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The determination of the Higgs boson trilinear self-coupling A3 is a key goal of the LHC physics
programme. Its precise measurement will provide unique insight into the shape of the scalar
potential and the mechanism of electroweak symmetry breaking. Higgs boson pair production in
the gg — HH process, particularly in the HH — bbyy final state, offers direct sensitivity to A3z.
We present the first implementation of the Matrix Element Method at Next-to-Leading Order
(MEM@NLO) for this channel. The MEM is a statistically optimal approach that maximises in-
formation extraction from collision events. Extending it to NLO represents a major methodological
challenge, which we address with a new formalism integrated into the MOMEMTA framework.
Results with simulated pseudo-datasets demonstrate the strong discriminating power of the method
and its ability to extract the coupling modifier ky = A3 /A3 with high precision.
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1. Introduction

The discovery of the Higgs boson in 2012 [1, 2] at the Large Hadron Collider (LHC) by the
ATLAS [3] and CMS [4] collaborations completed the experimental confirmation of the Standard
Model (SM) particle content, yet the form of the Higgs potential remains only weakly constrained.
Its structure is probed through the trilinear Higgs self-coupling A3, often expressed via the modifier
K1 = B3p //1211\14, which has a strong impact on both the rate and kinematics of Higgs boson pair
production. Despite extensive searches, di-Higgs production has not yet been observed at the LHC,
and the current limits on A3 still allow sizeable deviations from the SM prediction. Using the full
Run 2 dataset, ATLAS and CMS have performed combined interpretations of the major di-Higgs
channels, yielding constraints of —1.2 < «,; < 7.2 at 95% CL for ATLAS [5] and —1.4 < k3 < 7.0
for CMS [6]. Further improvement requires analysis techniques capable of extracting the maximal
discriminating power from event-level kinematics. The Matrix Element Method (MEM) offers such
a framework. However, existing applications mostly rely on Leading-Order (LO) matrix elements,
neglecting QCD radiation, and therefore suffer from reduced accuracy when applied to realistic
LHC events. Several different approaches have been proposed to incorporate next-to-leading order
(NLO) QCD effects within MEM-based analyses [7—10]. The strategy presented in this work
introduces a new framework and realises the first MEM at Next-to-Leading Order (NLO) [11] for
the process gg — HH — bbyy, enabling a more precise and robust extraction of «, for realistic
events. This study follows up on the results at LO only reported in Ref. [12].

2. The Matrix Element Method

The Matrix Element Method (MEM) was introduced in Refs. [13, 14] and later applied suc-

cessfully in Refs. [15-17]. It provides a statistically optimal way to exploit the full kinematic
information from collisions, by evaluating the likelihood that a measured event with reconstructed
observables x' originates from a given process p under a set of model hypotheses h. Each process
corresponds to a specific hard-scattering topology, and is characterised by parameters h such as
the coupling modifier «,. The relevant signal process for this analysis is gluon-fusion di-Higgs
production, gg — HH — bbyy, while the main background processes include t7H, QCD-induced
diphoton production, and single-Higgs-plus-jets production.
For a given event i, the reconstructed quantities x’ represent the four-momenta of the reconstructed
final-state objects, while the MEM integrates over all possible parton-level four-momenta y consis-
tent with these measurements. From first principles, the process likelihood for a given event i can
be expressed as:

do,(pp — x';h, W)
oS (pp — F)

N |Mp(a1a2_)y;h)}2
0b9(pp—>F) /Ll . G%me(‘h)faz(‘h) 41925 (1)

Lgrocess (hlxi) =

X W(y,x") 5(a1 +ap - Z yj) dq1 dga d*y,
Jj=1
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where:

. (r;;bs (pp — F) denotes the observed integrated cross-section to produce the final state partons
F,

* g1 and g, are the momentum fractions of partons a; and a, (also referred to as Bjorken-x
scaling variables), and s the Mandelstam variable corresponding to the squared centre-of-
mass energy of the proton-proton collision,

* M, (aja; — y;h) is the Matrix Element of aja, — y for the process p and the hypothesis h,
obtained from first principles,

L (a1 +ap — Z;‘zl y j) represents the energy-momentum conservation,

s W(y,x) corresponds to the transfer functions, which parameterise the detector response and
describe the probability for a parton-level configuration y to give rise to the reconstructed
observables x'.

