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At the LHC, the properties of the Higgs boson are investigated to search
for traces of physics beyond the Standard Model (SM), with the aim of
making discoveries via precision measurements. To this end, theoretical
predictions at the highest possible accuracy are required, both within the
SM and its extensions. Singlet extensions (SESMs) supplement the SM
by a scalar SU(2)y gauge singlet, replacing the single Higgs boson of the
SM by two CP-even Higgs bosons. The SM coupling strength is shared by
the two Higgs bosons, i.e. the Higgs bosons couple with the SM strength
weighted by the sine or cosine of a mixing angle. The mass of the addi-
tional Higgs boson, the mixing angle, and possibly one or more couplings of
the scalar self-interactions parametrize the extended sector. The program
PROPHECY4F, which calculates decay observables for h — WW/ZZ — 4
fermions with EW and QCD corrections in the SM, has been upgraded to
an SESM and used to quantify the deviations induced by the extension.
We summarize the basic features of the considered extension and the most
important numerical results on the predictions for the Higgs decays to four
fermions.
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1. Introduction

The current SM of particle physics cannot be the ultimate theory to
describe nature, since some observed phenomena, such as the presence of
dark matter, the evidence for massive neutrinos, and the baryon asymmetry
of the universe, are not explained by the theory. However, the data collected
at the LHC from the experiments ATLAS and CMS show a good agreement
with the SM predictions. The resonance discovered in 2012 [1,2] resembles
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the SM Higgs boson, and no significant deviations are seen at the scales
covered by the LHC. Nevertheless, as the experimental accuracy improves
collecting more data, there is still room to observe small deviations. If this
is the case, in order to characterize the origin of the deviations, precise
theoretical predictions will be required not only for the SM, but also for
beyond the SM (BSM) theories. In our research, we considered an SESM
[3-5], consisting in the SM supplemented by a real scalar gauge singlet, and
we implemented the decay process of the light Higgs into four fermions in
the Monte Carlo program PROPHECYA4F [6,7], assuming that the light scalar
of the theory is the resonance observed at 125 GeV [1,2]|. The program can
be used to compute the decay widths for all the possible four-fermion final
states. Moreover, for each four-lepton final state (and semi-leptonic final
states to some extent), it allows to generate mass and angular distributions
and unweighted events.

In Section 2, we introduce the basic features of the SESM, in Section 3, we
give a short description of the decay process h — WW/ZZ — 4 fermions, in
Section 4, we outline the implementation of the calculation in PROPHECY4F,
and we present a selection of our results in Section 5. A summary of the
work is reported in Section 6.

2. Singlet extension of the Standard Model

2.1. Model description

The Higgs Lagrangian of the SESM is given by the SM Higgs Lagrangian
for the complex doublet @, supplemented by a kinetic term for the real
singlet field o, and all the possible multi-scalar interactions compatible with
gauge-invariance and renormalizability. We impose an extra Zo symmetry,
dropping terms containing an odd number of singlet fields, obtaining

1
Liie = (Du®)'(DF) + 5(0u0)(0"0) =V (2,0),
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The complete Lagrangian of the model can be obtained replacing, in the full
SM Lagrangian, Lyjges by the expression given above. The Zo symmetry can
be interpreted as the real counterpart of a hidden U(1) symmetry inducing
interactions in a dark sector (as discussed, e.g., in Ref. [8]). We focus on
the case in which the symmetry is broken by the non-vanishing vacuum
expectation values wvs, for the doublet, and vy, for the singlet. The scalar
fields are parametrized by
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After symmetry breaking, the Higgs potential contains a non-diagonal mass
matrix, which can be diagonalized applying a rotation on the fields ho and

h1 about an angle «
h\  [ca —5a ho
H) \sy, cq hi)’

where ¢, = cosa and s, = sin «, and requiring that the fields h and H do
not mix at leading order (LO). In this way, it is possible to trade the param-
eters uo, t1, A2, A1 for the boson masses My, My and the tadpole constants
th, tg (which vanish at tree level). We enforce the hierarchy M}, < My and
assign the mass of the observed Higgs boson to the field h, so that only three
parameters (Mp, A2, and «) can be fixed freely. The total Lagrangian of
the theory provides two copies of the SM Higgs couplings to non-scalar parti-
cles, one rescaled by a factor c,, for the light field h, and one rescaled by s,
for H. Moreover, new multi-scalar interactions arise from the Higgs poten-
tial, and the SM Higgs self-interactions are non-trivially modified. For these
reasons, despite the simplicity of the model, the SESM offers an interesting
phenomenology.

