PUBLISHED FOR SISSA BY 4) SPRINGER

Il

RECEIVED: February 13, 2026
ACCEPTED: May 11, 2026
PUBLISHED: July 6, 2026

Higgs-pair production via gluon fusion: top-Yukawa-
and light-quark-induced electroweak corrections

Arunima Bhattacharya®,? Francisco Campanario ®,” Sauro Carlotti®,’

Jamie Chang®,%¢ Javier Mazzitelli®,® Milada Miihlleitner ®,> Jonathan Ronca®*
and Michael Spira©¢
@ Theory Division, IFIC, University of Valencia-CSIC,
E-46980 Paterna, Valencia, Spain
b Institute for Theoretical Physics, KIT,
D-76128 Karlsruhe, Germany
¢PSI Center for Neutron and Muon Sciences,
CH-52532 Villigen PSI, Switzerland
d Institute for Theoretical Physics, ETH Ziirich,
CH-8093 Zirich, Switzerland
¢ Dipartimento di Fisica e Astronomia, Universita degli Studi di Padova,
and INFN, Sezione di Padova,
Via Marzolo 8, I-35131 Padova, Italy
E-mail: arunimab@ific.uv.es, Francisco.Campanario@ific.uv.es,
sauro.carlotti@kit.edu, jamie.chang@psi.ch, javimazzitelli@gmail.com,
milada.muehlleitner@kit.edu, jonathan.roncaQunipd.it,

michael.spira@psi.ch

ABSTRACT: Gluon fusion, gg — H H, is the dominant Higgs-pair production process at the
Large Hadron Collider (LHC) and provides the first direct access to the trilinear Higgs self-
interaction. The process is loop-induced, with the main contribution emerging from top-quark
loops within the Standard Model. In the past, the QCD corrections have been calculated and
found to increase the cross section significantly. With the anticipated accuracies achievable
at the high-luminosity LHC (HL-LHC), the theoretical uncertainties will be of increased
relevance to compete with the experimental precision at the level of less than 30%. In this work,
we take the next steps towards the determination of the complete electroweak corrections at
next-to-leading order by calculating the full top-Yukawa and light-quark induced corrections.
These corrections modify the cross section moderately in the kinematical regimes of interest.
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1 Introduction

After the discovery of the Higgs boson in 2012 [1, 2], increasingly precise measurements have
been made to determine its properties [3-5]. Early experiments confirmed that its spin and
CP were consistent with the spinless and CP-even nature of the Standard Model (SM) Higgs
boson. Subsequent measurements of the boson’s couplings to the top and bottom quarks, the 7
lepton, and the electroweak gauge bosons, W and Z, further supported the SM-like nature by
showing agreement with the SM predictions within their respective experimental uncertainties.
Moreover, the loop-induced couplings to photons and gluons have been determined, and
recently, evidence for Higgs couplings to second-generation muons and to Z7 has been
found [6-8]. So far, no deviations from the properties of the SM Higgs boson have been
observed. In addition to probing the Higgs boson couplings to muons and charm quarks, one of
the major goals of the HL-LHC is the measurement of the trilinear Higgs self-coupling A pm,
as the first step towards the experimental reconstruction of the scalar Higgs potential [9].

The Higgs sector of the SM consists of a scalar isospin doublet containing three would-be
Goldstone bosons and one physical Higgs field [10-15]. The latter acquires a finite vacuum
expectation value resulting in a non-trivial realization of the electroweak gauge symmetry.
The fluctuations of the scalar Higgs field around this vacuum expectation value describe
the Higgs boson as part of the physical states of the SM. The Higgs boson allows the gauge
symmetry to be unbroken, so that the electroweak interactions are weak up to high-energy
scales [16-19] and crucially, renormalizable [20, 21]. At the LHC, the SM Higgs boson
is dominantly produced in the loop-induced gluon fusion process gg — H, while all the
other production modes, vector-boson fusion qq — qqH, Higgs-strahlung qq¢ — W/Z + H
and bremsstrahlung off top quarks gg/qq — ttH, are suppressed by at least one order of
magnitude (see, e.g. [22-24]).

