effective Theory (SCET) [46-50] to resum the logarithms of q/my which is equivalent to a
modern formulation of the CSS formalism. We employ the rapidity renormalization group [51]
together with the exponential regulator [52] for which the ingredients required for the resum-
mation at N3LL’ are known. The singular cross section can be written in a factorised form
as

do.sing
deZq = Z Hab(mlz-l; AU’)[Ba ® Bb ® Sab](xa: Xp>Qqr; .U') 5 (5)
T a,b
where the kinematic quantities w, j, and x, j, are given by
w
oo =mye™,  wp=mge”, and xg=—, ©)

cm

with E.,, denoting the hadronic center-of-mass energy. The hard function H,; is process de-
pendent and describes physics at the hard scale u ~ my. The beam functions B, ; and the
soft function S,; describe collinear and soft radiation at the low scale u ~ qr. The term
[Ba ®Bb ®Sab],

[Ba ® Bb ® Sab](xa:xb: qr; U) EJ dzka dzkb dzks 5(2)(q'r - ka - kb - ks) (7)
X By(xqs kas h, v/ @q)By(xp, kps 4y v/ @p)Sap(kss 4, ),

is usually evaluated in Fourier-conjugate by space, as the convolutions in g in eq. (5) turn
into products in by space.

*Here, we use the logarithmic counting of ref. [41], where the prime denotes inclusion of higher order boundary
terms.
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Figure 3: Higgs transverse momentum spectrum in the 5FS predicted by the analytic
resummed prediction at NNLO+NLO (orange, dashed), N3LL+NNLO (blue, dotted)
and N3LL/+aN’LO (green, solid) accuracy.

To perform the all-order resummation, each function is first evaluated at its own natural
boundary scale(s): uy, (ug, vg), and (ug, vs). By choosing appropriate values for the bound-
ary scales close to their canonical values, each function is free of large logarithms and can
therefore be evaluated in fixed-order perturbation theory. Next, all functions are evolved from
their respective boundary conditions to a common arbitrary point (u, v) by solving their cou-
pled system of RGEs. For more details, we refer to refs. [40,53,54]. For the resummation
at N®LL’ we require the N®LO boundary conditions for the hard function [55, 56], and the
beam and soft functions [57-61]. We also need the 3-loop noncusp virtuality anomalous di-
mensions [57,59,62-64] and rapidity anomalous dimension [57,58,65], as well as the 4-loop
cusp anomalous dimension I, [66-70] and QCD f function [71-74].

To arrive at a consistent prediction, we need to match the N3LL’ resummed cross section
to a NNLO Higgs+jet prediction for which we rely on an approximation. Our aN®LO fixed-
order cross section must contain the correct singular terms which are part of do®"8. Further,
there are large cancellations between the singular and the non-singular cross sections at large
values of g, which must not be spoiled in the approximation procedure. To satisfy both re-
quirements, we developed a general method to decorrelate the singular and non-singular con-
tributions in ref. [40] which involves shifting a correlated piece between the singular and the
non-singular [75]. After the decorrelation procedure, we perform a Padé-like approximation
for the non-singular O (af ) coefficient.

Our numerical results for the resummed and fixed-order singular contributions are ob-
tained with SCETLIB [76]. In figure 3, we show the resummed q; spectrum for bb — H at
different resummation orders up to the highest N3LL'+aN®LO. The bands show the perturba-
tive uncertainty estimate. For a detailed breakdown of the uncertainties, we refer to ref. [40].
We observe excellent perturbative convergence, with reduced uncertainties at each higher or-
der.
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5 Monte Carlo simulations at NNLO+PS

This section highlights recent advancements in MC simulations for modelling the yg contri-
bution to bbH production. The first matching with parton showers was carried out in the
5FS scheme in ref. [17] using the MINNLOpg method. More recently, the GENEVA approach
has been applied to simulate bb — H production in the 5FS [16]. In this section, we present
the numerical comparison of the two matching methods for this process using the LHCHWG-
recommended setup detailed in section 2. In the MC simulations with massless bottom quarks,
we consider the Higgs mass as the central value for the factorization (u;) and renormalization
(ug) scales.

We continue by discussing BSM studies using the MINNLOpg generator for an example
scenario in the MSSM used as a proof-of-concept. The last part of the section is dedicated to
the recently developed NNLO+PS MC generator in the 4FS using the MINNLOpg method [4],
which provides the first calculation of the NNLO QCD corrections in the massive scheme. In
this context, we compare MC predictions from the 4FS and 5FS MINNLOpg generators.

5.1 NNLO+PS predictions in the 5FS
5.1.1 MINNLOpg and GENEVA methods in a nutshell

MINNLOpg [77,78] and GENEVA [79, 80] are two methods that provide a consistent match-
ing between NNLO QCD corrections and parton showers. They both rely on the combination
of fixed-order calculations and analytic resummation in the relevant resolution variables to
achieve NNLO accuracy. Both have been proven to work with different types of resolution vari-
ables [16,81-83] and they have been successfully applied to obtain NNLO+PS predictions for
many processes of colour-singlet production [16,17,81,82,84-99]. The MINNLOpg approach
has also been extended and applied to heavy-quark pair production at NNLO+PS [100-102] as
well as heavy-quark pair production in association with colour singlets [4,103]. The two meth-
ods follow different philosophies to reach NNLO accuracy, whose fundamentals are presented
below.

We start by briefly reviewing the MINNLOpg method for colour-singlet production. We
refer to refs. [77,78,83] for further details. The MINNLOpg procedure is derived from the
differential matching of the resummation formula in a suitable jet-resolution variable with the
fixed-order prediction at NNLO. By choosing a specific matching scheme, where the Sudakov
is factored out, the cross section is cast into a form that has several important features. The
structure mimics the one of the parton shower, NNLO accuracy is achieved inclusively over
first and second radiation, and due to the Sudakov suppression no slicing cut-off is required,
making the procedure very efficient for event generation. The matching to the parton shower
is then performed for the second radiation by means of the POWHEG method [104].

In practice, one starts from an NLO+PS POWHEG event generator [ 105] for colour-singlet F
plus one jet J production, which provides the differential description of the second radiation,
consistently matched to subsequent emissions by the shower. Such generator includes the NLO
FJ cross section (inclusive over the second radiation), which is governed by the following
function:

dGS)( )+ dog)
o, T qe,,

This formula can now be extended by means of the MINNLOpg procedure, which replaces the
NLO FJ cross section by the NNLO F cross section with the overall Sudakov form factor in the

B= () . ©))
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jet-resolution variable, mimicking the first shower emission.

B = ¢—5(p1) doy,’ () doy (23)
B =0 = (p)[1+50 ()] + =) + D@ P (@), )
FJ EJ

with e~ denoting the Sudakov form factor and the factor F" spreading the NNLO corrections
in the full phase space. Note that it is crucial to choose a jet-resolution variable consistent with
the ordering variable in the parton shower in order not to break its logarithmic accuracy. For
instance, in the case of standard Leading Logarithmic (LL) transverse momentum ordered
showers (which is the current default, and considered throughout here) the transverse mo-
mentum of the colour singlet fulfils this criterion. Here, D3 contains the relevant terms to
reach NNLO accuracy for observables inclusive over first and second radiation. Without these
corrections the inclusive observables would only be NLO accurate, as originally introduced in
the MINLO’ approach [18,106].

The original MINNLOpg formulation was based on transverse momentum resummation
[77,78], but it can be applied, in principle, to any resolution variable. For instance, it was
explicitly derived for N-jettiness in ref. [83], which however formally breaks the LL accuracy
of the shower, due to a mismatch of the resummation and the shower ordering variable. Be-
yond colour-singlet production, the MINNLOpg method has been extended to heavy-quark pair
production without [100,101] and with extra colour singlets in the final state [103]. This ad-
vancement enables NNLO-+PS predictions for bbH production not only in the massless scheme,
but also in the massive one, allowing for a complete description of bottom-quark kinematics,
as discussed in section 5.2.

The GENEVA approach also builds on the analytic resummation in jet-resolution variables.
The matching in both first and second radiation in GENEVA are achieved through the analytic
resummation, opposed to MINNLOpg where the second radiation is matched through POWHEG,
as discussed before. GENEVA generates the partonic events with the aim of not distorting the
spectrum in the zero-jet resolution variable (here generically called ry). Conceptually, the
GENEVA method boils down to three steps.

