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1. Introduction

After the discovery of a Higgs boson [1, 2] at the Large Hadron Collider (LHC), the precise
determination of its properties, both in theory and experiment, is now of central interest. Especially
the question of whether the discovered Higgs boson is just the Standard Model (SM) Higgs boson or
whether it is part of a more general theory is subject of very active research. Among such extensions
of the SM, theories with additional Higgs bosons are of particular interest. Such extensions address
open questions of particle physics. They can, for example, contribute to answer the question of the
origin of the matter—anti-matter asymmetry in the Universe or the nature of dark matter. In the
following, we consider the Two-Higgs-Doublet Model (2HDM), which is already being studied
by the ATLAS [3, 4, 5] and CMS [6, 7, 8] collaborations at the LHC. As a result of this, precise
theoretical predictions are necessary.

Within this work, we solely focus on the dominant Higgs-boson production mechanism which
proceeds via gluon fusion. In particular, we will concentrate on the production of the light and
heavy neutral, scalar Higgs boson. The observed Higgs boson can be interpreted as the light,
neutral, scalar Higgs boson of this extended Higgs sector. For the gluon fusion process, we study
the effect of the 2HDM extension on the Higgs boson production in the context of the calculation
of the electroweak (EW) corrections.

In the SM, EW corrections to Higgs-boson production in gluon fusion are known at next-
to-leading order (NLO). The light fermion contributions to the SM EW corrections have been
calculated in Refs. [9, 10]. The leading EW correction due to a heavy quark at order €' (Grm?) has
been determined in Refs. [11, 12]. Heavy mass expansions of the diagrams which involve the top
quark are known from Ref. [13] and, finally, the complete EW corrections have been computed in
Refs. [14, 15]. In the SM they amount to 5.2% [14, 15] for the recent value of the top-quark mass
of m; =173.1 GeV [16].

EW corrections to extensions of the SM can be large. For example, in a model with a sequen-
tial fourth generation of heavy fermions, the calculation of the EW corrections to Higgs-boson
production [17, 18, 12, 11] helped to exclude this model at the LHC.

In the 2HDM, the renormalization of the new parameters as well as the application of the
different schemes for the determination of NLO EW corrections to Higgs-boson production and
decay processes has been studied in Refs. [19, 20, 21, 22, 23, 24, 25].

2. The model

The two scalar doublets ®; (i = 1,2) of the 2HDM obey the generalized Higgs potential
V(®,d2) = mid| D +midid, —n, (qafqnz + cbgcpl)
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which has five dimensionless couplings A; (i = 1,...,5) and three parameters m, my and m,, which
have a mass dimension. We consider all parameters to be real, which assures a CP conserving
version of the potential.
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In order to arrive at the mass eigenstates of the physical Higgs bosons, one has to diagonalize
the scalar sector by two rotation matrices with two mixing angles ¢ and . In the 2HDM, one has a
light and a heavy neutral, scalar Higgs boson, H; and Hj, a pseudoscalar Higgs boson, H,, and two
charged Higgs bosons, H*. As free parameters, one has in addition to the two mixing angles o and
B the masses of the new Higgs bosons as well as the soft-breaking scale My,. The latter is related
to the parameter m,, of the Higgs potential in Eq. (2.1). For convenience we use cos(a — 8) = cqp
and tan 8 = 13 as free parameters instead of the mixing angles & and . In the so called alignment
limit (cq3 = 0) the light Higgs boson H; has SM-like couplings to fermions and gauge bosons. The
decoupling limit is defined by the alignment limit with all heavy new mass scales taken to be much
larger than the EW scale.

Considering the production of a scalar, neutral Higgs boson in the 2HDM through gluon fu-
sion, the leading order (LO) process gg — H; or Hj, is already a one-loop diagram (Fig. 1).

g

---H, H

Figure 1: LO Higgs-boson production through gluon (g) fusion mediated through a top-quark (¢) loop.

Compared to the corresponding SM Higgs-boson production process, only the coupling of the
Higgs boson to fermions is modified in Fig. 1 by a factor cy, = c4p/tg — s¢p for the production of
the light Higgs boson H; and by a factor ¢y, = sqp/tg — cqp for the production of a heavy Higgs
boson Hj,. These factors are sensitive to the precise value of the mixing angles « and 3. Depend-
ing on their value, these angles can decrease or increase the Higgs-boson production cross section
compared to the SM process.

The computation of the two-loop EW corrections is involved. For that purpose, we define the
NLO EW percentage correction 8},° with respect to the LO cross section 6'° by

MO = 6U0(1 + 8)°), 22)

where we replace the superscript NLO by the name of the renormalization scheme of the mixing
angles which we use in the following.

3. Calculation and results

We generate the amplitudes for our two-loop diagrams with QGRAF [26] and the Feynman
rules with FeynRules [27]. The output of both programs is then processed by OGS, an exten-
sion of GraphShot (GS) [28], which was used for the corresponding SM calculations. QGS is a
FORM [29, 30] based program which performs all necessary algebraic manipulations of the ampli-
tude. The amplitude is integrated numerically using in-house Fortran routines based on extensions
of the techniques described in Ref. [15].