The trilinear Higgs self-coupling will first become directly accessible in Higgs-boson
pair production [25, 26]. The dominant Higgs-boson pair production channel is gluon fusion
gg — H H, while the other processes, vector-boson fusion qq¢ — qqH H, double Higgs-strahlung
q7 — HH + W/Z and associated production with a ¢ pair gg,qq — ttH, are suppressed by



an order of magnitude or more. The pair production processes are suppressed by three orders
of magnitude compared to their single Higgs counterparts. In this work, we focus on the
dominant gluon fusion process. The leading order (LO) cross section was calculated a long
time ago [27, 28] and the QCD corrections were calculated at next-to-leading order (NLO) [29],
next-to-NLO (NNLO) [30-32] and next-to-NNLO (N3LO) [33, 34] in the heavy-top limit
(HTL). These contributions increase the cross section by more than a factor of two. More
recently, the full NLO QCD corrections, including the full top-quark mass dependence, have
become available. These corrections reduce the total cross section by approximately 15%
relative to the Born-improved HTL, although their impact is more pronounced in differential
distributions [35-39]. These calculations were performed by applying two different methods
of numerical integration. This has been supported by suitable expansion methods in the
low- and high-energy regimes, as well as covering the full kinematical range [32, 40-46]. The
complete NLO results were combined with the NNLO corrections in the HTL with the full
mass dependence included in the double-real corrections [30, 31, 47]. In addition, soft-gluon
resummation effects have been studied up to next-to-next-to-next-to-leading logarithmic order
(N3LL) [48-51]. The grids of the full numerical calculation were implemented in POWHEG-BOX
and aMC@NLO [52, 53] and, recently, in the Geneva generator [54]. In addition, the expansion
approach [46] was linked to POWHEG-BOX so that it yields reliable results at the per-cent-level
accuracy in the full kinematical range. However, the theoretical uncertainties were found to
be dominated by the scale and scheme dependence of the virtual top mass and amount to a
maximum of 25% for the total cross section. These uncertainties are larger for kinematical
distributions [37-39, 46]. Dedicated efforts are required to reduce them to at-most the level
of 10%. The full NNLO QCD corrections are partly known meanwhile [55-57], but are not
yet complete. Another approach has analyzed the leading logarithmic structure of the cross
section by using SCET methods at high energies [58]. A reduction of the scale and scheme
dependence at high energy, however, requires the analysis to be extended to the subleading
logarithmic level and to the low-energy regime close to the production threshold and the
virtual tt-threshold, which is beyond the work of ref. [58].

The next step in reducing the theoretical uncertainties is to calculate the NLO electroweak
corrections. The first work in this direction has determined the top-Yukawa-induced correc-
tions in the HTL for the effective Higgs couplings to gluons, while the trilinear Higgs-vertex
corrections have been included with full mass dependence [61]. This analysis has pointed out
that the use of a radiatively corrected effective trilinear Higgs coupling is disfavored upon com-
parison with the results using the LO-like coupling. The first complete electroweak corrections
to Higgs boson pair production have been obtained in ref. [62]. These corrections reach the
—10% level at large invariant Higgs-pair masses My, while more pronounced effects appear
near the production threshold My 2 2Mp due to the large destructive interference effects
of the LO matrix element, rendering this regime as sub-leading for the physical observable.
Although the results of ref. [62] are technically comprehensive, a decomposition into individu-
ally identifiable contributions is not yet known. Consequently, further analytic insight into the
underlying mechanisms remains valuable for understanding the origin and kinematic features
of the electroweak corrections. Recently, a complete numerical calculation of the top-Yukawa-
and Higgs self-interaction-induced corrections has been presented, where only Higgs-exchange
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Figure 1. Typical diagrams of Higgs-boson pair production via gluon fusion at LO. The contribution
of the trilinear Higgs coupling is marked in red.

diagrams have been taken into account [63]. For large values of My, analytical high-energy
expansions exist, which confirm the small size of the top-Yukawa-induced corrections [64—66].
The contribution of light-quark loops has also been derived and found to be small [67].