1. Matching. The r spectrum at fixed order, differential over the phase space with no final
state partons @, is matched additively to its analytic resummation, obtaining

do. . dO.FO + do.res _ do.res
d@o dro - dq)o dro d‘bo dro d@o dro O '

(10)

The main difference to the MINNLOpg matching is that the matching of the resummation
is kept in this additive form, instead of factoring out the overall Sudakov form factor e™>
in eq. (9).

cut

2. Slicing. A slicing scale rj* is introduced to separate events where the radiation is not
resolved from those where it is, whose distributions are described respectively by

dUO "o do dO—>1 do
cut < cut . 11
_0(r0 )—JO dro—, and o ro_d o dro G(ro—ro ) ( )

This step is not required in the MINNLOyg approach, where the exponential suppres-
sion by the overall Sudakov form factor makes the differential cross section numerically
integrable down to p, = 0 (after regulating the Landau pole).

3. Splitting. The P,_,; function is introduced to make the r spectrum differential over the
&, phase space with one final state parton, thus obtaining

dO'21 _ dO-FO N do.res B do.res

dd, dd, ddydry ddydr

:|730_,1(<I>1)} 0(ro—rg"). (12)

FO

12


https://scipost.org
https://scipost.org/SciPostPhysCommRep.18

SC|| SciPost Phys. Comm. Rep. 18 (2026)

Here, P,_,; plays the corresponding role as F*" in eq. (9).

The second emission is then generated by iterating this procedure for a one-jet resolution vari-
able r; on the dos,/d®, differential cross section at NLO. Most GENEVA implementations use
the 0- and 1-jettiness ry = 7T, and r; = 7; as resolution variables. The first implementation that
adopted the colour-singlet transverse momentum r, = g, instead was presented in ref. [81].
This approach was refined and extended in ref. [16] (also using a p,-like observable as 1-jet
resolution variable r1), where the bb — H process was discussed.

A subtlety related to the slicing of the phase space in GENEVA is that, since the scales ap-
pearing in the resummed cumulant and spectrum are a function of the resolution variable r,
the operations of setting the scales and integrating the spectrum do not commute. This leaves
us with two main options. Setting the scales in the spectrum (spectrum option) provides
the best theoretical description of the r distribution in the region of small r, at the price of
introducing spurious subleading contributions in the distributions inclusive over the radiation.
Setting the scales in the cumulant and defining the spectrum as its derivative (cumulant op-
tion), on the other hand, enforces the generated events to reproduce the exact NNLO inclusive
distributions by construction. The numerical difference between the two choices is discussed
in the following section, specifically in figure 4.

Besides treating the resolution variables in different ways, the two approaches may also
produce small differences in the distributions inclusive over the radiation. The MINNLOpg
approach can differ from fixed-order NNLO predictions by terms beyond the nominal accu-
racy, due to the specific matching scheme, where the Sudakov is factored out. The additive
approach adopted by GENEVA, on the other hand, can exactly align terms beyond accuracy
with the fixed-order differential NNLO cross section. On the other hand, the presence of the
overall Sudakov form factor in MINNLOpg has the advantage of a better numerical efficiency
with a small number of negative weights and without having to deal with large cancellations
in a slicing cutoff, as introduced in GENEVA. Distributions sensitive to QCD emissions (which
also have lower perturbative accuracy) are instead more heavily dependent on the specifics of
the two approaches, and differences between the methods can be used to estimate the respec-
tive theoretical uncertainties. Despite these differences, MINNLOpg and GENEVA are generally
agree within their respective uncertainties, especially for observables inclusive over radiation,
where any difference is beyond NNLO QCD and should be covered by scale uncertainties.

5.1.2 Numerical comparison of MINNLOpg and GENEVA predictions

In this section, we present a numerical comparison between two MC generators for bb — H
production in the 5FS in the MINNLOpg and GENEVA frameworks. The settings adopted are
described in section 2, with the only notable difference being the treatment of the running
bottom-quark Yukawa coupling. The MINNLOg predictions follow the setup in section 2 using
a four-loop running [32, 33] to evolve the bottom Yukawa from the input to the hard scale,
while the GENEVA generator employs a three-loop running throughout derived from SCET. This
difference is numerically very small and can be safely neglected in the following comparison.
Both the MC generators produce events that are showered using PyTHIA8 [142] with a local
recoil.

The MINNLOpg generator includes an option to change the scale in the resummed loga-
rithmic terms from the scale my by a factor of K,, where my denotes the invariant mass of
the final state of the Born process (for bb — H, this corresponds to the Higgs-boson mass).
This scale Q = K,my controls the matching of resummed and fixed-order contributions within
MINNLOpg.* It can be applied to assess the matching uncertainties in the MINNLOpg genera-
tor. The bb — H results are obtained using the default central value of K, = 0.25, with the

“See section 4.2 of ref. [101] for further details.
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Figure 4: Comparison of MINNLOpg (blue, dashed) and GENEVA (brown, dotted)
predictions at NNLO+PS level in the 5FS for the transverse momentum distribution
of the Higgs boson, where GENEVA uses their default cumulant scale choice. The
zoomed version on the right shows also the alternative spectrum scale choice of the
GENEVA generator (red, solid).

alternative choice K, = 0.5 included in the uncertainty estimate. The overall theoretical un-
certainty is assessed via a 14-point scale variation, combining standard renormalization and
factorization scale variations with the additional resummation scale variation. In the match-
ing region, the logarithmic contributions are smoothly suppressed towards large transverse
momenta using modified logarithms,

p
1n2—>11n(1+(3) ) (13)
Pt p Pt

as originally introduced in ref. [77]. The free positive parameter p is set to the default value,
p = 6. We have tested alternative parameters for the modified logarithms and found only
minor effects, which are well within the MINNLOyg scale uncertainties.

The GENEVA generator uses the cumulant scale choices in order to have a better agreement
of inclusive observables with NNLO QCD predictions. Moreover, it applies default theoretical-
uncertainty estimation with the included matching uncertainty as discussed in ref. [16].

We start the comparison by focusing on the transverse momentum spectrum of the Higgs
boson in figure 4. The left plot shows the spectrum in a large range. As expected, we observe
good agreement between MINNLOpg and GENEVA predictions at large transverse momenta,
where both calculations are effectively NLO accurate and governed by H+jet production. Also
in the range of 10 — 30 GeV both generators yield relatively close results, consistent within
their respective uncertainty. However, directly before and after the peak, and especially in
the 30 — 100 GeV range, we observe substantial differences between MINNLOpg and GENEVA
with cumulant scale choice, barely covered by scale uncertainties, which are particularly large
for GENEVA in that range. The large difference in the transition region between GENEVA with
cumulant scale choices and MINNLOyg is due to differences in the matching procedures. The
analytic resummed prediction, used in the GENEVA framework, underestimates the total cross
section. However, this underestimated component must be included to obtain the correct total
cross section. Since GENEVA requires it to not affect either the peak region nor the fixed-order
accuracy in the tail, it is accommodated in the matching procedure by modifying the transition
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Figure 5: Comparison of the Higgs transverse momentum spectrum predicted by
analytic resummed predictions (green, solid) at N®LL+NNLO (left plot) and at
N3LL/+aN’LO against the results obtained by the two MC generators: MINNLOpg
(blue, dashed) and GENEVA with cumulant (brown, dotted) and spectrum (red, solid)
scale choices. All predictions are obtained in the 5FS for the ylf contribution.

region. In the GENEVA matching procedure with the cumulant option, this leads to the observed
larger scale uncertainties in the intermediate range of the p,, ~ [30,90] GeV.

The right plot of figure 4 provides a zoomed-in view of the same observable and includes
also the GENEVA prediction obtained using the spectrum scale choices, as described in sec-
tion 5.1.1, which are more appropriate for the transverse momentum spectrum. Moreover, in
GENEVA, the scale variation is implemented through variations of the profile scales at the spec-
trum level, making them particularly well-suited for transverse observables when using the
spectrum scale choice. Indeed, the substantial scale uncertainties observed for the cumulant
scale choice in the matching region are strongly reduced for the spectrum scale choice, which
features uncertainties that are of similar size as the MINNLOpg ones. Most notably, we find
that MINNLOpg and GENEVA predictions are in significantly better agreement, when the spec-
trum scale choice is applied in GENEVA. In fact, the two predictions are in excellent agreement
within their respective scale uncertainties over the entire transverse momentum range. We
stress that at small transverse momenta all 5FS predictions become essentially unphysical, as
power corrections in the bottom-quark mass become crucial for p; < my, which are included
only in 4FS calculations. Indeed, we observe that the scale uncertainty bands are severely
inflated at small transverse momenta, and the predictions can even turn negative in the first
bins, because the bottom PDFs are not valid below the bottom-quark mass threshold.

