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1. Introduction

A detailed study of the Higgs potential in the Standard Model (SM), particularly the determi-
nation of the Higgs self-coupling, is one of the main goals of the Large Hadron Collider (LHC)
program at CERN. In this context, Higgs boson pair production—which at the LHC derives its
dominant contribution from gluon fusion—is of crucial importance for probing the SM and for
providing clues to new physics effects beyond it.

The loop-induced gluon fusion process gg — HH receives large corrections from higher
orders, which are relevant for phenomenological studies. The next-to-leading order (NLO) QCD
corrections have been computed with full top-quark mass dependence using numerical approaches
in Refs. [1-3] and using a complementary set of analytical approximations around the forward and
high-energy limit covering the full phase space in Refs. [4-9]. While the QCD corrections due to
the massive virtual top quark are already difficult to compute—and, in particular, no efficient closed
algebraic form has yet been found for the occurring complicated two-loop box integrals—the NLO
corrections in the electroweak (EW) sector are even more complex due to the additional internal
mass scale induced by the EW gauge bosons.

Partial contributions to the NLO EW amplitude like the leading Yukawa corrections were first
considered in the high-energy expansion [10] and the heavy top-mass limit [11]. Contributions
that additionally contain the cubic and quartic Higgs self-couplings were computed with numerical
[12-15] and analytical approaches [16]. Exact analytical results are known for the factorizable [17]
and the light quark contributions [18]. The combination of Yukawa and Higgs self coupling with
the light quark contribution have been studied in Refs. [19, 20]. Additionally the quark initiated
process was calculated in Ref. [21]. Analytic calculations including all electroweak interactions
were performed using the large mass expansion (LME) [22] and the high-energy expansion [23].
Corresponding numerical results for the full EW amplitude are computed in Ref. [24].

In this contribution, we present the application of the analytic forward limit expansion to the
full EW amplitude, which provides good approximations in the region of the phase space that is
complementary to that covered by the high energy expansion from Ref. [23].

2. Technicalities

Following the convention of Ref. [23], the g(q1)g(g2) — H(q3)H(q4) amplitude is expressed
in terms of two form factors that are introduced through

M = gy 1,6 (M ALY + MrALY), (1)

where €1 are the polarization vectors of the gluons. The scalar coefficients M; and M, are
conveniently decomposed as

M, = XOS(FA,l + FD,l),
M, = XosFqp. 2)
Here, the prefactor Xo = Gras(ur)/ (4\/571) contains the Fermi constant Gr and the strong

coupling constant @ (ug) that depends on the renormalization scale pug. The subscripts “A” and
“0” denote the entries that consist exclusively of triangle diagrams and box diagrams, respectively.
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Figure 1: Sample Feynman diagrams contributing to the NLO EW corrections to gg — HH. Dashed,
solid, wavy and curly lines correspond to scalar particles, fermions, electroweak gauge bosons and gluons,
respectively.

We assume all external momenta to be incoming and define the kinematics of this process
through

s=(@+q)’ t=(n+¢) u=(q2+q3)’ 3)
with
CI%,Q =0, CI%A = m%i, S+t+u= Zmz 4)

where mpy is the mass of the Higgs boson. The perturbative expansion of the form factors can be
written as

F=rO y BWR) pao)  Cpon (5)
T T

where « is the fine structure constant. Here F(1:0) denotes the NLO QCD corrections, and F(*-1)

the NLO EW corrections for which the forward limit will be discussed in the following.

3. The forward limit expansion

In Fig.1 we show sample two-loop Feynman diagrams that contribute to the NLO EW cor-
rections. The virtual EW gauge bosons introduce an additional mass scale to the integrals, which
makes their computation more difficult compared to the NLO QCD equivalent. For this process,
we express the forward limit in terms of the hierarchy of scales:

2 2 2
t,my < s,m;,m; (6)

where m; is the mass of the top quark and my € {mpg_in, mz, my} represents the mass of the
virtual EW gauge bosons. Note that we consider the external m gy and internal Higgs mass m g _in
to be independent of each other.