This work presents the first dedicated numerical evaluation of the full top-Yukawa-induced
corrections involving Higgs and Goldstone boson exchange diagrams, as well as the light-
quark loop contributions. These results provide a physically transparent decomposition of
the electroweak effects, complementing existing calculations by isolating and quantifying
the contributions of individual diagram classes. In section 2, we review the LO results and
define our notation. Section 3 describes our method to perform the numerical integration
and renormalization, while in section 4 we present our results. In section 5, we conclude
this work by summarizing our findings.

2 Higgs-boson pair production via gluon fusion

At LO, Higgs pair production is generated primarily by top-quark loops, with minor contri-
butions from bottom-quark loops. The contributing diagrams are shown in figure 1 and are
grouped into two classes, box and triangle diagrams, where the latter contains an s-channel
Higgs propagator and the trilinear Higgs coupling A = A\ggg. At this order, the total and
differential production cross sections with respect to the invariant Higgs-pair mass are given by

1 dro
OLO = / dr 7 ULo(Q2 =T8)
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: (2.1)
QQ

T=—
s

where £99 denotes the gluonic parton luminosity involving the gluon densities g(z, ur),
dLo9 Udx T
_ z 2.2
- /T 9@, ur)g (;g’“F) (2.2)

at the factorization scale yp, and the integration boundary is given by 0 = 4M% /s, where s

denotes the hadronic center-of-mass (c.m.) energy squared and My the Higgs mass. The
scale Q% = MI%H is defined in terms of the invariant mass Mgy of the Higgs pair. The
partonic cross section at LO can be cast into the form

Gho3(pr)
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where the integration boundaries are given by

and the symmetry factor 1/2 for the identical Higgs bosons in the final state is included. The
coefficient Ca = vAgppg/(Q* — M%) contains the LO trilinear Higgs coupling
M2
Mg =3—12 (2.5)
v
that is related to the Higgs mass and the vacuum expectation value (vev) v, where the vev
is connected to the Fermi constant Gp = 1/(v/2v?). The factor as(ur) denotes the strong
coupling at the renormalization scale pr. The form factors Fa of the LO triangle diagrams
and F, G of the LO box diagrams can be found in refs. [27, 28]. In the HTL, they approach
simple expressions: Fa — 2/3, Fi — —2/3 and G — 0.

3 Electroweak corrections

In this section, we discuss the top-Yukawa and light-quark induced electroweak corrections,
with the latter neglecting the virtual quark masses. Since the electroweak corrections do not
involve real corrections, their total sum is infrared and collinear finite. Therefore, the NLO
corrections can be accommodated by a shift of the corresponding LO form factors

Frn — Fa (1—{—AA), Fo — I (1+AD), Go — G (1—{—Ag). (3.1)
From this, one can expand eq. (2.3) in the electroweak couplings. At NLO, the result reads
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There are two tensor structures that contribute to the matrix element, corresponding to the
total angular-momentum states with S, = 0 and 2,
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where pr is the transverse momentum of each of the final-state Higgs bosons. Working in
n = 4 — 2e dimensions, the following projectors can be constructed on the two form factors,

(1—e) Tt + €Th”
21 —2¢)

€Tt + (1 —e)T4"
21— 2¢)

P = Py = (3.5)

such that
Pf”’.AW = I, PQWAW =F. (3.6)

Using these projectors, the explicit results of the two form factors F 2 can be obtained in
a straightforward manner at LO and NLO.
3.1 Top-Yukawa-induced electroweak corrections

In order to define the top-Yukawa induced electroweak corrections consistently, we work
in the gaugeless limit for these contributions [59, 60]. This is defined by switching off
electroweak gauge interactions and working in a QCD-improved top+bottom Yukawa model,
with the Lagrangian

1 _ _ _ _
L= — GGy, + TPt + bilph + 0,01> = V(¢) — QLo tr — QL bR (3.7)

A
V(e) = =g + Slol’

2 2 2 3
_ My o Mp g Mp [H + E(GO)Q + Hg+G—]
8 2 2 2
2 4 2 0\4
% HT + %(GO)Q +H2G+G_ 4 (G+G—)2 + (GO)QG-i-G— + (6;4)] . (3.8)

