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bosons from gluon fusion. For the interpretation of the data, precise theoretical predictions, also
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corrections.
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1. Introduction

The simultaneous production of two Higgs bosons is the prime process to measure and constrain
the Higgs boson self-interaction A, since it already appears at leading order. As such, it represents
one of the main targets for the high luminosity phase of the LHC, where it is expected to be observed
with up to 7o significance [1], predominantely produced from gluon fusion. In order to extract
the best possible constraints on A, the theory uncertainties for this process should be at most at the
percent level.

Previous years saw the emergence of QCD corrections to a high level of sophistication. NLO
QCD corrections including the full top-quark mass dependence are available [2,3] and have been
included in calculations where higher loop orders, up to N°LO+N’LL, have been performed in
the heavy-top limit [4-7]. Analytic NLO results based on expansions in kinematic regions that
basically cover the whole phase space are also available [8,9]. Thus, the scale uncertainties are
under control, while the top-mass scheme uncertainties remain an issue [10] recently addressed in
Refs. [11,12].

As Ref. [13] shows, the corrections originating in the electroweak (EW) sector are of a
magnitude similar to the NNLO QCD corrections. Multiple authors also calculated partial or
approximate EW corrections [14—18], but due to the complexity of the calculation, an independent
cross check of the full EW corrections is recommendable. To this end, in the following we present
the calculation performed in [17], where the gauge and Goldstone boson contributions have not yet
been considered, and then comment on the changes required for the full calculation.

2. Theoretical setup

We start from a simplified model of Yukawa-type, containing only top quarks, Higgs bosons
and gluons, with the unrenormalized Lagrangian
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We will use these couplings and their renormalized equivalents to split the amplitude into disjunct
contributions dubbed coupling structures. We define the top-quark and the Higgs boson mass in
the on-shell (OS) scheme and v = (\EG ) -3 in the G, scheme to determine the physical values
for the couplings in eq. (3) and calculate the corresponding two-loop amplitude.

We would like to mention that the omission of any vector or Goldstone bosons, as well as the
bottom quark, discards the SU(2) weak iso-spin symmetry present in the SM. However, this is of
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no concern, since this model forms just a part of the total EW effects with no physical interpretation
on its own. Once gauge bosons and bottom quarks are added, the Yukawa model defined in eq. (1)
generates the Yukawa and Higgs self-interaction diagrams of the complete EW amplitude in unitary
gauge, i.e. with decoupling Goldstone bosons.

The amplitude is written in terms of two CP-conserving form factors and tensor structures [19]
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The form factors are expanded in terms of the EW couplings from eq. (3) as
F=F%+F", (6)
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where gg = V4ma, is the strong coupling. Fi(’(]).) are the leading-order contributions with i € {1,2}

and j the corresponding coupling structure. Similarly, the F’ l.(j.) are the next-to-leading-order, two-
loop form factors, where six coupling structures are observed. Additionally, each of the coupling
structures is split into one-particle-reducible (1PR) and -irreducible (1PI) parts. This allows fine-
grained comparisons to other calculations, e.g. [18].

3. Calculation of the two-loop Yukawa and self-coupling correction

Once the Feynman rules are extracted from the Lagrangian in eq. (1), QGRAF [20] is used
to generate the contributing 168 diagrams, which are distributed over the coupling structures
according to Tab. 1. These diagrams can be expressed in terms of 494 master integrals belonging
to 7 integral families. To get there, we perform an integral reduction via integration-by-parts
identities. In this specific case, we retain full symbolic dependence on {s, ¢, m;, mg}. Apart from
two insignificant exceptions, the basis is D-factorizing and finite; we choose integrals with up to

Type 838481 8381 848’ 8387 38} g
1PI 0 0 3 6 24 60
PR 12 6 1 6 24 26

Table 1: Number of Feynman diagrams (one-particle-irreducible and one-particle-reducible), excluding
tadpole diagrams, which contribute to each of the bare coupling structures at NLO.
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three dots and in {2 — 2¢,4 — 2¢,6 — 2¢,8 — 2¢} dimensions. This is facilitated by the programs
Kira [21], RATRACER [22] and FIRefFLY [23] and crosschecked by a separate reduction employing
Repuzg2 [24].