We compare the transverse momentum spectrum of the Higgs boson with the resummed
analytic predictions discussed in section4. In the left plot of figure 5, we show the MC pre-
dictions against the N3LL + NNLO result. By construction, the GENEVA prediction with the
spectrum scale choice matches the analytic result exactly before the parton shower, and the
shower does not introduce sizable numerical effects due to the local dipole recoil prescrip-
tion selected in the shower settings of the calculations. On the other hand, the cumulant
scale choice shows good agreement in the resummation region (pry < 20 GeV), but begins to
substantially deviate with increasing uncertainties at higher transverse momenta, as already
observed in figure 4. The MINNLOpg prediction also shows good agreement with N>LL+NNLO
result within its scale uncertainty band, with the largest deviations appearing at very low trans-
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Figure 6: Higgs boson rapidity and difference in rapidity between the scalar and the
leading jet as predicted by two MC generators in 5FS interfaced with PYTHIA8 using
the MINNLOypg (blue, dashed) and GENEVA (brown, dotted) methods.

verse momenta, well covered by the resummation scale variation. In that region, py < my,
the massless calculation actually breaks down, and finite bottom-quark mass effects become
relevant, as pointed out before. It therefore includes spurious effects induced by the PDF evo-
lution, which turn the N3LL’ + NNLO cross section negative below 4 GeV, where the figure has
been cut for that reason. In the right plot of figure 5, we present the comparison of the same
MCs spectra against the N3LL’ +aN°LO calculation. The inclusion of higher-order corrections
in the analytic spectrum results in a negative shift relative to both the MINNLOpg and GENEVA
predictions across the entire distribution, with a mostly flat effect for ppy > 10,GeV. Compared
to the others, the GENEVA prediction with the spectrum scale choice lies closer to the analytic
result.

We conclude the section by presenting a comparison of two angular observables in fig-
ure 6. The left plot shows the NNLO-accurate Higgs rapidity distribution, displaying excellent
agreement between the MINNLOpg prediction and the GENEVA result using the cumulant scale
choice, in terms of shape, normalization and size of the scale uncertainties. The right plot
illustrates an example of an observable that depends on the leading jet. Here, we apply a
flavour-blind anti-k; clustering algorithm with radius R = 0.4 and compute the rapidity dif-
ference between the Higgs boson and the highest-p; jet, requiring a minimum jet transverse
momentum of 20 GeV. We observe excellent agreement between the central MINNLOpg and
GENEVA predictions, with some moderate differences only in the very forward region. How-
ever, the associated scale uncertainties differ significantly between the two generators, with
GENEVA exhibiting a much larger theoretical uncertainty at central rapidities.

5.1.3 Heavy-Higgs for BSM studies in MINNLOpg

Higgs boson production in association with a bottom-quark pair is of particular interest in BSM
extensions. Indeed, many BSM scenarios predict modifications to the Higgs-bottom quark
coupling, which could lead to observable deviations in the production rates and kinematic
distributions of the bbH process. In many models, bbH production can become the dominant
production mode of exotic Higgs states. The MINNLOpg generator, introduced earlier in this
section, is built within the SM framework, but can be easily extended to accommodate BSM
predictions. To illustrate its potential, we consider a specific example of how the NNLO+PS
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generator can be adapted for BSM scenarios. We specifically consider the MSSM [107-112],
which corresponds to a Type-II 2HDM [113] at LO, but deviates from it at higher orders. The
MSSM enforces relations between the Higgs sector and the superpartners of SM particles.
Unlike the SM, the MSSM requires two Higgs doublets (H, and H,;) to give mass to both up-
type and down-type fermions. An important parameter of the model is the ratio of vacuum
expectation values (v, and v;) of the two SU(2) doublets,

tanp = 2. (14)
Vd

The other independent parameter is the CP-even Higgs mixing angle a. This results in five
physical Higgs bosons: two CP-even (h, H), one CP-odd (A) and two charged Higgs bosons
(H®). The lightest Higgs boson (h) in MSSM can mimic the SM Higgs, but has different prop-
erties depending on the model parameters. The tree-level mass of h is bounded from above by
my|cos2f3|, where m; is the Z-boson mass. However, radiative corrections (mainly from the
supersymmetric partners of the bottom and top quarks) can significantly alter the tree-level
prediction, allowing for m; ~ 125GeV (see e.g. [114]). We perform the NNLO+PS predic-
tion in the benchmark configuration known as M}}ZS scenario [115], where all superparticles
are chosen to be so heavy that the presence of these effects has only a mild impact on the
production and decay of the light MSSM Higgs boson. Thus, the phenomenology of this sce-
nario at the LHC closely resembles that of a Type-II 2HDM with Higgs couplings correspond-
ing to the MSSM ones for light scalar states. On the other hand, for heavy bosons, there are
large enhancements in the MSSM scenario. Loop corrections from Standard Model partlicles—
dominated by the top-quark contribution—as well as from MSSM superpartners modify the
effective bottom Yukawa coupling. The tan 3-enhanced SUSY corrections are resummed to
all orders in the effective coupling. For the chosen mass of the SUSY partners, we refer to
eq. (4) of ref. [115]. We stress that the NNLO+PS calculation in the 5FS scheme contains only
terms proportional to the squared bottom Yukawa coupling. As a result, bbH predictions in
the MSSM scenario differ from those in the SM—obtained with an heavy Higgs mass m,—solely
by an overall rescaling factor. Using chirality arguments, predictions for the pseudo-scalar
bbA production can be obtained from the bbh simulation by employing a heavy-boson mass
and an effective Yukawa coupling, while neglecting the suppressed non-factorising SUSY-QCD
corrections.” Therefore, in the case of the CP-odd Higgs boson production, we have:

do'll\,/[;)S:M(mA) = dozgﬂh(mA) . (g? 2, (15)
with P )
A tan ( )
= 1—-A . 16
§ =14 Ay ®tan2 8 (16)

The parameter A, resums higher-order sbottom contributions [117-121]. In ref. [121] the
resummation effects has been studied in a systematic power-counting framework, estimating
the uncertainties when keeping only the one-loop effects in the A, determination. In order
to reduce them, several two-loop calculations have been performed [122-125] and EW and
diagonal contributions [126] have been computed recently. All these corrections have been
incorporated into the resummation parameter A for this benchmark, with its numerical value
determined using the Hdecay code [127,128]. Following the current constraints on the M]}ZS
scenario, where the lightest Higgs has a mass of m;, = 125 GeV and is consistent with experi-
mental observations, we consider the case of a CP-odd Higgs boson with a mass of 1.4 TeV and
tan § = 20, a point in the parameter space which is currently not excluded as shown in Figure 1
of ref. [115]. We have performed the predictions by running the MINNLOpg 5FS generator with
a heavy Higgs-boson mass and adjusted the Yukawa coupling according to eq. (15).

SThe latter have been shown to be numerically small in ref. [116].
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Figure 7: Comparison of MINLO’" and MINNLOypg results for transverse momentum
and rapidity distributions of the pseudo-scalar Higgs boson with m, = 1.4 TeV and
tan 3 = 20.

In figure 7, we present a comparison between MINNLOpg and MINLO’ predictions. The left
plot shows the transverse momentum spectrum. Due to the high mass of the bosonic state,
the resummation region extends over a broader range of the transverse momentum spectrum
compared to the SM Higgs, with a mass of 125 GeV. As a result, the NNLO corrections present
in MINNLOpg have a larger impact even at intermediate transverse momentum values up to
~ 600 GeV, leading to more accurate predictions and smaller scale uncertainties for MINNLOpg
compared to the MINLO' in a broad transverse momentum range. In the right plot of figure 7,
we compare the two predictions for the Higgs rapidity spectrum: NNLO corrections increase
the cross section with a flat correction in the central region |y,| < 1. Notably, the NNLO
effects encoded in MINNLOypg are positive in the case of a 1.4 TeV Higgs boson, compared to
the SM case where the authors of ref. [17] have observed a flat negative correction in the
Higgs rapidity spectrum.

Finally, we compare the differential behaviour of MINNLOpg predictions for the heavy
Higgs state with the SM distributions in figure 8. In the left plot, we show the transverse mo-
mentum distribution. As expected, the BSM transverse momentum spectrum is substantially
harder. With the chosen settings, BSM effects become even larger than the SM prediction for
transverse momentum values greater than 400 GeV. In the right plot of figure 8, we compare
the rapidity distributions. The heavy pseudo-scalar Higgs receives a larger contribution from
central rapidities compared to the SM one, with the total contribution remaining always below
2% of the SM prediction. We stress that the numerical comparison is highly sensitive to the
choice of the MSSM parameters. However, the purpose of this analysis is not to focus on a
specific choice of the MSSM parameters, but to demonstrate the potential of the MINNLOpg
generator for the modelling of a BSM signal of bbH production at NNLO+PS.

