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Heavy Higgs bosons resonances and their decay into top quarks at the LHC Peter Galler

1. Introduction

After the 125 GeV spin-zero resonance has been experimentally established as a Higgs boson

with Standard-Model like couplings to fermions and vector bosons [1, 2, 3, 4], a central research
issue at the LHC is the question whether additional spin-zero bosons exist. We are interested in
heavy Higgs bosons with masses mg > 2m, and unsuppressed Yukawa couplings to the top quark
that can appear as resonances in the 77 decay channel. Experimental searches for such resonances
have been performed by ATLAS [5] and CMS [6, 7] but so far no signals above the SM continuum
were detected. However, due to experimental (and theoretical) uncertainties these measurements
are limited in constraining heavy Higgs models. Furthermore, an important effect in the decay of
heavy Higgs bosons to #7 is the interference with the 77 continuum that can have a strong influence
on the detectability of these resonances. On the theoretical side the production of heavy Higgs
bosons and decay into top-quark pairs has been studied until recently only at leading order (LO)
in QCD. NLO corrections as calculated very recently in [8, 9] have not been taken into account
in the experimental analysis. In this contribution we report on the calculation [8] of the NLO
QCD corrections to this process, presenting results for inclusive and differential cross sections at a
center of mass energy of +/s = 13TeV at the LHC. While at LO the full m, dependence is kept, the
NLO corrections are calculated in the heavy top-quark limit which induces an effective coupling
between the Higgs bosons and gluons. Because relevant contributions from the heavy Higgs bosons
to #f production are only expected in the resonant region, we restricted our computation of the
NLO QCD corrections to this region which simplifies the calculation further. Our analysis is not
restricted to a particular model and can be applied to a wide spectrum of new physics models
involving heavy spin-0 bosons that couple to ##. However, the choice of a specific model is in order
since the decay widths of the Higgs bosons should be taken into account in a consistent fashion.
This is not only important for preserving unitarity but also because the effects of heavy Higgs
bosons on the #7 production sensibly depend on the bosons’ decay widths. Hence, we have chosen
a UV-complete theory of an extended Higgs sector, the type-II two-Higgs-doublet model (2ZHDM),
and the decay widths are determined by the independent parameters of the model.
This article is organized as follows. In Sec. 2 we give a brief overview on aspects of the type-II
2HDM relevant for the following sections. We study three 2HDM parameter scenarios that are
introduced in Sec. 3. Leading order results are shown in Sec. 4 in order to exhibit the main features
of heavy Higgs resonances in ¢ production. In Sec. 5 our NLO calculation [8] is outlined. In
Sec. 6 we show phenomenological results at NLO QCD for different observables and for the three
scenarios introduced in Sec. 3. We conclude in Sec. 7.

2. Type-II two-Higgs-doublet model

As mentioned in the introduction we choose the type-II two-Higgs-doublet model as a Higgs
sector extension of the SM. It allows us to consistently incorporate the already discovered SM
Higgs boson with m; = 125GeV as well as additional heavy spin-0 bosons which can show up as
resonances in the ¢f decay channel. Because of strong experimental constraints on flavor changing
neutral currents we choose to study a flavor conserving 2HDM. In particular, we focus on the
type-II 2HDM in which tree-level neutral flavor conservation is realized by coupling the right-



Heavy Higgs bosons resonances and their decay into top quarks at the LHC Peter Galler

chiral down-type quarks as well as the charged leptons only to the SU(2)-Higgs doublet ®; and the
right-chiral up-type quarks to the SU(2)-Higgs doublet ®,. For a detailed description of the 2HDM
we refer to the literature, e.g. [10].