MoMEMra [18] is a modular framework designed to implement the MEM in high-energy

physics analyses through numerical evaluation of the integral in Eq. (1). It provides a flexible
environment in which the ingredients of the MEM integrand are defined and handled as separate
modules. Yet because the MEM involves integrations over a high-dimensional phase space, the
numerical complexity can quickly become very challenging. To make these complex calculations
manageable, MOMEMTa uses dedicated modules called blocks that perform analytic changes of
variables using kinematic constraints (e.g. intermediate resonances) and conservation laws from
the 0-functions to reduce the initial dimensionality of the integration.
At LO, the MoMEMTaA modular approach performs remarkably well, as the phase space has a
simple structure and the mapping between partonic and reconstructed objects is straightforward.
At NLO however, additional complications arise. While virtual corrections preserve the LO final-
state topology, real-emission contributions introduce an extra parton and therefore a different phase
space. For this analysis however, the extra radiation will be treated as unresolved (i.e. no attempt
is made to reconstruct the additional parton in the detector) and will be fully integrated over.

2.1 Accessing the Matrix Elements at NLO

Computing the likelihood Lgrocess(h|xi) requires access to the matrix element M, evaluated
at specific phase-space points. At NLO, this involves going beyond the leading Born term by
including both virtual loop corrections and real-emission contributions. To obtain pointwise access
to the amplitudes at arbitrary phase-space points, we use POWHEG-BOX-V2 [19], and in particular
its dedicated ggHH subrepository developed by Heinrich et al. [20, 21]. POWHEG-BOX-V2 is
a general NLO Monte Carlo framework designed for the computation of cross sections and the
generation of fully exclusive events at NLO accuracy (with subsequent parton-showering provided
via its interface to PYTHIA [22]), but is however not designed to provide direct access to matrix
elements at arbitrary, user-defined phase-space points. A central part of this framework was to
adapt POWHEG-BOX-V?2 internal routines and to develop a dedicated interface to MOMEMTA.
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2.2 Design of the new BLock N

The MoMEMTa framework, originally designed for LO implementations of the MEM, does
not include any block capable of handling the integration of real NLO contributions. To overcome
this limitation, we developed a new component, BLock N, specifically designed to incorporate the
additional degrees of freedom related to real-emission contributions at NLO. The design principle
of this new Brock N is to simultaneously eliminate the two Bjorken-x fractions (g, ¢g») and

rad

the transverse components of the radiated parton momentum (p%

, pryad) using four-momentum

rad

conservation, while keeping its longitudinal component p¥

as a free integration variable.

2.3 Infrared safety and stability

A well-known feature of QCD perturbative calculations at fixed order are singularities in the
soft and collinear limits for real emission matrix elements. These infrared singularities cancel
against the corresponding virtual contributions once the full cross section is constructed. We
modified POWHEG-BOX-V2 to provide the finite, infrared-safe Born+virtual and real-emission
matrix elements at each phase-space point. When embedding these ingredients into the MEM,
additional care is nevertheless required. To ensure stable and efficient numerical integration, two
complementary technical measures were introduced. First, a dedicated collinear-treatment module
to regulate configurations in which the additional parton becomes nearly parallel to an initial-state
gluon or to one of the Higgs decay products. Second, a minimal transverse-momentum threshold on
the radiated parton in the MEM integration, introduced solely to stabilise numerical convergence.

3. Validation and Discrimination Power

The most direct way to illustrate the discriminating power of the MEM@NLO is through
rejection curves (ROC). For this analysis, it can be built from the ratio of likelihoods between the
signal hypothesis and a given background process. By varying the cut placed on the likelihood ratio
discriminant, one obtains the trade-off between signal and background efficiency. The comparison
in Fig. 1 highlights the necessity of extending the MEM to NLO accuracy. When applied to
realistic NLO-generated samples the MEM@LO exhibits a poor discrimination power, as it does
not account for additional QCD radiation. In contrast, the MEM @NLO achieves a robust and stable
discrimination power on NLO events.

4. Extraction of the Higgs Self-Coupling using likelihood scans

Beyond discrimination between the different processes p, the ultimate goal of the MEM @NLO
is the extraction of the Higgs trilinear coupling modifier «,. For that purpose one can define:

* The kinematic likelihood Lyin(k,), defined as the product of the per-event MEM likelihoods,
each obtained from Eq. (1) as a weighted sum over all contributing processes. It captures the
full kinematic information carried by the selected event sample.