5.2 NNLO+PS predictions in 4FS

We now turn to NNLO+-PS predictions computed in the massive 4FS for the yg component
of bbH production, i.e. the corresponding 4FS calculation to the SFS one presented in the
previous section. Section 5.1 demonstrated that, in 5FS, the MINNLOpg and GENEVA pro-
cedures provide fully exclusive NNLO+PS results for the bbH process with massless bottom

18


https://scipost.org
https://scipost.org/SciPostPhysCommRep.18

SC|| SciPost Phys. Comm. Rep. 18 (2026)

do/dpr ¢ [fb/GeV] bbp@LHC 13.6 TeV doidy,, [fb] bb@LHC 13.6 TeV
102 9, 108 L.
T T T T T T T T T T T
— MINNLOpg (¢=H, SM) »
10" Py — MiNNLOps (¢p=A, MSSM) 1 107 f-—"""" i
100 ' 10" F 1
100 [ =
1071
101 | E
2
10 102 F 3
108 103k — MiNNLOps (¢=H, SM) ]
— MINNLOpg (¢p=A, MSSM)
10-4 | | Il | 10-4 i i i 1 1 1
dO/dOMINNLOps (9=H, SM) do/dOMINNLOps (p=H, SM)
T T T T 002 T T T T T T T
0.01f .
05 i
0 1 1 1 0 1 1 1 1 1 1 1
0 100 200 300 400 500 ‘2 15 1 05 0 05 1 15 2
P [GeV] Yo

Figure 8: Higgs transverse momentum and rapidity spectra for MINNLOpg results
with the heavy pseudo-scalar Higgs A compared to SM predictions.

quarks. While that approach naturally resums collinear logarithms through the b-PDFs, it can-
not account for power corrections in mj, which become particularly important at small Higgs
transverse momenta. Moreover, the 4FS is better suited to model observables that depend on
the b-jet kinematics.

5.2.1 MINNLOpg method for QQF production

We consider a fully exclusive NNLO+PS generator for the bbH process in the 4FS [4]. This
generator has been constructed using the extension of the MINNLOpg method to heavy-quark-
associated colour-singlet (QQF) production, developed in ref. [103], which itself builds on the
MINNLOpg approach for QQ production in ref. [100,101]. While large logarithmic contribu-
tions at small transverse momentum in the QQF final state have the same general structure as
for QQ production, the more general kinematics of the QQF system, compared to the back-to-
back configuration for QQ production, has to be accounted for in the calculation of the coef-
ficient functions for the resummation. The singular structure is governed by the factorization
theorem, which is expressed in Fourier-conjugate (impact-parameter or b) space [129-132]:

0,2 7
do M| b .5 s (b
= | et Y ) (€8 ) (G 8 ), )
Prd®oar o7 2Mogr (2m) i,j

where IMC(?)l2 is the squared LO matrix element, mgap the invariant mass of the QQF sys-
tem and b, = 2¢ "E. The factor e 5« represents the same Sudakov radiator that appears in
the small-p; resummation for colour-singlet production. In eq. (17), the sum over ¢ =q,q, g
spans all possible flavour assignments for the incoming partons, with the first parton carry-
ing flavour ¢ and the second parton carrying flavour ¢. The collinear coefficient functions
Cij = Gy (z, D1, D2, b; a,(bg /b)) arise from collinear emissions, which include also the con-
stant terms, and the parton densities f; are evaluated at the soft scale by/b. The composite
factor Tr(HC(; A) (Cci ® fi) (CEj ® fj) encodes the differences with respect to colour singlet pro-
duction originating from the more involved colour structure and initial-final /final-final inter-
ferences for QQ processes. It differs in its explicit form for the qG and gg channels and written
symbolically here. In particular, this factor contains a nontrivial Lorentz structure—omitted
here for brevity—that generates azimuthal correlations in the collinear limit [131,133].
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All quantities in bold face denote operators in colour space, and the trace Tr(Ha—: A) in
eqg. (17) runs over colour indices. The hard function H; is extracted from the infrared-
subtracted amplitudes for QQF production, where the ambiguity in its definition corresponds
to a choice of resummation scheme [134]. The operator A encodes quantum interferences
arising from soft radiation exchanged at large angles between the initial and final states, as
well as among final-state quarks. It is given by A = VDV, where

V=P T dg?
=Pexp{— q_zrf(q)QQF’ a,(q)) ¢ - (18)
b

o/b?

The symbol P denotes path ordering of the exponential matrix with respect to the integration
variable ¢2, arranging scales from left to right in increasing order. The anomalous dimension
I', governs the effect of real soft radiation emitted at large angles. Meanwhile, the azimuthal
operator D = D(<I>QQF, _B, as) encodes azimuthal correlations of the QQF system in the small-

pr limit. Upon averaging over the azimuthal angle ¢, it satisfies [D] = 1. Starting from

_ ¢ _
the QQF resummation formula, the procedure to construct a MINNLOpg improved B function

system is the same as that of the colour-singlet case. All technical details of this derivation are
provided in refs. [4,100,101,103].

In the case of bbH production in the 4FS, the two-loop virtual corrections, required for
NNLO accuracy, are not known in exact form with finite m;. Instead, the two-loop ampli-
tude is approximated in the NNLO+PS prediction by a small-mass expansion my, i.e. all log-
arithmically enhanced terms and constant terms are retained, while dropping terms that are
power-suppressed in my. This massification procedure, developed in refs. [135,136], allows
us to capture the dominant virtual corrections in the small-m; limit. The massless full-colour
two-loop amplitudes, which provide the constant terms, are taken from ref. [137]. Different
from the studies in ref. [4], which relied on the leading-colour approximation [138], here
we perform a phenomenological analysis using events generated with the full-colour library
of ref. [137] for the two-loop constant terms in the massification. The NNLO calculation is
thus complete in full colour, up to power-suppressed terms in the bottom-quark mass, which
are neglected only in the two-loop amplitude.

5.2.2 Results and flavour-scheme comparison

The setup for the phenomenological results presented here—including input parameters and
PDFs—has been outlined in section 2. In addition, we specify the renormalization and fac-
torization scale choices adopted in the MINNLOyg simulations for the Born couplings. The
Yukawa coupling is evaluated in the MS scheme at a scale of the Higgs mass

‘u}(zo),)’b =my, (19)
while the Born strong couplings are computed at a dynamical scale scale:

Ml(qo)’a“zHT/4, with  Hyp =My, +Mpj +Mry, (20)

where My = /Mj + p7, is the transverse mass of particle X.
We discuss the new theoretical predictions obtained at NNLO+PS in the 4FS for Higgs

radiation off bottom quarks, and we compare them to the NNLO+PS results in the 5FS. We start
by considering predictions of integrated cross sections in table 4. Apart from the fully inclusive
cross section, we consider rates with identified b-jets, including a b-jet veto, the inclusive one-
and two-b-jet rates. We define b-jets following the standard experimental definition, namely as
anti-k; jets that contain at least one bottom quark/B hadron. We apply a jet radius of R = 0.4,
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Table 4: Predictions for cross section rates in fb of different POWHEG and MINNLOpg
generators in the 4FS and 5FS for the y,f contribution.

NLOps NLOps MINNLOps MINNLOpg

Fiducial region 5FS 4FS 5FS 4FS

inclusive 725.4(2)7 100 fb | 389.0(1) 20 b | 574.8(4) 4o fb | 519.6(3)F %00 fb

H+ 0b-jets || 619.5(9)F 50 fb | 312.1(4)*230 fb | 458.1(3)3 %0 fb | 420.2(2) 150 fb

H+>1b-jets || 105.9(1) 10 fb | 76.91(6)*35% fb | 116.7(1) 5500 fb | 99.38(2) 7% fb

H +>2b-jets || 5.992(3) 10 fb | 5.116(2)*35:¢ fb | 8.621(3) ] 5wt fb | 7.154(6) 15,2 fb

a minimum transverse momentum of 30 GeV and a maximum absolute pseudo-rapidity of 2.4.
Note that we have also considered a flavour-aware definition of b-jets using the Interleaved
Flavour Neutralization (IFN) algorithm (with o = 2 and w = 1) [139], which enables an
infrared- and collinear-safe definition of anti-k; b-jets also for fixed-order predictions in the
massless scheme. Interestingly, we found that all numerical IFN results for the bbH process
presented here differ by less than a few percent from the standard experimental definition,
which is why we refrain from showing the IFN results and focus on the standard b-jet definition
that is straightforward to apply in experimental analyses.