The two Higgs doublets are given in the unitary gauge and after electroweak symmetry breaking
by:

1 r 1 g
@, = [-H"sinB, —(v; +¢ —iA sinﬁ)) , @, = (H+ cosf, — (v + ¢ +iAcosﬂ)) , (2.1
V2 V2

where v; and v, are the vacuum expectation values of the two Higgs doublets with v = /v% + v% =

246 GeV and tanf8 = vy /v;. The CP-even Higgs bosons are denoted by ¢; and ¢, and the CP-odd
Higgs boson is denoted by A. The neutral C P-even Higgs bosons can mix with each other and their
mass eigenstates are combinations of ¢; and ¢, parametrized by the mixing angle @. Furthermore,
there is a physical charged Higgs boson denoted by H* which however plays a minor role in our
analysis. The 2HDM also allows for C P violation in the Higgs sector. In this case the three neutral
Higgs bosons can mix with each other such that the mass eigenstates ¢; (i = 1,2,3) are not CP
eigenstates. The mixing is described by an orthogonal mixing matrix R that can be parametrized
by three mixing angles «; (i = 1,2,3):

o] @1
¢ |=R(ar,az,@3)| ¢2 | (2.2)
®3 A

For the CP-violating 2HDM we choose
mlam2’m3’m+’al’a2’a’39tanﬂ’v (23)

as input parameters. Here m; (i = 1,2,3) denote the masses of the neutral Higgs bosons ¢; and m.,
the mass of H*. For the CP conserving 2HDM the number of independent parameters of the Higgs
potential is reduced and we choose the following set:

m]’m2$m3’m+’a3tanﬁ7 v, (24)

where m; and m, are the masses of the scalars with m| < mj and m3 is the mass of the pseudoscalar.

3. Scenarios

We investigate three parameter scenarios within the 2HDM, two of them correspond to CP
conservation and one to CP violation by the neutral Higgs-boson interactions. The parameters are
chosen as follows:

a) The mass of the lightest neutral Higgs boson ¢; of the model is put to m; = 125 GeV and
its couplings are chosen to be equal or close to the SM Higgs couplings. Equality (i.e.,
the so-called alignment limit) can be achieved only in the CP-conserving scenarios. In our
CP-violating scenario the three neutral Higgs-boson mass eigenstates are C P-mixed states.
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Thus the couplings of ¢; differ from the SM Higgs couplings. Yet it is possible to choose
the parameters such that the deviations of the couplings of ¢; from the respective SM Higgs
couplings are within the experimentally allowed range.

b) The Yukawa couplings to top quarks are enhanced. In order to estimate the possible size
of the effect in #f production we choose tanS = 0.7 which leads to top- Yukawa couplings of
the neutral Higgs bosons that are still in accord with experimental constraints. This choice
constrains also the mass of the charged Higgs boson to m, > 720 GeV [11, 12, 13].

c) The masses my,m3 of the heavy Higgs bosons are chosen to be larger than twice the top-
quark mass, because we are interested in the resonant production of ¢,,¢3 and their decay to
top-quark pairs.

The choice of tan = 0.7 leads to a suppression of the down-type Yukawa couplings. Thus in Higgs
production by gluon fusion not only the contribution of the light quarks but also that of the b quark
can be safely neglected.

In the CP-conserving scenarios, the alignment limit is realized in our parametrization of R by
putting @] = 8. Moreover, @, = a3 = 0. Thus all Yukawa couplings are determined by tan only. In
the alignment limit the coupling of ¢ to weak vector bosons is the same as in the SM. Therefore,
the couplings of ¢,,¢3 to WW and ZZ are zero. This implies that ¢, ¢3 — 7 is the dominant decay
mode of the heavy Higgs bosons.

The masses of the Higgs bosons are free parameters of the 2HDM. The heavy Higgs boson masses
are chosen as follows: In the CP-conserving case we distinguish two scenarios, one with almost
degenerate masses (scenario 1) and the other one with non-degenerate masses (scenario 2). In the
CP-violating scenario (scenario 3) the masses of the heavy Higgs bosons are also chosen to be
non-degenerate. The width of the Higgs bosons in the respective scenarios are fixed by the input
parameters and have to be calculated at NLO (for details see [8] and references therein). Table 1
summarizes the input parameters including the corresponding decay widths and Yukawa couplings
for all three scenarios.