For the renormalization of the mixing angles we use different schemes. In order to perform a
gauge-independent and consistent MS renormalization of the mixing angles (and the soft-breaking
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scale My;,) the FJ tadpole scheme [31] has been extended to arbitrary theories with spontaneous
symmetry breaking and in particular to the 2HDM [21], which allows for a proper treatment of
the Higgs-tadpole contributions. For an application of the FJ tadpole scheme in the 2HDM see
also Ref. [20]. The percentage correction of Eq. (2.2) becomes dependent on the renormalization
scale u for an MS renormalization of the mixing angles. The scale dependent part for the process
gg¢ — H in the alignment limit (¢, = 0) reads [21]

VS, 1 —dep. _ GrV2 62 (M2 M2 — A2
) 8”2f;23M121;.(M?1,1—M?11){ s (Mia My =AMy
2
(1= 1) (M3, — M3,) | 3M, M3, + M3, (M7, + 203 —3M3, )| }ln ;—2 G.1)
H,

where My,, My,, My,, Mg+ are the masses of the Higgs bosons, m; is the on-shell top-quark mass
and G is the Fermi-coupling constant. Depending on the values of 73 and the mass parameters, the
coefficient of the scale dependent logarithm can become large or small, which can lead to a large
or a small scale dependence. We name the corresponding complete percentage correction 8. For
the central value of the renormalization scale Uy, we choose the average of all Higgs-boson masses
and the soft-breaking scale, if it is different from zero; cf. Ref. [21] for a different choice of L.
Next to the scale-dependent MS renormalization of the mixing angles, we also present results
for scale-independent schemes, where we evaluate either two-point functions of the scalar mixing
self-energies or a physical process at particular values of the external momenta in order to impose
a renormalization condition. In the 2HDM, scale- and gauge-independent schemes which rely on
the pinch technique or the background-field method have been introduced in Refs. [20, 24]. Scale
independence of the rotation matrices arises for two different choices of the momentum of the two-
point functions, i.e. on-shell and for the particular value of the external momentum p* [32, 33]. We
denote the corresponding percentage corrections in the following with 83 and 5,5\;, respectively.
Finally, we also study a process dependent renormalization of the mixing angles by requiring
that the purely NLO weak corrections to the partial decay width of the two processes H, — T 7~

BP [ o3 [oh [ o | om BP [ 6% [ o [ oo | om

214 1 53 163|101 | — 0.6F 9.8 204 | 1.7 1.8 ] 1.5 0.6+ 0.0
2151 38 48| 45 | — 7.0F10.0 31 | 39| 38 | 39 72F 4.0
21c | 43 | 44| 9.9 12.7F 0.6 3gp | 37 137 | 35 | — 83+ 04
21ip | 29 | 35| 4.1 14.5F 0.6 45 | 43 | 43 | 3.8 12.6F 2.1
341 | 4.1 | 40 | 4.5 11.8F 8.1 4, | 44 | 44 | 3.8 103+ 04
45 | 3.6 | 3.6 | 2.6 4.54+10.0
a-1 | 44 |47 | 48 | — 3.8F254
b-1|48 | 45| 54 | — 05F 6.2

Table 1: Percentage EW correction for the process gg — H; for different BPs for different renormalizations
of the mixing angles of the 2HDM. For the MS result, the lower (upper) sign of the uncertainty corresponds
to decreasing (increasing) the central renormalization scale Lo to to/2 (2io). No running of the MS renor-
malized parameters is taken into account.



Higgs-boson production through gluon fusion in the 2HDM Christian Sturm

and H, — ©+ 17 are equal to the LO result [20]. The corresponding percentage corrections in this
scheme will be called O5y°.

The LHC Higgs cross section working group (LHCHXSWG) has collected several benchmark
points (BPs) [34]. For their precise values we refer to Ref. [34]. In the following, we consider
selected BPs of the LHCHXSWG as well as two BPs (a-1, b-1) from Ref. [35]. In Tab. 1 we
summarize the results for the NLO EW percentage corrections of the process gg — H; for the
individual BPs in the different renormalization schemes. In general, the corrections are of moderate
size and comparable to the correction in the SM. In addition, for the results of the production of
a heavy Higgs-boson through the process gg — Hj, we refer to [36]. Here, depending on the
individual BPs, the corrections can become very large.

In Fig. 2, we study the dependence of the percentage correction on the heavy Higgs-boson
mass My, for the process gg — H; in the alignment limit (cqg = 0). All other new, mass-scale
dependent parameters have been set to 700 GeV and 75 = 2. The percentage correction is shown
for different renormalization schemes and compared to the SM result.
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Figure 2: The percentage correction as a function of the heavy Higgs-boson mass is shown. The My,
independent result of the SM is given by the yellow, solid, horizontal line. All other lines correspond to
results for the 2HDM in different schemes. The blue shaded band is the result for the MS renormalization
of the mixing angles, where the renormalization scale has been varied between /2 and 2ty. No running
of the MS renormalized parameters is taken into account.

The grey shaded band shows the region where at least one of the parameters A4;/(47) of Eq. (2.1)
becomes larger than 0.5. There, one slowly starts to enter the non-perturbative regime.

4. Summary and conclusion

We have discussed the computation of the two-loop EW corrections to neutral, scalar Higgs-
boson production through gluon fusion in the 2HDM. We can determine the EW percentage cor-
rections for essentially any scenario of the new Higgs-boson masses, the soft-breaking scale and
the mixing angles. In particular, we have computed the EW percentage corrections for benchmark
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points collected by the LHC Higgs cross section working group. We provide our results in differ-
ent renormalization schemes, which allows to assess the theory uncertainty due to unknown higher
order corrections. The size of the EW correction for the production of a light Higgs boson through
gluon fusion for the different benchmark points is of moderate size and mainly comparable to the
one in the SM. The results will be valuable for experimental studies of the 2HDM at the LHC. Our
results can also be directly applied to the corresponding partial Higgs-boson decay widths into two
gluons.
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