Looking at the total inclusive cross section in table 4, NNLO corrections in the 4FS increase
the rate by about 30% relative to NLO. This highlights the importance of NNLO accuracy for
precise predictions in the massive scheme. The MINNLOpg result in the 4FS shows a reduced
dependence on the scale choices as compared to the NLO+PS prediction in the 4FS. Also the
5FS predictions, which correspond to the bb — H + X process, receive sizable, but negative
NNLO corrections of about —20%. Scale uncertainties are smaller in the 5FS, but they are sig-
nificantly underestimated considering the fact that NLO and NNLO predictions do not agree
within their respective uncertainties. At NLO, there is a severe discrepancy between the 4FS
and 5FS cross sections, with the 5FS one being about 80% larger. By contrast, the NNLO+PS
predictions in the two schemes agree well with each other within their respective scale uncer-
tainties, due to the negative NNLO correction in the 5FS and the sizable positive correction in
the 4FS. As a result, the long-standing tension between the 4FS and 5FS inclusive cross section
is resolved once NNLO accuracy is included.

Considering the fiducial cross sections in the presence of b-jets in table 4, we observe that
about 80% of the events are produced in the 0-b-jet bin. This result is consistent between the
4FS and 5FS NNLO+PS predictions. By contrast, at NLO+PS the 5FS predictions a fraction
of 85% of events with no b-jets. Requiring at least one b-jet leads to a significant reduction
in the cross section by a factor of approximately 5, i.e. about 20% of the events have one or
more b-jets. Requiring a second b-jet further suppresses the rate by roughly an additional
order of magnitude, with about 1.4% of the bbH events having two or more b-jets. These
relative b-jet acceptances are in remarkable agreement between the 4FS and 5FS NNLO+PS
generators (in fact, also compared to the 4FS NLO+PS generator), while the 5FS NLO+PS
predictions being quite different. It is reassuring to observe this high level of agreement,
despite the fact that in the 5FS the accuracy effectively reduces by one order for each required
b-jet, whereas the 4FS predictions remain genuinely NNLO accurate in all considered b-jet
categories. Note that for the MINNLOpg 4FS predictions the inclusive cross section and 0-b-jet
bin feature larger uncertainties that the more exclusive 2-b-jet selection, which could be related
to a lower sensitivity to logarithmic corrections in the bottom-quark mass when two hard b-jets
are required. Also for the absolute cross section numbers at NNLO+PS in the 4FS and 5FS, the
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Figure 9: Comparison between different flavour scheme choices for the Higgs trans-
verse momentum spectrum at NLO+PS (left) and NNLO+PS level (right) for the y,f
contribution.

inclusion of higher-order corrections via MINNLOpg improves the overall consistency between
the two schemes considerably, especially in the b-jet-vetoed cross sections, which are a factor
of two apart in the NLO-accurate predictions. Similarly, the one(two)-b-jet cross section at
NNLO+PS, which is only NLO-accurate (LO-accurate) in the 5FS, is in good agreement with
the 4FS one, as soon as the MINNLOypg corrections are included.

Next, we compare differential distributions in 4FS and 5FS at NLO+PS and NNLO+PS
in figure9 and 10. We show the Higgs transverse momentum distribution in figure9. The
left plot shows the NLO+PS predictions and the right plot the NNLO+PS ones. At NLO+PS,
the 4FS and 5FS predictions differ significantly at low pry, featuring an entirely different
shape. At NNLO+PS, this discrepancy is significantly reduced: MINNLOpg matching brings
the two predictions into much better agreement across the full pry range. Disregarding the
10% difference in the normalization that was already observed for the total inclusive cross
section, the shape of the two distributions is very similar, with the exception of the first bin,
where the 5FS provides an invalid description, as discussed before. To be more precise, for
P R 70GeV the ratio of the two predictions is very flat, while for py; < 70 GeV we observe
shape variations of about 5%. In all cases, 4FS and 5FS predictions are consistent within
uncertainties.

Figure 10 shows the Higgs transverse momentum distribution in events with at least one
(left) or two (right) b-jets identified. For the inclusive one-b-jet selection, the differences
between the schemes are moderate and largely flat, except in the small pyj region, where
they reach up to 20%, slightly beyond the respective uncertainties. In the two-b-jet category,
the differences at small py ; increase, with the 4FS prediction being systematically lower than
the 5FS one. This behaviour reflects the more accurate treatment of bottom-quark kinematics
in the massive scheme, which becomes particularly relevant when two b-jets are required to
be hard and well separated. These configurations are effectively described only at LO+PS
accuracy in the 5FS.

These results underline the importance of the 4FS computation for observables involving
identified b-jets. Due to the partonic structure of the 5FS calculation, it lacks accuracy in the
hard matrix-element description of b-jet multiplicities compared to the 4FS, which in all ob-
servables involving up to two b-jets retains the full NNLO+PS accuracy. As a result, the 4FS
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Figure 10: Higgs transverse momentum spectrum with at least one (left plot) or
two (right plot) b-jets identified using the experimental-like algorithm applied to the
events generated by MINNLOpg in the massless (blue, dashed) and massive (red,
solid) schemes for the yg contribution.

provides a more reliable and accurate prediction, especially in regions sensitive to the kinemat-
ics and multiplicity of b-jets. This makes the 4FS prediction highly relevant for comparisons
with experimental measurements involving b-tagged final states.

6 Modelling of the bbH background in HH searches

6.1 Comparison of different bbH generators for y? and ylf contributions

In this section, we study bbH production as a background to di-Higgs searches at the LHC.
To this end, we consider MC predictions for both the yt2 and ylf contributions to the bbH
cross section with fiducial selections relevant to enhance a HH signal at the LHC [140,141].°
Our study closely follows the work presented in ref. [23], with the main differences being
the updated collider energy and input parameters, as described in section 2, as well as novel
predictions for the ylf component computed at NNLO+4PS in the 4FS using the MINNLOpg
generator [4]. The yt2 predictions are provided in the 4FS at NLO QCD accuracy matched
to the PYTHIA8 [142] parton shower. The results are obtained automatically with MAD-
GRAPH5 AMC@NLO [143, 144] using the NLO calculation of ref. [22] (in particular of the
virtual amplitude in the HTL).

We compare the yt2 predictions to those from an inclusive gluon-fusion NNLOPS simu-
lation [18-20] in the 5FS,” generated using POWHEG_Box_v2 [104, 105, 145]. This setup
achieves NNLO accuracy for inclusive Higgs boson observables, but only provides LO accu-
racy for final states in which the Higgs boson is produced in association with two additional

®The y,y, interference contribution is about —10% at NLO+PS, which is less than the respective scale uncer-
tainties of the ylf and yf cross section. It therefore does not play a relevant role for the considerations in this
section and can be safely neglected.

The so-called NNLOPS simulation [18-20] is based on an a posteriori reweighting of MINLO’ events to reach
NNLO-accuracy for Born-level observables, i.e. those related to the colour-singlet final state. By contrast, the
previously discussed MINNLO,g method incorporates the additional terms required to achieve NNLO accuracy
directly in the event generation.
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Table 5: Cross sections in ab for the yt2 and y,f contributions to pp — bbH with
H — yy decay at 4/s = 13.6 TeV.

2 2 2 = 2
Fiducial region Yy NLO y; LO y; L0 g—~bb b NNLO
(NLO+PS) | (ggF NNLOPS) | (ggF NNLOPS) | (bbH MINNLOps)
No cut 1696*5%0 ab | 7574750 ab | 277477 ab 1180712 ab
Fid. cuts 18%35:¢ ab 31.6775 ab 20.5718% ab 5.6725% ab
Fid. cuts +
+57% 20% 20% 2.8%
< 500Gey | 1233 b 2337500 ab | 15.4%55% ab 5.5 ab
2b2y
Fid. cuts +
60% 20% 20% 3.1%
m;, ., < 350GeV 551540 2b 11.5%555; ab 7.76 500, ab 48175, ab
2b2y

b-jets. In the NNLOPS calculation, the renormalization and factorization scales are set to
Ug = Up = my /2, the PDF4LHC21 parton distribution functions are used [28], and PYTHIA8
is employed both for parton showering and for simulating the decay of the Higgs boson into
two photons, which are kept stable in the showering process.