4. Leading order results

Within the type-1I 2HDM we study the resonant production of heavy neutral Higgs bosons and
their decay into top-quark pairs,
pp = $a3 — X, “4.1)

including the SM background process
pp — tiX, 4.2)

as well as the interference of the amplitudes of these two processes. We investigate this reaction
to leading order in the strong coupling constant a; in order to illustrate the main features of heavy
Higgs resonances in tf production before we turn to the NLO corrections in the next section. An
observable that is sensitive to resonant heavy Higgs bosons in top-quark pair production is the ##
invariant mass M;;. In Fig. 1 the M;; distribution is shown for ¢#f production by QCD (black) and for
the sum of the QCD and Higgs-boson contributions (red) for scenario 3. In the lower plot different
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[ “ scenario 1 scenario 2 scenario 3 ]
tanf 0.7 0.7 0.7
v [GeV] 246 246 246
g | m+[GeV] >720 >720 >720
g | m [GeV] 125 125 125
& | my [GeV] 550 550 500
2 | m [GeV] 510 700 800
g | o B B B
@) 0 0 /15
a3 0 0 n/4
T, [GeV] 3456 34.49 36.55
g | I3 [GeV] 49.28 75.28 128.16
£ | an 1 1 0.978
£l ba 0 0 0.297
g | an 1.429 1.429 0.863
ERRD 0 0 0.988
S | as 0 0 -1.157
b 1.429 1.429 0.988

Table 1: 2HDM parameter settings for scenarios 1-3. The SM-like Higgs boson ¢; has a decay
width I'; = 4 MeV. It plays no role in our analysis.

2HDM + QCD ——

Scenario 3
Vs =13TeV 1
QCD only d

oot R il g Po-p3 interf. X100 wwiveries E

T — — 5
[+ | A, P ——
¢2,3-QCD interf. -=-s-uss El

1.8
16
14l
= 12
[
o 1
=
£ 08
= 06
0.4
0.2
0
S
g8 3 '
g -10

400 500

600 700 800 900

M, tt [GeV]

1 1 1
1000 1100 1200 1300

Figure 1: Upper plot: M;; distribution at LO for the QCD background (black) and the sum of the
QCD and Higgs contributions (red) for scenario 3. Lower plot: Ratio Higgs/QCD for different
contributions to the full M, distribution. These are the sum of the squared amplitudes of the two
heavy Higgs bosons (solid, green), the interference with the QCD background (dashed, blue) and
the interference of the two heavy Higgs-boson amplitudes (dotted, brown).

pieces of the Higgs-boson contributions normalized to the QCD background are displayed. From
this plot one can draw the following conclusions:

e The effect of the heavy Higss bosons in #f production is significant only in the resonant
region. In Fig. 1 we show the contribution to the M,; distribution of the two heavy Higgs
bosons within our 2HDM parameter scenario 3 where m, = 500 GeV and m3 = 800 GeV.
The resonant structures are clearly visible in these regions, especially in the lower plot, e.g.
the green curve that displays the squared amplitudes of the ¢, and ¢3 contributions. Away
from the resonant region the effects of the heavy Higgs bosons are very small.

o The interference of the 2HDM amplitude with the QCD background amplitude is shown in
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blue in the lower plot of Fig. 1. The interference is mostly negative and its magnitude is of the
same order as the squared Higgs amplitudes (green curve). This shows that the interference
with the background has a strong effect on the shape of the M;; distribution and hence can
not be neglected. The sum of the squared Higgs amplitudes and interference term leads to
a peak-dip structure around 500 GeV and a dip around 800 GeV. This fact has important
consequences for the search and detection of a heavy Higgs boson signal.

e In the CP-violating scenario 3 the Higgs bosons ¢; are CP mixtures. As a consequence
the amplitudes gg — ¢; — 17 interfere. This contribution to the M7 distribution is shown as
brown curve in Fig. 1. Note that in this plot the ¢,-¢3 interference is multiplied by a factor
of 100 for better visibility, i.e. this contribution is strongly suppressed compared to the other
contributions and can safely be neglected. This suppression is caused by two effects: by the
relatively large mass difference Amj3 = m3 —m; and by the choice of parameters in scenario
3, which leads to cancellations due to opposite-sign Yukawa couplings. (For details see [8].)

These observations serve as a guidance for the calculation of the NLO corrections, which are
outlined in the next section.