The evaluation of the master integrals is performed using pySEcDEC [25]. Owing to Py-
SeEcDEC’s internal optimizations each integral only needs to be evaluated once per phase space
point. The bare amplitude shows spurious poles of orders {e 4, €73, €72}; all cancel within the
numerical precision. The left-over single pole in € cancels after renormalization.

4. Renormalization

The Higgs field vacuum expectation value (vev) receives corrections from higher orders in EW
theory through tadpole diagrams, which requires additional steps to ensure expansion of the Higgs
field around its true vacuum at the respective order. The ways of handling the vev renormalization
are known as tadpole schemes. We choose the Fleischer-Jegerlehner tadpole scheme [26], since this
yields gauge invariant results and reduces the number of diagrams to be included in the amplitude.
First, we perform the shift vo — v+ Av, then expand the Lagrangian and, finally, require all tadpole
terms to vanish. This identifies the tadpole counterterm o7 as

oT = —Avm%{ =-T", )

where TH is the sum of all tadpole diagrams with a Higgs leg.
For the parameter renormalization we define the counterterms via

Hy=+ZygH =+1+06yH,

[O = Zt[ = \/1 +6tt,

m%{’o = m%i(l + 5’“129)’ (10)

meo = my(1+0m;),

vo+Av =v(1+6,)+Av.

The Higgs boson and top quark counterterms are fixed by imposing the OS scheme, so they can
be extracted from self-energy insertions, while the vev counterterm 6, is fixed in the G, scheme.
Since our Lagrangian in eq. (1) contains none of the required particles to calculate the muon decay
for the G, scheme, we have to rely on literature results for the finite contribution of the counterterm;
we extract the expression from [27].

5. Results for the Yukawa and self-coupling corrections

We find an increase of 1% in the total cross section for relevant LHC energies (13 TeV, 13.6 TeV,
14 TeV), while a decrease by ~ 4% has been found for the full EW corrections [13]. In the differential
cross sections, we observe a strong enhancement at low energies in the m g g distribution (red curve
in Fig. 1a), even higher than for the full EW corrections, and a less pronounced but wide-spread
positive contribution in the p; gy distribution, see Fig. 1b. Two-loop light-quark contributions
from the authors of [28] are also shown. Combining the two contributions moderates the strong
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Figure 1: Impact of the different types of EW corrections on the my g and p; g distributions. The data for
the light quark contribution have been calculated in [28].

enhancement at low energies to a similar level as the full corrections. In comparison, the full
EW corrections in [13] show a -10% correction in the high energy tails, which also dominates
the K-factor for the total cross section. We conclude that, as expected, the weak bosons play a
significant role in the high energy regimes of the distributions.

6. Adjustments for the inclusion of vector bosons

Contrary to the Yukawa model in eq. (1), the full EW sector allows CP violating tensor structures
to be present in the decomposition of the scattering amplitude. However, the new terms do not
contribute at NLO as they vanish in the interference between the 2-loop and 1-loop amplitudes, the
latter of which contains only CP conserving tensor structures. Still, the Feynman rules of the EW
sector contain ys5, which must be handled in a consistent scheme. The NLO amplitude consists of
1668 diagrams after applying several simplifications (no second generation, no leptons, diagonal
CKM matrix), which yields about 1300 master integrals after reduction. No additional counterterms
beyond those computed in [17] are required for the complete EW calculation, as the LO coincides,
however, additional diagrams do need to be considered when determining the counterterms from
tadpole contributions, self-energy insertions, and vertex corrections.

7. Conclusions

We have presented the NLO EW corrections of top-Yukawa and Higgs-self-interaction type
to Higgs boson pair production in gluon fusion and compared them to the contributions involving
light quarks and vector bosons. Comparing the effects of these two partial contributions on the
invariant mass of the Higgs boson pair, mg g, and on the transverse momentum distribution p; g,
we find that these contributions partly compensate each other, in particular at low m gy values. The
enhancement at large values of p; g is expected to be compensated by the contributions containing
vector bosons and the complete doublet of third generation quarks, which are currently under
construction.
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