The HH signal region is inspired by the HH — bbyy final state [146,147]. Specifically,
we require two b-tagged anti-k [148-150] jets with a radius of R = 0.4 satisfying

pr(j)>25GeV, and [n(j)|l <25, (21
with their invariant mass constrained to be compatible with the Higgs boson mass:
80GeV < m(b;, b,y) < 140GeV. (22)

Additionally, we require two photons—produced in the simulation via Higgs decays through
PYTHIA8—to pass the following selection criteria:®

105GeV < m(y1,7,) < 160GeV, |n(y;)| < 2.37, _prlr) 35, _Pr(ra)_
m(}/lz YZ)

. > 0.25.
m(Yl) YZ)

(23)
The presence of two b-jets and two photons satisfying the above requirements defines the
fiducial region. This selection can be further refined in the context of HH analyses by imposing
a cut on the variable

My, = Mapay —M(by, by) —m(y1,v2) +2my . (24)

This observable is used in HH searches [146, 147, 151, 152] to define selection cuts that
enhance the sensitivity to an anomalous trilinear Higgs coupling. Here, we consider two
scenarios in which the fiducial selection includes the requirements m;bzy < 500GeV and
m£b2y < 350 GeV, respectively.

We present inclusive and fiducial cross section yields in table5. We start by com-
paring the numerical results for bbH yt2 component, computed at NLO in the 4FS using
MADGRAPH5 AMC@NLO (first column), with the expected rate obtained from the NNLOPS
simulation, with (second column) and without g — bb splitting included in the par-
ton shower (third column). All rates include the Higgs branching ratio into photons,
BR(H — yy) = 0.227% [27]. Uncertainties due to renormalization and factorization scale

8Note that, since we employ the Higgs decay in the zero-width approximation, the Higgs boson is on-shell and
the invariant mass of the two photons is exactly equal to Higgs mass m(y,,y,) = my, which trivially fulfils the first
condition and simplifies the other ones.
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variations are quoted, where each scale is independently varied by a factor of two around the
central value following the 9-point prescription. The theoretical uncertainty in this section is
estimated from the envelope of the nine scale variations, following ref. [23], in contrast to the
other sections where the standard 7-point prescription with the constraint 1/2 < u,/u, < 2 is
employed. Considering 7-point variations has a very small effect on the scale-uncertainty band
for the total rates, and we have decided to align the choices with the previous HH-background
studies [23]. Additional theoretical uncertainties, such as those associated with variations
of the shower starting scale, the choice of parton shower algorithm, or modifications to the
MC@NLO matching procedure [ 153,154 ] were examined in ref. [23] and found to be sublead-
ing. NNLOPS uncertainties are evaluated via multiple sources, accounting for the modelling
of jet multiplicity, the Higgs boson p,;, py;;, and m;; [27,155-159], as discussed in ref. [160].
Parton shower uncertanties are also not shown for the NNLOPS prediction, but they are ex-
pected to be sizeable: a comparison with an alternative parton shower (HERWIG7 [161]) yields
differences in the fiducial bbH (ytz) cross section ranging from 3% up to 17% (depending on
the kinematic region).

Significant differences are observed between the MADGRAPH5 AMC@NLO predictions and
the NNLOPS ones, with the NNLOPS fiducial cross section up to twice as large (depending on
the kinematical selections) when the g — bb splittings are included in the parton shower.
As discussed in ref. [23], the parton shower induces a double counting of gg — H + 2 b-
jets contributions, by dressing the inclusive production of the Higgs boson with hard b-jet
radiation, which are also included at the hard matrix-element level in the NNLOPS calculation.
Those hard configurations are formally outside the validity range of a parton shower, which
is based on soft/collinear factorization. This mismodelling created by the NNLOPS sample is
currently covered by a conservative 100% uncertainty in HH analyses [146,152]. Given that
bbH production is the major background, reducing this uncertainty through more accurate
simulations for the yt2 contribution to the bbH background will be instrumental for future HH
measurements.

We also quote the rates for the bbH y,f component in table 5 (last column), which are
evaluated at NNLO+PS accuracy with the MINNLOypg generator introduced in section 5.2. In
all fiducial HH categories, the yg and ytz contributions to the bbH cross section are of the
same order as the HH signal cross section [23] (not included in the table), highlighting the
importance of their accurate modelling to obtain a precise measurement of the HH process.
The yt2 term is larger than the y§ contribution to the bbH cross section for the inclusive cross
section (by about 50%) and in the fiducial region without m}, b2y cut (by a factor of about three).

2

With kinematical selections on m;bzy, however, the relative contribution of the yf component

increases. For the fiducial region with m

*

2b2y
factor of two, while for m;bZY < 350GeV _ylf and yt2 contributions are already comparably
large. The latter is the fiducial region most sensitive to the trilinear Higgs coupling. Hence,
the accurate modelling of both, yg and yt2 components, is important to fully control the bbH
background.

We continue by considering differential distributions in the HH signal region in figure 11
and 12, including the Higgs transverse momentum spectrum (left figures) and the m;bzy dis-
tribution (right figures). For the ylf component in figure 11 we compare 4FS predictions at
NLO+PS and NNLO+PS. We find that the inclusion of NNLO corrections increases the cross
section 40-60% and leads to a significant reduction in the scale uncertainties. Although the

NNLO correction in m;bZY is rather flat, it is clear that for a precise description of the yg cross

section of bbH production NNLO-accurate predictions in the 4FS are indispensable. In fig-
ure 12 [162] we compare the y? predictions from the MADGRAPH5_AMC@NLO and NNLOPS
samples, after applying only the b-jet selection defined in eq. (21). The distributions are nor-

< 500 GeV, the yt2 term is larger by roughly a
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Figure 11: Transverse momentum spectrum of the Higgs boson and invariant mass
m;bzy as defined in eq. (24) in the fiducial volume described by the selections (21-
23), comparing NLO+PS (purple, dashed) and NNLO+PS (red, solid) 4FS predictions

for the yi contribution.

malised to unity in order to highlight that the 4FS NLO+PS MADGRAPH5 AMC@NLO genera-
tor predicts a significantly harder spectrum than the 5FS LO+PS prediction from the NNLOPS
generator. By normalising to unity, these shape effects are disentangled from the even larger
rate differences with respect to NNLOPS, discussed before.

6.2 Combining y? bbH component and inclusive Higgs boson production in the
4FS

In analyses focusing on final states containing b-jets, it is essential to accurately model the con-
tributions from light-flavour and charm jets that may enter the event selection due to mistag-
ging. To facilitate the use of the MADGRAPH5 AMC@NLO sample in experimental studies,
while maintaining a realistic description of all jet flavour components, the _yt2 contribution
to the bbH process at NLO+PS is supplemented with the inclusive Higgs boson production
sample (including higher-order light-jet multiplicities) provided by the NNLOPS generator,
consistently within the 4FS. The NNLOPS simulation includes the inclusive description of the
g8 — H process at NNLO, but also describes one accompanied light-flavour and charm jets at
NLO and two of them at LO, which are not represented in the MADGRAPH5 AMC@NLO sample
for bbH production.

To prevent double counting of events featuring gg — H production with two b-jets, the
NNLOPS sample is filtered to exclude any event that contains at least one bottom quark, re-
gardless whether it originates from the hard scattering or from parton showering. Removing
events with a single bottom quark from the NNLOPS sample ensures complete orthogonality
of configurations between the two samples. This excludes gb — bH contributions, which
are already accounted for in the MADGRAPH5 AMC@NLO prediction via initial-state g — bb
splittings. Thus, by effectively removing the bbH component from the NNLOPS sample, it is
turned into a 4FS description of Higgs boson production accompanied by only light jets. The
filtered NNLOPS sample can then be combined with the MADGRAPH5 AMC@NLO one for bbH
production at NLO+PS by simply adding the two contributions, obtaining a full description of
Higgs boson production with light- and b-jet final final states within the 4FS, where inclusive
Higgs observables are described at NNLO+PS and H+b-jet final states at NLO+PS. Although
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Figure 12: Distributions of the Higgs boson p;, and invariant mass m}, , , as de-

fined in eq. (24) for the _yt2 contribution predicted by MADGRAPH5 AMC@NLO and
NNLOPS samples after requiring at least 2 b-jets in the final state as described by
eq. (21). All distributions are normalised to unity. The blue and green shaded
bands represent the scale uncertainties (shape only) of the NNLOPS and MAD-
GRAPH5_ AMC@NLO samples, respectively. The lower panel displays the ratio of the
two predictions. [162]

Table 6: Total bbH cross sections for the yf contribution in the SM at LHC center-of-
mass energies of /s = 13 TeV, 13.6 TeV, and 14 TeV. The cross sections are evaluated
for a Higgs mass of my, = 125 GeV and the PDF4LHC21 40_nf4 (LHAPDF ID 93500)
set is employed for the parton distribution functions. Variations in the cross section
due to changes in m;, between 125 GeV and 125.20 GeV are negligible compared to
the scale uncertainty.

L 5 | o | Bpun | Beor |
13.0TeV | 667 fb | +62%/ —35% | +1.7%
13.6TeV | 723 fb | +62%/ —36% | +1.7%
14.0TeV | 763 b | +62%/ —36% | +£1.7%

this method combines a 4FS calculation with one that was originally obtained in the 5FS, by
dropping consistently all bottom-quark contributions in the NNLOPS prediction, it is turned
effectively into a 4FS calculation.