5. Next-to-leading order corrections

Because pp — ¢ — ttf is already a one-loop process at LO the NLO corrections involve a two-
loop calculation. We have chosen a simplified approach and computed the NLO corrections to ¢;
(j = 2,3) production in the heavy top mass limit which reduces the top-quark loop-induced gg¢
coupling to a local vertex. This limit can be consistently described in the context of an effective
field theory that yields local effective Higgs gluon couplings:

L= ) [ fs,G8Gh" + frjemapGl Gi | 6 5.1)
=23

where fs; and fp; are the Wilson coeflicients describing the coupling of the scalar and pseudoscalar
component of the Higgs boson ¢; to gluons. The effective Lagrangian in Eq. (5.1) also contains
couplings of ¢; to three and four gluons, of which only the former is relevant for heavy Higgs
production and decay to ¢z at NLO. In the heavy top-mass limit the two-loop calculation becomes
effectively a one-loop calculation. This limit can also be understood as the first order in an expan-
sion in mg/m;. In the case of Higgs production it has been shown [14] that even for mg > m; this
approach gives results with rather small uncertainties of about 10% depending on the size of m
if an appropriate K factor is applied to the NLO corrections in the effective theory. We apply this
procedure in the following way in order to get an approximate result for the cross section of our
process at NLO QCD:

(0)

g, .
approx _ o, _© D) , _ Tha
ONLO = 2 , (‘7 fullj T Trunjoep T KiTe j T g, j,QCD) with K= —5=, (5.2)

=23 Oeff, j
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)
fu

L denote the LO cross sections for

Here o

pp—)(]ﬁj—)tf (5.3)

and agl QCD results from the interference of the amplitude of (5.3) and of the QCD background at

LO. The subscript full indicates that the full top-quark mass dependence is kept. The terms o

eff,j
(agg’j) and oﬂﬂ?’j’QCD represent the NLO (LO) cross sections for the process (5.3) and the interfer-
ence with the QCD background at NLO, respectively, in the effective theory. While Eq. (5.2) is
given for inclusive cross sections an analogous formula can also be applied to individual bins of
differential distributions.

In addition to the heavy top limit we apply a second approximation. As the LO results in Sec. 4
show, the dominant contribution from heavy Higgs bosons to ¢ production comes from the resonant
region. Hence we restrict the NLO calculation of the differential distributions to this region. The
calculation involves factorizable and non-factorizable QCD corrections to LO Higgs production
and decay. The former are manifestly resonant while the latter consist of resonant and non-resonant
contributions. The resonant parts of the non-factorizable contributions can be extracted by applying
the soft gluon approximation [15, 16, 17, 18]. Within this approximation non-factorizable contri-
butions from the real and virtual corrections cancel exactly. Thus one is left with only factorizable
contributions. (For details see [8].)

Apart from the two approximations we apply standard techniques to perform the NLO calculation.
In particular, we use the dipole subtraction method [19, 20] to handle the infrared divergences in
the real and virtual corrections. Analytical results of our NLO calculation of the squared matrix
elements are given in [8].

6. Results

In this section we present the results for heavy Higgs production and decay to 7 including the
approximate NLO QCD corrections to the 2HDM and 2HDM-QCD interference contributions, as
well as the full NLO QCD and weak interaction corrections to the background.

The inclusive cross sections for ¢ production are listed in Tab. 2 for the three parameter scenar-
ios. The label 2HDM denotes the contribution to the inclusive 7 cross section from the two heavy
Higgs bosons and the interference with the QCD background at NLO using the aforementioned
approximations, while o-gcpw is the contribution of the QCD background at NLO including the
weak interaction corrections. The ratio ooppm/ogepw is rather small; the 2HDM contribution is
about 2% of the inclusive QCD cross section in the case of scenario 1 and about 1% for scenarios
2 and 3. There are mainly two effects causing the inclusive cross section to be hardly sensitive
to the heavy Higgs resonances. The QCD-induced 7 production is large and the interference ef-
fects partly cancel the resonant enhancement of the Higgs contributions. It is therefore important
to study other, more sensitive observables, in particular observables evaluated in #f invariant mass
bins.

The tf invariant mass distribution do-/dM;; is shown in Fig. 2 for scenarios 1-3. The upper plots
display the SM M,; distribution and the sum of SM and 2HDM contribution (“squared” and inter-
ference) at NLO including the uncertainty due to renormalization and factorization scale variations.
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Scenario 1 Scenario 2 Scenario 3
o [GeV] 265 312.5 325
oqcpw [pbl 6432245123 624.25*509%  619.56*5195
o2upMm [pb] 13.59f}'2i 744070 7.21%08]
o2upM/0qepw [%] | 2.1 1.2 1.2

Table 2: Inclusive #7 cross sections without and with the heavy Higgs resonances.