2.2. Renormalization

To perform next-to-leading order (NLO) computations within the SESM,
we renormalize the theory introducing multiplicative renormalization con-
stants for all the input parameters, as well as for the fields. To fix the
renormalization constants, we adopt two renormalization schemes. In both
schemes, we apply on-shell (OS) renormalization conditions as far as possible
(see, e.g., Ref. [9]), using MS conditions for the BSM parameters o and Ajs.
MS renormalization conditions are used, because there is no evidence for a
singlet-like scalar, and it is not clear how to relate the renormalized parame-
ters o and A1o to physical quantities. The two renormalization schemes differ
only in the treatment of the tadpoles. In the first scheme, the renormalized
tadpole constants are set to zero (as usual within OS renormalization [9]), so
that tadpole diagrams can be discarded when performing loop calculations.
The drawback of this choice is that the gauge-dependent tadpoles enter re-
lations among bare parameters, and could lead to gauge-dependent results.
In the second scheme, we set to zero the bare tadpole constants, following an
approach equivalent to the treatment described in Refs. [10-13]. In the fol-
lowing, we will refer to the two schemes as the MS and Fleischer—Jegerlehner
(FJ) schemes.
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3. The decays h - WW/ZZ — 4 fermions

The decays into four fermions via two vector bosons played a central role
in the discovery of the Higgs boson and are promising channels for precise
Higgs measurements. The decays were implemented in the Monte Carlo gen-
erator PROPHECYAF for the SM [6, 7] and for the two-Higgs-doublet model
(THDM) [14, 15], including NLO EW and QCD corrections, and we ex-
tended the program with the SESM. The generator can be used to compute
the partial widths of the decays into four light fermions, and to produce
differential distributions. The final-state fermions are taken in the massless
limit, but the physical masses are retained in closed fermion loops. Since
the mass of the SM-like Higgs boson is below the threshold for the produc-
tion of a W- or Z-boson pair, the intermediate W- and Z-boson resonances
are treated in the complex-mass scheme [16,17]. The phase-space integra-
tion is performed numerically by the multi-channel Monte Carlo integrator
implemented in the original PROPHECY4F version.

Exemplary diagrams contributing to the decays are reported in Fig. 1.
The tree diagram on the left is the only diagram structure at tree level,
and the corresponding matrix element can be obtained rescaling the SM ex-
pression, since the only modification is the additional factor ¢, in the A V'V
coupling. At NLO, more contributions are taken into account, where the
heavy scalar H can appear as a virtual particle. In the computation, we
include all the EW and QCD loops, and we show in the figure only one
exemplary diagram. The third diagram reported in Fig. 1 is an example
of a counterterm contribution coming from the renormalization procedure.
Similar diagrams exist, with counterterm insertions on the vector propaga-
tors and on the V f f vertices and are not shown here. The last diagram of
Fig. 1 corresponds to real photon emission which, together with gluon emis-
sion, has been consistently taken into account in order to have infrared (IR)
finite results. In this regard, we treat the cancellation of IR contributions
using slicing and dipole-subtraction methods [18-20]. Similarly to the LO
diagram, also the real-emission diagrams can be obtained by rescaling the
corresponding SM expressions by a factor c,.

1% S 1% 1%
o oo } S o
\ 7
1% ~--T v 1% V

Fig.1. Exemplary diagrams contributing to the decays h—WW/ZZ—4f. From
left to right: LO diagram, example of an EW loop with scalar exchange, countert-
erm, and real emission diagram.
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4. Automation