Here, we define the Yukawa couplings as g;, = V2m, /v, and the covariant derivative D),
with respect to QCD. The left-handed quark isospin doublet is given by

t
Q:<>, 3.9
L b), (3.9)

with ¢tz denoting the right-handed top-quark field. The scalar Higgs isodoublet is defined as’

G+
¢p=|v+H+iG° |, (3.10)

V2
where H is the physical Higgs field and G*, G° are the charged and neutral Goldstone bosons,
respectively. The Higgs potential is denoted by V(¢). The vacuum expectation value is given

by v? = 22 /) and the Higgs mass by MIQJ = \v? in terms of the two initial parameters p?, A
of the Higgs potential. Within the gaugeless limit, the Goldstones are massless,

MGO - MG:t — 0 (311)

Lp¢ = io%¢* denotes the charge-conjugated Higgs doublet.



The neutral and charged Goldstones couple to the top quark with the top Yukawa coupling,
too, and thus need to be taken into account to define the full top-Yukawa induced corrections
consistently.?

3.1.1 Two-loop triangle diagrams

The two-loop diagrams contributing to the top-Yukawa induced component of A can be split
into one-loop times one-loop diagrams and triangle diagrams which generate the single-Higgs
couplings to gluons. The two-loop box diagrams contributing to Ag and Ag will be discussed
in section 3.1.2. The one-loop times one-loop diagrams have been discussed in ref. [61] and
lead to the correction Ap gy, while the two-loop triangle diagrams, depicted in figure 2 for
the top-Yukawa induced part, result in the correction term oy,

AN =Aggp +01. (3.12)

The analytical result of Ay can be found in ref. [61].

For the two-loop triangle diagrams we have used the same method as described in ref. [39],
i.e. we introduced suitable Feynman parametrizations of each diagram individually, performed
end-point subtractions to separate the divergences, and applied integrations by parts of the
integrands to reduce the power of the denominators, which stabilize the numerical integrations
above the individual virtual thresholds. In all diagrams, we encounter virtual ¢t and ttH
thresholds. For charged Goldstone exchanges, there is an additional virtual bb threshold
which induces the largest instabilities of the three. To regularize the virtual thresholds we
have introduced small imaginary parts of the propagator masses,

my = mi(1—i€), Mp — Mz(1 - ie) (3.13)

and performed Richardson extrapolations to obtain the limit € — 0.

The counterterm ;o7 for the two-loop triangle diagrams consists of the counterterms
for the on-shell Higgs wave function,® the vacuum expectation value* and the top mass that
is renormalized on-shell (v; = Gpm?/(8v/27?)), see ref. [61],

5 0Zy v 9 1 9FA
- my —
1L,CT 5 » SN
021 =Xy (Q°) = 6 {(4m§ — Q*)By(Q% me, me) — Bo(Q mt,mt)}
51) 1 EW(O) Tl )
? — 5 MI%V = ’UMI%[ + {B0<0, mt,mb) + QB()(O; mt7mt) + mtBé(o;mtymb)}
omy  X(my) Ty M3, m? + m}
- - - 2 — | Bo(p; me, Mpr) + —5—5—2Bo(p; mp, 0
my my vM?, e 2m? o(p;me, Mp) + 2m? o(p; ms, 0)

Ao(MH) — 2A0(mt) — Ao(mb)
+ 2
2mj

} (3.14)

In unitary gauge of the full electroweak sector, the top-Yukawa coupling of the would-be Goldstones

is hidden in the contributions of the longitudinal W, Z components and needs to be extracted by suitable
expansions in the large top-mass limit for a complete top-Yukawa induced contribution.

3Half of this counterterm is already contained in the correction Agzsr.