The lower plots in Fig. 2 show the ratio (QCDW + 2HDM)/QCDW at NLO (red) and at LO (green).
The strongest effect of about 7% appears in those bins of the M;; distribution in scenario 1 where
the contributions of the two resonances overlap. In Fig. 3 we show a comparison of our result for
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Figure 2: M,; distribution for scenario 1-3. Upper left: scenario 1, upper right: scenario 2, lower
plot: scenario 3.

the Mz distribution within scenario 1 with a CMS analysis [6] at 8 TeV center-of-mass energy using
19.7 fb~! of data. As can be seen from Fig. 3 this analysis is not yet sensitive enough to constrain
scenario 1. A similar analysis from ATLAS exists' [5] with a similar sensitivity. In Fig. 3 one can
see that the background uncertainty of the analysis [6] is too large to detect the signal. Furthermore
the large bin size of 100 GeV causes the theoretical signal-to-background ratio to fall from a peak

The ATLAS analysis [5] of the M,; distribution at 8 TeV is also not sensitive enough to constrain this model because
the interference effects were not taken into account. However, during the writeup of this proceedings contribution an
updated ATLAS analysis [21] was published. This analysis is considerably more sensitive for several reasons. It succeeds
in reducing the uncertainty on the background, it uses a smaller M,; bin width and takes interference effects into account.
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value of about 7% to below 5%.
By imposing cuts on M;; (indicated by hatched regions in Fig. 2) below and above the resonance

1.25 T T T . 450 Scenario 1 T T T 1
background uncertainty 390 GeV < Mz <540 GeV | \/5=13TeV | 540GeV < Mz < 690 GeV
8 TeV, £ =19.7 fb™! scale uncertainty  m— 400 - scale uncertainty scale uncertainty
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Figure 3: CMS result for the ratio data/bkg. Figure 4: Distribution of the Collins-Soper
binned in M;; at /s = 8 TeV taken from [6]. angle for scenario 1 with two different M;;
The theoretical prediction for scenario 1 is cuts.

plotted in red (100 GeV binning) and green

(20 GeV binning).

we avoid the peak-dip cancellation and obtain an estimate on the largest possible Higgs effects
in different observables. Besides the M,; distribution we studied the distribution of the top-quark
rapidity, of the top-quark transverse momentum, and of the Collins-Soper angle 6cs. Among these
observables the distribution do-/dcosfcs is the most sensitive one to a heavy Higgs boson. This
distribution is shown in Fig. 4 for scenario 1 for two different M,; cuts. The lower plots show the
signal-to-background ratio which is > 5% between cosfcs = —0.4 and cosfcs = 0.5 in the lower
M;; bin. Furthermore, Fig. 4 illustrates the importance of the NLO corrections which lead to an
enhancement of the signal-to-background ratio.

7. Conclusion

We calculated the NLO QCD corrections to the resonant production of heavy Higgs bosons
at the LHC and their decay into top-quark pairs in the large top mass limit. We have taken into
account the SM ¢ continuum and its interference with the signal at NLO. This interference has an
important effect on the shape of the #7 invariant mass distribution, M, in the vicinity of a heavy
Higgs resonance. Depending on the mass and the couplings of the resonance it leads to a peak-dip
structure or to a dip rather than a bump in the M,; spectrum. We found that the QCD corrections to
these M;7 shape distortions, but also to the distribution of the Collins-Soper angle, are significant in
the resonance region. We investigated these heavy Higgs-boson effects within a type-II two-Higgs-
doublet extension of the SM.

The shape-distortions of the M, spectrum predicted at NLO QCD have important consequences
for the search for a heavy Higgs-boson signal in the measured #f invariant mass distribution. If
this distribution is measured with a large bin size the peak and dip structure caused by a Higgs
resonance averages out. As a consequence the inclusive #7 cross section is affected by the heavy
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Higgs-boson contributions in our scenarios only at the level of 1-2%. A dedicated resonance search
could be done by scanning the measured #f invariant mass spectrum with a sliding M;; window with
the smallest experimentally attainable width.
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