We used the MATHEMATICA package FEYNRULES |21, 22] to produce,
starting from the Lagrangian of the SESM, a model file that allows, with
the packages FEYNARTS and FORMCALC [23,24], to generate and simplify
NLO (EW and QCD) matrix elements, including all the counterterm con-
tributions. We intensively tested the model file checking UV-finiteness for
many processes (both analytically and numerically) giving special attention
to the multi-scalar vertex functions, which involve the renormalization con-
stants of the mixing angle o and the coupling A;2. Then, we adapted the
model file to produce matrix elements suitable for our analysis of the decay
processes h — WW/ZZ — 4 fermions, introducing complex vector-boson
masses and massless final-state fermions. The obtained model file has been
used to compute the squared matrix elements for the process and to pro-
duce, using FORMCALC, the FORTRAN routines for the numerical evaluation
in PROPHECY4F. All ingredients of the computation were checked by an in-
dependent calculation using a user-defined FEYNARTS model file, in-house
MATHEMATICA routines for the algebraic reduction, and the library CoL-
LIER [25] for the evaluation of the loop integrals. The obtained program can
be used to compute the decay widths for the considered processes, as well
as differential distributions for all the possible four-fermion final states. For
leptonic final states, the generation of unweighted events is supported.

5. Numerical results

For the numerical analysis, we consider four of the benchmark scenarios
proposed in Refs. [26,27], converting the input parameters to our conven-
tions. In the following, we present a selection of the most relevant results
obtained in the scenario BHM200, defined by the input values

BHM200: Mg =200 GeV, Sq = 0.29, A2 = 0.07.

Since we consider two renormalization schemes, we consistently convert
the input parameters between the two schemes. In our case, the mixing
angle is the only parameter for which such a conversion is required, and we
numerically solve the equation

50,0 = 5015 4 §sMS (s};“) = sb? + 0587 (sh?)

MS/FJ

i.e. the renormalized parameters sq are translated into each other by
matching them to the bare parameter s, o, which is independent of the renor-

malization scheme. The left panel of Fig. 2 shows the result for sMS(sE7),
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where large conversion effects are evident for small values of the mixing an-
gle. These effects are loop induced (in principle small), but approaching
small « values, the perturbativity of the Lagrangian couplings breaks down,
leading to large contributions to the conversion. For this reason, the area
around s, = 0 is shaded in the plot. Another important step towards the
computation of NLO observables is the solution of the renormalization group
equations (RGEs) for the parameters defined by MS conditions which are,
in our case, the mixing angle o and A1s. Indeed, due to the renormalization
procedure, the NLO predictions for observables depend on the renormaliza-
tion scale p,. Thus, it is important to analyze and minimize the dependence
of the final results on this unphysical scale. The right panel of Fig. 2 shows
the variation of the sine of the mixing angle for a scale variation in the range
ur = 40-375 GeV, for both renormalization schemes. For consistency, we
account also for the running of the coupling Ai2, which enters only the loop
corrections and has a smaller impact on the scale dependence of the final re-
sults. Since this is a sub-leading effect, we do not show here the dependence
of A\12 on the renormalization scale.

MS
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(e = 125.1 GaV b sa(10) = 0.29 | MS
0.y | BHM200 y 0.4 | BHM200 | FJ

0.1 |- R
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—02 } ~ i

03 — 0.2 - ‘
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Fig.2. On the left, scheme conversion for s,. On the right, numerical solution of
the RGEs for s, in the MS and FJ renormalization schemes, for input values fixed
at the initial scale pg = Mjy,.

In order to choose a reasonable renormalization scale, we study the scale
dependence of the total decay width I"* 4/ For this purpose, we evolve
the input values for « and Ajs from the input scale ug = Mj, to the scale
iy and compute both the LO and the NLO widths at different renormaliza-
tion scales in the range of p, = 40-375 GeV. In the left panel of Fig. 3, we
show the results obtained fixing the input parameters in the FJ scheme, and
computing the decay widths both in the MS and the FJ renormalization
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schemes. Dashed lines correspond to LO results, solid lines are obtained
including NLO EW corrections. To obtain the results in the MS scheme,
we first convert the input parameters at the initial scale pg and then com-
pute the decay width in the MS scheme. The improvement driven by the
inclusion of the NLO corrections is remarkable: The scale dependence of the
decay width is reduced in both renormalization schemes, and the scheme
dependence (difference of predictions in the two schemes) is reduced as well.
Moreover, we observe that the scale choice g = M}, represents a reasonable
choice for our calculations. The alternative scale choice given by the arith-
metic mean of the Higgs masses proposed in Refs. |14, 15] for the THDM
does not fit the SESM case. Indeed, for scenarios with higher My values,
the alternative scale pu, = (M, + Mp)/2, is always far away from the region
where the scale dependence is minimal.