4This counterterm is determined from the muon decay in the G scheme.
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Figure 2. Two-loop triangle diagrams of the top-Yukawa-induced electroweak corrections to Higgs-
boson pair production involving Higgs H and Goldstone G°, G exchanges. The bottom propagators
only contribute to the diagrams with charged Goldstone exchange.

where we keep the bottom mass my, in the arguments of the scalar integrals and the tadpole
contribution is given by

— = =12z Ap(my) . (3.15)

The functions Xy are the self-energies of the W boson and the top quark, respectively, while
3, denotes the derivative of the Higgs self-energy with respect to Q2. We have checked
explicitly that the tadpole contributions cancel against the two-loop tadpole diagrams by
introducing tadpole insertions for all of the virtual LO top-quark propagators (see figure 3).5
The scalar integrals Ay, By, Cy are the usual 't Hooft-Veltman one-loop integrals [68] and

0
By(q*;my,my) = 9 Bo(q*;my,ma) . (3.16)

The correction factor d; top, the top-Yukawa induced contribution to ¢; of eq. (3.12), summa-
rizes the combined result of the two-loop triangle diagrams and counterterms. Until now,
d1 top has only been calculated in the HTL (01 40p — 2+/2). As a cross-check, we artificially
increased the top mass to 3TeV in our computations and confirmed that 41 4, coincides
with this limit within numerical errors.

The final result of the correction factor d1 40, = Ci2; is shown in figure 4 as a function
of the invariant Higgs-pair mass Mpyy. Note that Q? = M%, is the squared momentum
that flows through the s-channel Higgs propagator. Multiplying the shown factor C; with
xy ~ 0.3%, the total corrections stay below the per-cent level.

SFor more details about our renormalization scheme, see ref. [61]. Our counterterms for the top-Yukawa
induced corrections agree analytically with the corresponding parts of ref. [63].



Figure 3. Example of a two-loop tadpole diagram of the top-Yukawa induced electroweak corrections
to Higgs-boson pair production involving Higgs exchange. Goldstone exchange does not contribute to
the tadpoles.
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Figure 4. The relative top-Yukawa-induced electroweak correction factor d; +,, as a function of the
invariant Higgs-pair mass My with the top-Yukawa factor z; stripped off. The dots along the curves
represent the numerical numbers we generated. The dotted curve shows the HTL of the full result,
Cy — 1/2 for large values of m,.

3.1.2 Two-loop box diagrams

Sample two-loop diagrams describing the genuine box contributions to the top-Yukawa induced
electroweak corrections (Ap, Ag) are shown in figure 5. To obtain the numerical integrals,
we apply the projectors of eq. (3.5) on the two form factors, Feynman parametrization and
end-point subtractions on every diagram. To stabilize the numerical diagrams above the
virtual thresholds, we performed integration-by-parts and the analytical continuation of the
propagator masses according to eq. (3.13). Finally, Richardson extrapolations are used to
reach the limit € — 0. In this context, we have modified the extrapolation polynomials used
in refs. [37-39] in the vicinity of the ¢ threshold, since it was observed in [69, 70] that the €
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Figure 5. Sample two-loop box diagrams of the top-Yukawa-induced electroweak corrections to
Higgs-boson pair production involving Higgs H and Goldstone G°,G* exchanges. The bottom
propagators only contribute to the diagrams with charged Goldstone exchange.

dependence close to the threshold is not polynomial in € but in v/e. This behavior can be
accommodated by modifying the original polynomials displayed in eq. (3.33) of ref. [39]® to

_ V2I(e) - 1(2¢)

Ry (€) a1
Ro(?) = 2v/21(€) — (2 + V/2)I(26) + I(4€)
V2 -1
Roey - —81E) +2(2+ 3V2)1(26) — (2 + 3v/2)I(4€) + I(8¢)
3(€) = 37 5
Ru(e) = —321(€) + 24(1 + V2)1(2€) — 6(2 + 3v/2)1(4€) + 3(2 + \/2)(8¢€) — I(16¢) (3.17)

3(3v2 - 5)

and so forth. We used these polynomials in the region of 1 GeV around the ¢t threshold
for the Richardson extrapolation.

The on-shell Higgs wave function, vacuum expectation value and on-shell top mass
counterterms appear in the counterterms of the two-loop box diagrams. They are given by

ov 1 GFD
AD7CT = 6ZH - 2; — 2(5th7[|87%
ov 1 0Go

A =02y —2— — 20my—
G,CT H 0 thD P

(3.18)

for the two form factors Fo and Gpg, respectively. The final results are summarized by the
finite correction factors A, Ag of eq. (3.1). It is known that in the HTL, Ag — 4z [61],
and we have checked numerically that this limit is reproduced by our numerical calculation
within numerical errors by artificially increasing the size of the virtual top mass to 3 TeV.