Most of the calculation is performed with inhouse FORM [25] code. We substitute g3 — —q;+0dq
in the Feynman integrals and perform a Taylor expansion in the four-momentum vector 6g. The
expansion generates tensor integrals, which we reduce in the next step using OPITeR [26]. With
the expansion in 6¢q, we eliminate the g3 dependence from the integrals; i.e., the integrals are now
independent of ¢ and m%, The coeflicients of the integrals consist of the initial analytic structure of
the amplitude and a series in scalar products containing 6¢ which we simultaneously re-expand in
t and m%i such that we can express our form factors as

F= Z cl-,j,k(s,mt,mz,s)ti(mlzq)jlk(s,m,,mz,s), with i+j<3. 7
ij.k
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We use dimensional regularisation, hence the dependence on the regulator €. Additionally we sum
over k, resp. the 200 master integrals I that we obtain after applying the method of integration-
by-parts reduction (IBP) using Kira [27]. Since we obtain a series in the variable 7, we also refer
to this forward limit expansion as ¢ expansion.

To compute the master integrals, we set up a system of differential equations with respect to the
derivative in s and solve it using the method of Expand and Match [28-30]. This method works
as follows: we expand the system around distinct values of s and solve it using a Taylor expansion
ansatz in s if the chosen value of s is a regular point of the system, or we use a threshold ansatz
if the chosen value of s is a singular point of the system of differential equations. The boundary
conditions are fixed using numerical results obtained with AMFlow [31]. Currently, for simplicity,
we calculate the master integrals for fixed numerical values of mj,/m; for each of the different
particle contributions. However, the later goal is to include an additional system set up with respect
to my and to solve it using a multivariate approach in both s and m;.

4. Preliminary Results

For now, we want to showcase the quality of the expansion by focusing on the subset of Feynman
diagrams that contain three Yukawa couplings (y;) and a cubic Higgs-boson self-coupling vertex
(g3), see diagrams (d) & (e) in Fig. 1. For this contribution to the scalar sector, the high-energy
expansion in Ref. [16] has poorer convergence behavior than for other contributions.

In Fig. 2, both the results of the ¢ and high-energy expansion (red) for the £° part of FD(y f ) are
shown and compared to the numerical results (black) obtained in Ref. [14]. For the ¢ expansion,
we present results obtained by simply evaluating the series numerically (blue), as well as results
obtained after applying the so-called Aitken series extrapolation (green) [32] which is constructed
as follows

(n) £(n=2) _ ( p(n=1)y2 n
ff (f ) f(n) _ Zcixi-

i=0

For each phase space point, we compute the series f(") by applying the substitutions  — xz and
m%l — xmlzq to the form factors and inserting the numerical values for all kinematic scales. After
constructing f., we setx = 1.

The left panel of Fig. 2 shows the real part of the form factor as a function of the transverse
momentum of the Higgs boson, pr. For each value of pr, there may be multiple values of +/s
in our sample of phase-space points and thus multiple results for the form factor. The data points
are taken from Ref. [16] where precise numerical results are provided. The ¢ expansion and its
extrapolation are shown for pr < 300 GeV and the high-energy expansion for p7 > 300 GeV. We
observe that, for every point of the phase space, the black dot representing the numerical result
is overlaid with a colored dot representing either the high-energy expansion or the extrapolated ¢
expansion, demonstrating a precise agreement between the different approaches. From this, we
conclude that we can cover the entire phase space by combining both approximations. The plain ¢
expansion deviates from the numerical results for py > 225 GeV and is therefore insufficient.

The panel on the right shows the corresponding imaginary part of the form factor. Here, we
focus only on values of pr > 300 GeV, below, the ¢ expansion behaves similarly to the previous
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Figure 2: We show the real (left) and imaginary (right) part of the e-finite part of the bare form factor

3
FE(‘y 1 %) a5 a function of the transverse momentum pr off the Higgs boson. The data point colours are as

defined in the text.

case. For the imaginary part, the uncertainty in the high-energy expansion and its deviation from
the numerical results already become apparent at pr =~ 450 GeV and get worse at lower values.
However the extrapolated ¢ expansion provides good approximations for much higher values of pr
as in the case of the real part. Only at values of pr > 500 GeV, the extrapolated ¢ expansion begins
to deviate from the numerical results.

5. Conclusions

In this conference proceedings, we presented our approach of applying an analytical expansion
around the forward limit (+ — 0) to calculate the NLO EW corrections to the gg — HH amplitude.
We compared partial contributions to the amplitude with existing results from the literature and
demonstrated precise agreement up to pr = 225GeV using the ¢ expansion, and even up to
pr = 500GeV when we additionally apply series extrapolation techniques. This range proved
sufficient in order to merge with existing results from the high-energy expansion, allowing us to
cover the entire phase space using these two analytical approximations. Still, further efforts are
required to express our master integrals as multivariate expansions and to compare the numerical
results of the complete amplitude with existing data from the literature.
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