The main goal of our work is to inspect the deviations from the SM
induced by the inclusion of the singlet. To this end, we study how the
total decay width I'" 7%/ depends on the BSM parameters. Among these
parameters, the mixing angle plays the central role, since its value affects
already the LO result, while the heavy Higgs mass My and the coupling
A12 enter only in the NLO decay amplitude. For this reason, we compute
the total decay width scanning over different values for the mixing angle
in the range of |so| < 0.3, keeping My and A2 fixed. In the right panel
of Fig. 3, we report the results, together with the SM results, which are
represented by the horizontal lines. As before, we present the results in
both renormalization schemes. Dashed lines correspond to LO results, while
solid lines include NLO EW and QCD contributions. The input scheme used

]_-‘h~>4f [MeV} Fh*ﬂ“ [NIGV]
0.9 oo _ 1.05 __
55 (uo) = 0.29 | MS po = 125.1 GeV MS
BHM200 : FJ BHM200 FJ
: SM —
0.88 F : - 1r B
0.86 B 0.95 - i
0.84 4 0.9 -
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Fig.3. Scale dependence of the width "%/ in the scenario BHM200 (left) and
comparison with the SM value, as a function of s, with My and \;s fixed according
to the scenario BHM200 (right).
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is FJ, and the input values used for My and Aqo are the values corresponding
to the scenario BHM200. For the computation, we use the renormalization
scale pg = Myp. The vertical dashed line marks the small-s, region where
perturbativity problems can arise. Indeed, in scenarios with higher values
for the heavy mass My, we observe large conversion effects for small s,
values. The LO results for the SESM, compared to the SM, display the
expected c2 behaviour. The inclusion of NLO corrections reduces the scheme
dependence (the NLO results for the two schemes overlap in the plot) and
compensates, for small o values, the ¢2 suppression. In general, we observe
that the relative deviations from the SM are always smaller than 10% for
the considered benchmark points.

dr — oot dé —ute—et
I h—pu pte e h—p preTe

—SM ‘ FJ ]
--- SESM BHM200 | --- SESM BHM200
107°

107°

60 70 80 90 100 0 90 180 270 360
M,,,|GeV] ¢ldeg]

Fig.4. Distributions for the muon-pair invariant mass (left) and for the angle
between the decay planes of the two Z bosons (right), for the decay h — p~pute e
in the SM and in the scenario BHM200. The lower panels report the relative NLO
corrections.

In general, footprints of BSM physics may be found looking in the shape
of differential distributions, even if the integrated results do not deviate from
the SM. We use our implementation to generate differential distributions for
leptonic and semi-leptonic final states and report in Fig. 4 two examples,
which show a common feature that we observed in all the distributions.
Indeed, the relative NLO corrections dnro for the SESM, reported in the
lower panels, are equal to the SM case up to a constant offset, which is the
same for all the distributions.
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6. Conclusions

Extensions obtained by adding an extra singlet scalar to the SM offer an
interesting phenomenology and are considered in the current experimental
analysis as a possible candidate for the next SM. Considering an SESM with
a Zo-symmetric scalar potential and EWSB both for the SM-like doublet and
the singlet, we renormalized the theory using two schemes. The first scheme
introduces gauge-dependent tadpoles in the relations among bare parame-
ters, but can be used provided that subsequent calculations are performed
using the same gauge. Using the second renormalization scheme, gauge-
dependent terms cancel in the relations between the parameters, but explicit
tadpoles must be taken into account when computing loop amplitudes. We
studied the conversion between the two schemes observing sizable effects
and solved the RGEs for the MS parameters. Making use of the MATHE-
MATICA packages FEYNRULES, FEYNARTS, and FORMCALC, we upgraded
the Monte Carlo program PROPHECY4F, in order to calculate decay observ-
ables for h — WW/ZZ — 4 fermions with EW and QCD corrections in the
SESM. With the program, we considered four benchmark scenarios proposed
in the literature and computed the decay width for the inclusive decay h — 4
fermions. We studied how the result depends on the renormalization scale
and observe how the inclusion of NLO order corrections mitigate the scale
and the scheme dependences, indicating proper convergence of the pertur-
bative series in the considered scenarios. Comparing the decay width with
the SM case, we find relative deviations below 10%. Finally, we generated
kinematical distributions for the leptonic and semi-leptonic final states and
observe that no additional distortions on top of the SM shape are induced.
For a detailed description of the calculation and more results, see Ref. [28].
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