®With the polynomial dependence I(€) =, ¢i€/? the Richardson polynomials behave as R;(€) = I(0) +
O(i+1/2),
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Figure 6. Sample two-loop box diagrams of the light-quark-induced electroweak corrections to
Higgs-boson pair production. Shown are diagrams of the three classes — triangle diagrams, four-point
diagrams and genuine planar/non-planar double boxes.

3.2 Light-Quark-induced corrections

The second class of electroweak corrections we have calculated is the light-quark-loop induced
corrections. We take into account closed loops of all light-quark flavors up to the bottom
quark in diagrams involving Z bosons, and up to the charm quark in diagrams involving W
bosons, in order to avoid top-quark contributions. Also, we do not work in the gaugeless limit
in this case. For single-Higgs production, these types of corrections were the dominant part
of the full NLO electroweak corrections [71-76]. The corresponding Higgs-pair diagrams are
split into three different classes: the triangle diagrams with an s-channel Higgs propagator,
the triangle-like diagrams with a four-point WW H H and ZZ H H interaction and the genuine
double-box contributions, see figure 6.

We have applied the same method as for the top-Yukawa induced diagrams for these
corrections, i.e. suitable Feynman parametrizations of the individual diagrams after projecting
onto the two form factors, end-point subtractions to separate the divergencies and integration-
by-parts to stabilize the virtual thresholds, where we introduced complex propagator masses
(including the W and Z boson masses, MVQV/Z — M%V/Z(l —i€)) as in eq. (3.13). We have
explicitly checked that there are no infrared or collinear divergences in the individual diagrams,
so end-point subtractions alone are sufficient to isolate the divergences. The UV poles cancel
between the planar and non-planar box diagrams, as well as for the triangle and four-point
diagrams individually. As a quantitative cross-check, we implemented the corresponding
results of the single Higgs case [71-74] and compared them against our results for the
triangle diagrams and the four-point diagrams and found full agreement with our numerical
implementation. For the sake of accuracy and stability, we computed the numerical results
with these implementations. For the genuine double-box diagrams, the dependence on the
imaginary parameter € is mild; therefore, we computed the results with the value € = 0.05, as
this has been found to be in the plateau of the narrow-width limit € — 0 within integration
errors. The results of the triangle diagrams can be accommodated by the same correction

,10,
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Figure 7. The relative light-quark-induced electroweak correction factor d;;, as a function of the
invariant Higgs-pair mass My . The dots along the curves represent the numerical numbers we have
generated. Their error bars are negligible and thus not shown.

factor 1 as in the top-Yukawa induced part, see eq. (3.12). The emerging contribution 0 4
is shown in figure 7 and amounts to less than a per-cent in total.

4 Results

Now, we are in the position to present the relative top-Yukawa and light-quark induced
electroweak corrections to Higgs-pair production via gluon fusion.

Before we move to the total electroweak corrections 6 of eq. (3.2), we discuss the individual
contributions of the top-Yukawa and light-quark induced components,

0= 5top—Yukawa + 5light—quarks

5top—Yukawa = 6t1‘iangle +0nHH + 5b0:n (41)

In figure 8, the individual contributions of the two-loop triangle and one-loop times one-loop
diagrams are shown. The size of the triangle-diagram part ranks at the per-cent level in
most of the invariant Higgs-pair mass range, apart from the region close to the production
threshold Mypy 2 2Mpy. In this region, the corrections are larger, since they are lifting
the strong cancellation of the triangle and box diagrams at LO. On the other hand, the
contribution d gy emerging from the one-loop times one-loop diagrams, Ay of eq. (3.12),
is significantly larger, at the —~5% level for larger invariant Higgs-pair masses My as displayed
in the lower part of figure 8. These corrections provide a sizable correction close to the
production threshold, which is in line with the results of ref. [61]. The contribution of the
two-loop box diagrams, as depicted in figure 9, is at the 5-10% level. The electroweak
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contributions to the electroweak corrections of the Higgs-pair production cross section as a function of
the invariant Higgs-pair mass Mg. The dots along the curves represent the numerical numbers we
have generated.
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Figure 9. The relative two-loop box contribution to the electroweak corrections of the Higgs-pair
production cross section as a function of the invariant Higgs-pair mass My . The lower plot shows
the magnified region around the ¢t threshold. The dots along the curves represent the numerical
numbers we have generated and their error bars.
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of the Higgs-pair production cross section as a function of the invariant Higgs-pair mass My . The
dots along the curves represent the numerical numbers we have generated and their error bars.