* The yield likelihood Lyic1a(ka), exploits the strong dependence of the gg — HH production
rate on «,; which is known to vary quadratically due to the interference of the triangle and
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Figure 1: ROC curve for events generated at NLO, between the ggF di-Higgs signal and ttH background.
The black curve corresponds to MEM@LO, and the red curve to MEM @NLO. Given our conventions, the
closer the ROC curve lies to the bottom-right corner of the plot, the more powerful the method.

box diagrams. This likelihood follows a Poisson distribution to observe Nops events:

/l(K/l)NObse_ﬂ(K/l)

Lyield (ka) =

Ny

b
bs!

with parameter (k) = Ngig(ka) + Npkg-

2

* The extended likelihood L, defined as the product of the previous two, fully exploits both
the kinematic and yield information.

9060

— Kinematic

-log(L)

— Yield

9050| — Extended

— Fit Extended

Likelihoods as a function of «
with integrated luminosity: 300 fb

9040}~
9030
9020
9010
9000
8990

8980

8
Kappa (k)

Figure 2: Likelihood scan for one pseudo—dataset consisting of a combination of NLO signal events
(ky = 1.00) and all main backgrounds, analysed using MEM @NLO. The graph shows —log £ as a function

of the hypothesis «,. Black: kinematic component (Lx;,) with offset;

: yield term (Lyie1q) with offset;

Red: extended likelihood (Lcx¢); Blue: quadratic fit to —log Ly around its minimum, to extract the best—fit
value £ and an estimation on the associated uncertainty o'measured-

To quantify the performance, we generated 84 pseudo-datasets at NLO for an integrated
luminosity of 300 fb~! per dataset, and with x; = 1. The minimum of the profile of —log L (k1)
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determines the best-fit value £,, while the curvature around it provides information about the
per-dataset statistical uncertainty (cf. Fig. 2). Repeating this procedure for large ensembles of
pseudo-datasets allows one to build distributions of K; and to assess both bias and resolution as
shown in Fig. 3.
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Figure 3: Histograms of likelihood scan results with all main backgrounds included. Top: distribution of
the best-fit coupling parameter ;. Middle: distribution of the estimated uncertainty omeasured- BoOttom:
distribution of the "pull" values w, defined as (K} — Kirye) / OTmeasured-

5. Results

To assess the performance of the MEM@NLO, we produce and analyse multiple samples
with different background compositions. The results are summarised in Fig. 4. For each of the
different configurations presented, the injected SM value k; = 1 is always recovered, and well
within uncertainties. The analysis of 84 pseudo-datasets, including all main backgrounds, yields
ky = 1.144 £ 0.502 where 1.144 represents the mean over all pseudo-datasets, and 0.502 the
expected 1-0- uncertainty at 300 fb~!. This result demonstrates that the MEM @NLO retains strong
sensitivity, even in a challenging background-dominated environment. Another important result
is that by exploiting the full event kinematics, the MEM @NLO excludes the mirror solution near
k= 4, which arises in yield-based analyses because the inclusive gg — HH cross section depends
only on the interference pattern between the triangle and box diagrams, leading to a second value
of k, that reproduces the same total rate as the SM.
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Likelihood Scan Performance
MEM@NLO, Ys=14 TeV, bbyy final state, with 300 fb™
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Figure 4: Summary of likelihood scan performance for MEM @NLO on NLO events generated with x, = 1,
in the bbyy final state, at /s = 14 TeV with 300 fb~!. The black dot marks the mean best-fit value of k,
for each ensemble of pseudo-datasets, while the bands show the expected +10 (turquoise) and +2¢ (orange)
ranges. The dashed grey line is the SM prediction, and the red vertical line is the mirror solution at k; = 4.

6. Conclusions and Outlook

We present the first implementation of MEM@NLO for Higgs boson pair production in the
bbyy channel. A central achievement of this work is the development of BLock N, a new in-
tegration block specifically engineered to treat the additional degrees of freedom associated with
real-emission contributions at NLO. Its construction required a substantial extension of the existing
MoMEMra formalism, enabling for the first time a consistent NLO treatment, resolving the limita-
tions of previous LO-based approaches. Validation on simulated samples demonstrates significant
improvements in discrimination power and parameter extraction. Ensemble tests confirmed the
robustness of the method, and its ability to break the mirror solution degeneracy at x; = 4.0. The
method provides a powerful framework for extracting the Higgs self-coupling, and can be naturally
extended to other analyses or processes. Future development of this work could focus on improving
computational performance, refining the modeling of detector transfer functions, and exploring the
application of MEM@NLO to a broader range of final states (e.g. bbt*t~ or bbbb).
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