One should bear in mind, however, that for full consistency also the PDFs and strong cou-
pling need to be updated to 4FS ones within this calculation. In order to exploit the existing
NNLOPS samples, this is not done here for practical reasons. Still, even with this caveat,
the method outlined above provides a coherent and practical approach for estimating the
gg — H+b-jets contribution at analysis level. This strategy has already been used in similar
contexts, such as the modelling of Z boson production with two bottom quarks in ref. [163],
and the treatment of the tf + bb process in ref. [164]. As discussed in ref. [162], the filtering
efficiency, defined as the fraction of NNLOPS events surviving the bottom quark veto, is found
to be 94%. The filtered NNLOPS sample is then normalised to the inclusive gg — H cross
section at N®LO after subtracting the yt2 bbH component as listed in table 6. The comparison
of nominal and filtered NNLOPS samples is discussed in ref. [162].
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7 Light-quark Yukawa contributions to Higgs boson production

The cross section proportional to the bottom-quark Yukawa coupling yields the largest (and
most relevant) quark-induced contribution to Higgs boson production after the top quark.
However, Higgs boson production mechanisms induced by the lighter quarks (charm, strange,
up, down) play an important role to constrain the light-quark Yukawa couplings. Indeed, while
the bottom-quark Yukawa coupling is strongly constrained through measurements of Higgs
decays, no stringent bounds exist for lighter quarks [165]. In particular, the charm Yukawa
coupling is only weakly constrained, with an observed upper limit of less than 8.5 times the SM
prediction based on analyses of Higgs decay products in Higgsstrahlung events [166]. Light-
quark Yukawa contributions typically have an important impact at small momentum-transfers,
for instance, at small transverse momentum of the Higgs boson. Therefore, ref. [38] suggested
to access the bottom and charm Yukawa couplings through precise measurements of the Higgs
transverse momentum distribution.

The Higgs boson production mechanisms induced by light-quark Yukawa couplings cor-
respond precisely to the ones of bbH production, with one contribution coming from loop-
induced gluon fusion, while another coming from the tree-level production of the Higgs boson
in association with light quarks. Again different prescription of treating the quarks as mass-
less or massive can be considered. However, for the lighter quark flavours, the treatment as
massless objects is more suitable in general. As for bbH production, the typical tree-level pro-
duction mode in the massless scheme is the quark-fusion process qg — H with g € {b,c,s,u,d},
and we write the cross section as follows:

- 2 - _2 -
Oss—H T K30 g4 T K, Oua—H - (25)

qu—>H(’_<§) =0upy T K
All interference effects at higher orders are mass suppressed, and they vanish in the mass-
less treatment with ny = 5. We have introduced the coupling K, = y,(my)/y;(my), which
denotes the ratio of the Yukawa coupling of a light quark to the SM Yukawa coupling of the
bottom quark, both evaluated in the MS scheme at the scale mpy, and the cross section with
the corresponding Yukawa coupling stripped off, 645,y = Oggn - yg(mH) / y(?(mH). In other
words, the cross sections in eq. (25) are obtained using the appropriate quark PDE, while as-
signing the Yukawa interaction to the strength of the bottom-quark coupling. This is done here
to obtain cross sections of comparable size.

A value of k; = 1 corresponds to a Yukawa coupling for quark q equal in strength to that
of the bottom quark. Thus, the normalised couplings take the following values in the SM:
kp =1, K. ~23-107% kK, ~1.9-1072 iy ~ 2.7-1073, K, ~ 4.4-10"*. The numerical
values are obtained by using the PDG values of the quark masses in the MS scheme [31] as
boundary conditions and evolving them to the hard scale my using four-loop running. The
High-Luminosity LHC prospects [ 167] show that the light-quark Yukawa coupling can be con-
strained to |K.| < 3.34, |k4] < 0.39, |k,| < 0.33 at 95% Confidence Level when using kine-
matical distributions, in particular the transverse momentum spectrum. In ref. [167] other
methods for constraining light quark Yukawa couplings, such as exclusive decays, have been
discussed, leading to an global expectation of || < 0.52, |k,| < 0.31, |k4] < 0.34, |k,| < 0.33.

We present results for Higgs boson production induced by light-quark Yukawa interac-
tions based on two different calculations: the NNLO+PS calculation for bb — H production
with MINNLOpg in ref. [17], which has been extended to all light-quark fusion processes; and
the resummed N3LL’'+aN>LO predictions in ref. [40], which have been obtained not only for
bb — H, but also for ¢c¢ — H and s§ — H production in that work. The latter calculation has
also been used to construct the GENEVA NNLO+PS generator for the cCH process in ref. [16],
which will not be studied here.

In the following, we consider the Higgs transverse momentum spectrum, as one of the
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observables most sensitive to light-quark Yukawa interactions, especially at small transverse
momentum, and present results at both NNLO+PS level from the MINNLOpg generator and
for the N®LL'+aN3LO resummed spectrum. We further apply the MINNLOpg simulation to a
detailed phenomenological study at NNLO+PS level in the diphoton channel qg — H — vy,
where we include the Higgs decay to two photons through the PYTHIA8 parton shower.

7.1 Sensitivity of the Higgs p; spectrum to light-quark Yukawa couplings

We begin with the transverse momentum spectrum of the Higgs boson. In figure 13, we
show the normalised distribution for the five different flavour channels obtained from the
MINNLOpg generator (in the left plot) and for the second-/third-generation quark channels at
N3LL/+aN3LO (in the right plot).” By normalising to the total cross section, we remove the
dependence on the Yukawa coupling, making the comparison sensitive only to differences in
the parton distributions in each channel. We observe that the position of the peak varies signif-
icantly with the initial-state flavour, with light-quark channels exhibiting the softest spectrum
and the bottom quarks the hardest one. The comparatively hard spectrum in the bottom-
quark channel is a consequence of the bottom-quark PDF being generated perturbatively and
predominantly from gluon splittings.

Although the small masses of the first- and second-generation quarks make their contri-
butions challenging to detect experimentally, the shape of the Higgs transverse momentum
distribution provides a potential handle to disentangle them from the dominant gluon-fusion
channel, which features a much harder spectrum, peaked at larger values, and therefore dis-
tributes the cross section towards large transverse momentum values. In particular, the softer
spectrum associated with the charm-quark contribution, combined with the intermediate size
of its SM Yukawa coupling, makes this observable promising for extracting the charm Yukawa
coupling. Additionally, it can be used to put bounds on the Yukawa couplings of the lighter
quarks.

We further comment on the analytically resummed predictions in the right plot of figure 13.
At NNLL+NLO accuracy, the spectra of the different flavour channels already exhibit different
shapes, as observed here for N°LL’ + aN®LO results with a substantial reduction of the scale
uncertainty. The uncertainties for the bottom-quark channel are noticeably larger compared
to the other channels. In fact, the relative uncertainties for bb — H at a given order are of
similar size as those for s§ — H at one lower order. The main difference between the channels
is the relative size of the PDF luminosities. As already pointed out in ref. [40] for bb — H,
the bb Born channel is numerically suppressed by the small b-quark PDFs, the gluon-induced
PDF channels, which start at one higher order, play a much more prominent role and explain
the observed pattern of uncertainties for the different cases. We note that the bb — H cross
section in the right panel of figure 13 is only shown for p; > 4 GeV, since with a bottom-quark
mass of m;, ~ 4.18 GeV the assumption of my; < pr, where the factorization theorem is valid,
no longer applies for p; < 4 GeV.

7.2 Simulations with diphoton signature in MINNLOg

In the MINNLOpg generator, the Higgs boson is treated as an on-shell asymptotic state. Its
decay into photons can be modelled through PYTHIA8 using the zero-width approximation,
assuming a branching ratio of BR(H — yy) = 0.227% [27]. Inspired by a fiducial region
accessible by both the ATLAS and CMS detectors, we apply the following constraints on the

“We note that the N°LL/+aN®LO spectra are normalised to the N®LO cross sections obtained from n31oxs [168],
which uses the results from refs. [8,36]. The code was modified to obtain the N°LO cross sections for ccH and
sSH.
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Figure 13: Transverse momentum spectra of the Higgs boson obtained with
MINNLOpg (left) and at N3LL+aN3LO (right) for the different quark-fusion chan-
nels: bottom (blue, dashed), charm (green, solid), strange (pink, long-dashed), and
down (brown, dotted), and up (black, dotted-dashed). The distributions are nor-
malised to their respective total cross sections.

rapidities and transverse momenta of the two photons:

v <237,  Pr0) gas o Prl) o0 (26)
i

m(y1,72) m(y1,72)

Here, y; denotes the hardest photon, i.e. the one with the largest transverse momentum. We
employ the selection of eq. (26) as our fiducial selections and reconstruct the Higgs boson
momentum from the photon pair.