corrections are dominated by the contributions of form factor Fj of eq. (3.4), while form
factor I} is only relevant for larger values of My . To properly describe the ¢t threshold
behavior, a deeper analysis on the convergences of the Richardson polynomials has been
performed. In contrast to the other regions, the amplitudes are strongly dependent on €.
Thus, to ensure the narrow-width limit, the Richardson polynomial needs a minimal regulator
€ ~ 1072. As the result, the virtual ¢¢ threshold appears as a shoulder in the invariant
mass distribution with a maximum-minimum behaviour around the ¢t threshold. This is
shown in detail in the lower plot of figure 9 and is in line with the P-wave property of the
threshold at LO that prevents a kink-like structure at NLO. Summing up all ingredients for
the total top-Yukawa induced corrections, we arrive at the total relative corrections shown
in figure 10. The total corrections amount to about £5% in the large-Mppy regime, while
they are larger close to the production threshold.

As an additional contribution to the electroweak corrections, the total result of the
light-quark induced electroweak corrections, denoted by Oight-quarks, is shown in figure 11. We
implemented a Richardson extrapolation for two values of the imaginary regulator, ¢ = 0.1
and 0.05, which proved sufficient to reach the narrow-width limit across the full range of
M. These corrections are dominated by the form factor Fj of eq. (3.4), while the form
factor Fy becomes relevant only for larger values of the invariant Higgs-pair mass Mpyg.
The light-quark contributions are small for large invariant Higgs-pair masses My and are

relevant only close to the production threshold, where they are negative.”

"For the light-quark induced contributions, we found mutual agreement with the results of ref. [67].
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Figure 11. The relative light-quark-induced contribution to the electroweak corrections of the
Higgs-pair production cross section as a function of the invariant Higgs-pair mass Myy. The dots
along the curves represent the numerical numbers we have generated and their error bars.

Using a suitable interpolation of our results implemented in the code Hpair [77] we arrive
at the individual corrections to the total hadronic cross section that amount to —1.9% for the
top-Yukawa induced part and —1.5% for the light-quark induced corrections. In total, our
corrections as part of the full electroweak corrections reduce the total cross section by 3.4%.

5 Conclusions

In this work, we calculated the top-Yukawa and light-quark induced electroweak corrections to
Higgs-pair production via gluon fusion, gg — H H. We applied the same numerical methods
as in the case of the QCD corrections at NLO [37-39], i.e. projection on the two physical
form factors of the spin-0 and 2 contributions, Feynman parametrization of all two-loop
diagrams individually, end-point subtractions to separate the ultraviolet divergences and
integration-by-parts to stabilize the numerical integrals across the virtual thresholds. Above
the virtual thresholds, we introduced complex propagator masses with a small imaginary
part and used Richardson extrapolations to arrive at the narrow-width limit. The total
top-Yukawa induced corrections amount to the level of 5-10% for moderate and large values
of the invariant Higgs-pair mass Mg, while they are larger close to the production threshold
My 2 2Mp due to the strong destructive interference of the LO matrix element. The
top-Yukawa induced corrections develop a shoulder at the virtual ¢t threshold that is in
line with the P-wave nature of this threshold at LO. For larger values of M, we observe
a finite slope in the relative corrections that modify the differential cross section by a few
per-cent up to the 5%-level. On the other hand, the light-quark induced corrections are tiny
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in the large My range and only contribute significantly close to the production threshold,
again, due to strong suppression of the LO matrix element. The individual corrections to
the total hadronic cross section amount to —1.9% for the top-Yukawa induced part and
—1.5% for the light-quark induced corrections. This work presents the first steps towards
the calculation of the full electroweak corrections.
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