To cross-check the MINNLOpg calculation with a fixed-order prediction, we have extended
the public code SUSHI [169, 170], which computes the NNLO QCD cross section for bb — H
production, to support the light-quark fusion processes at NNLO in QCD. In table 7 we present
the total inclusive cross section for the different light-quark Higgs boson production channels
from SUSHI and MINNLOpg according using the setup in section 2. We recall that the values are
obtained by assuming the bottom-quark Yukawa coupling in all production modes, as described
in eq. (25), and must be rescaled by the ratio of appropriate squared Yukawa couplings to
obtain the SM prediction.

We observe that the cross sections are enhanced by the respective quark PDE with the light
quarks receiving the strongest enhancement, which reduces as the quark mass increases. There
is a good agreement between the fixed-order NNLO and MINNLOgg cross sections, particularly
in the down- and up-quark channels. Scale uncertainties are significantly reduced for the
lighter quark channels. Most notably bottom-quark fusion includes larger uncertainties due to
the less accurate bottom PDFs, as discussed before.

In the last column of table 7 we report the integrated cross sections from the NNLO+PS
simulation in the fiducial region defined in eq. (26). The three orders of magnitude difference
compared to the fully inclusive case originates from the Higgs branching into photons. Among
the initial-state quarks, the up quark shows the lowest efficiency in passing the fiducial selec-
tion, with only about 36% of diphoton events surviving the kinematical selections, compared
to approximately 44% for the down quark and 59% for the charm quark.

Finally, we discuss the impact of the fiducial cuts on differential distributions of the Higgs
boson in the various quark channels. In the left (right) plot of figure 14, we show the transverse
momentum spectrum of the Higgs boson, reconstructed from the diphoton pair in the inclusive
(fiducial) phase space. The distributions are normalised to their respective integrated cross
sections. We observe that the shape of the different distributions changes relatively mildly
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Table 7: Comparison of SUSHI cross section numbers against the integrated
MINNLOg results for Higgs boson production via light-quark fusion, with all Yukawa
couplings set to the strength of the bottom-quark Yukawa. The last column presents
the NNLO+PS results for H — yy production within the fiducial selection defined
in eq. (26).

SUSHI1 MINNLOpg MINNLOpg
Flavour channel 5inclusive 5.inclusive 6.fiducial
qq—H qq—H qq—H-yY

dd — H (yq — yp) || 11.46(9)*93: pb | 11.442(3)*2%% pb || 11.420(5)*25% fb

uii = H (y, = yp) || 16.46(1)79-% pb | 16.182(5)*57% pb || 13.169(8) %3¢ fb

s§—H (y;— yp) || 4.454(3) 1% pb | 4.676(1)73 7% pb || 6.215(3)F35% fb

c€ = H (y. = Yyp) || 1.849(1)F) 5 pb | 1.778(6)* 530 pb || 2.399(1) 35 fb

2.9% 0.9% 1.0%
bb—>H 0.585(7)7] %0 pb | 0.5757(4) g 500 pb || 0.8089(8) 4700 fb
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Figure 14: Transverse momentum spectra of the Higgs boson without kinematical
selections (left) and within the fiducial region defined in eq. (26) (right) for the dif-
ferent quark-fusion channels: bottom (blue, dashed), charm (green, solid), strange
(pink, long-dashed), and down (brown, dotted), and up (black, dotted-dashed). The
distributions are normalised to their respective integrated cross sections.

when fiducial cuts on the photons are included. Moreover, the peak positions stay in the same
place. As a result, extrapolations from the fiducial to the inclusive phase-space in experimental
measurements should have a rather minor effect on the shape of the distribution.

We note that alternative channels sensitive to light-quark Yukawa couplings have been ex-
perimentally investigated recently, such as the reinterpretation of WWy analysis [171] and the
Higgs decay rate into four leptons [172]. Novel approaches to probe the light-quark Yukawa
couplings have also been discussed recently in refs. [173-175].

8 Conclusions

We have reported on new predictions for bbH production at the LHC at a centre-of-mass energy
of 13.6 TeV. All cross sections are computed following the recommendations of the LHCHWG.
First, we have updated the predictions for the total inclusive cross section by inter-
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polating the 13 TeV and 14 TeV cross section numbers from the 4FS and 5FS matched
NLO+NNLL,+Yp Y, calculation. So far, the matching of the different flavour schemes has
been performed only at the fully inclusive level for bbH production. Matched predictions of
differential state-of-the-art bbH predictions in 4FS and 5FS could, in principle, be obtained
by extending differential matching approaches, such as those discussed in refs. [176,177], to
higher orders.

As far as differential calculations for bbH production are concerned, this report focusses
on new state-of-the-art predictions in either scheme. Specifically, novel results for the Higgs
transverse momentum distribution have been discussed based on the analytic resummation at
N3LL/ 4+ aN®LO accuracy. In the future, this calculation could be extended by the matching
with the exact N3LO corrections for Higgs boson production via bottom-quark fusion.

We then presented the first numerical comparison of the recently developed MINNLOpg
and GENEVA generators for bbH production in the massless scheme (i.e. the bb — H pro-
cess) at NNLO+PS accuracy. We find their predictions to be compatible within the respec-
tive theoretical uncertainties for the observables studied, showing good agreement also with
the analytically resummed result for the Higgs transverse momentum spectrum. We also in-
cluded a proof-of-concept study of the MINNLOpg generator for BSM applications involving
heavy-Higgs boson production with an enhanced bottom-quark Yukawa coupling, considering
a specific MSSM scenario for a still allowed parameter setting.

Also the NNLO corrections to bbH production in the massive scheme have recently been
computed, including parton shower matching, in the MINNLOypg framework. We have studied
the sizeable NNLO effects, and we compared 4FS and 5FS MINNLOpg predictions. For the
first time, 4FS and 5FS predictions are finally in full agreement, when the cross section in
both schemes is computed to NNLO in QCD. Thus, the inclusion of NNLO corrections in the
massive scheme, finally resolves the long-standing 4FS-5FS discrepancy and discussion about
the appropriate flavour scheme for the bbH process. As a result, the corresponding theoretical
uncertainty in the modelling of the bbH signal cross section is substantially reduced.

Apart from single-Higgs boson production, the bbH process is an important background
to HH searches in all channels involving at least one Higgs boson decaying into two bottom
quarks. We have discussed the impact of 4FS predictions in the fiducial phase-space region
relevant for HH studies. For the yl% contribution, we have employed the previously introduced
MINNLOpg generator. Also in this case, the inclusion of the NNLO QCD corrections leads to
a strong reduction of the scale uncertainties. The yt2 contribution, on the other hand, which
is even larger than the yi one, is modelled from the NLO+PS generator developed within
MADGRAPH5 AMC@NLO. So far, the yt2 contribution was modelled in the 5FS by selecting
events from the NNLOPS generator for inclusive Higgs boson production in gluon fusion, which
is effectively only LO accurate for bbH final state, and was assigned with a 100% uncertainty.
Since also Higgs plus light jet contributions can enter the HH selection through mistagging,
we have suggested a consistent approach within the 4FS to combine those contributions from
NNLOPS generator (removing all bbH final states) with the more accurate NLO+PS calculation
for bbH production. As an important outlook for HH studies, the yt2 bbH component in the
HTL approximation could in the future be obtained at NNLO+PS using the existing MINNLOpg
framework, with the main limitation being the absence of the required two-loop amplitudes.
Moreover, the NLO calculation of the yf bbH contribution beyond the HTL approximation,
which requires the corresponding exact two-loop virtual amplitude, would be highly valuable
to further reduce the theoretical uncertainty.

In the last section of the report, we have discussed light-quark Yukawa contributions to
Higgs-boson production. The production mechanism corresponds exactly to the one of bbH
production in the massless scheme, i.e. g — H. We find that the shape of the transverse mo-
mentum spectrum is very sensitive to the different initial state quarks, due to PDF effects. We
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have also considered q§@ — H production with the Higgs decaying into two photons, making
use of the possibility to decay the Higgs boson through PYTHIA8 within the MINNLOyg gener-
ator. To further improve the theoretical modeling of cCH final states, which can be important
to extract the charm-quark Yukawa coupling, the NNLO(+4PS) calculation of ccH production
in the massive scheme (i.e. a three flavour scheme) could be considered within the MINNLOpg
framework.
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