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Abstract

Searches for new scalar and pseudoscalar heavy Higgs bosons are considered. The
interference My distribution is simulated for a benchmark scenario using an EFT
approach in MG5_aMC@QNLO using reweighting, which is found to give a signifi-
cant improvement to the lineshape resolution compared with previous approaches
which did not use reweighting. Using W and top tagging to improve limits on the
couplings of heavy Higgs candidates at different masses was then considered, and
it was found that these approaches notably improved the limits which could be
set on both 400GeV and 750GeV candidates.
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1 Introduction

Many current Beyond the Standard Model (BSM) Theories include an extended Higgs
Sector. The simplest of the these theories- for instance the two Higgs Doublet Model
(2HDM) [1], the Minimally Supersymmetric Standard Model [2], and composite Higgs
Theories [3]- include additional scalar (H) or pseudoscalar (A) neutral Higgs Bosons,
which may be detectable at the LHC. These particles are not expected to couple strongly
to the Weak guage Bosons due to various theoretical constraints, but are expected to
couple strongly to the top quark due to its very high mass of 173GeV. The Heavy Higgs
Bosons are therefore expected to decay predominantly to two top quarks (Assuming
Mpja > 2my), and so this is considered a very profitable channel in which to search for
these new particles.

A likely mode of production for heavy Higgs bosons is via a top loop coupling quarks to
gluons (Figure 1). This loop introduces a non-trivial phase, which results in interference
between the signal and the Standard Model (SM) background, which can be larger than
the resonant component of the signal. As a result, the signal may not give a peak in
the My, as one would expect, but instead a peak-dip, dip-peak or pure dip structure
[4, 5], depending on the precise parameters of the model.
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Figure 1: Example LO graphs of signal (left) and background (right) ¢¢ production

This report is divided into two sections: the first looks at producing accurate predictions
of the lineshape of the interferrence component of the signal using an efective field theory
approach, whilst the second looks at using heavy onject tagging (HOT) to improve
detection of these signals.

2 Simulating the signal lineshape

2.1 Theoretical Background

As has already been mentioned, accurate predictions of the signal lineshape are believed
to be very important in searches for the new resonances in the tf decays. In order to
achieve this accuracy, it is desirable to simulate the process at next-to leading-order



(NLO) accuracy. However, this is difficult since the LO production diagrams already
include a topquark loop, which results in a very large number of NLO diagrams (see
figure 2.1). A solution is to use effective field theory (EFT) to model this loop as a
contact interaction, as described in reference [6]. This EFT approach is only normally
valid in the case where the particle in the loop is too heavy relative to the other particles
to be resolved, i.e. 2m; > mpg,4, however since a decay to two tops is being investigated,
one has the opposite assumption: mpg/a > 2m,. The solution proposed in reference
[6] is to multiply the coupling constants of the Higgs to the gluons Cye and Cag by
a complex factor a + bi, which mimics the phase factor introduced by a resolved top
loop. Unfortunately this factor was not included here due to time constraints, but could
easilly be added in to further analyses.

Figure 2: Top: Example two-loop NLO diagrams for the signal process (source: [6])
Bottom: The corresponding diagrams with the top loop replaced by an eft
vertex

The total amplitude for the signal plus background process is:
(Mg + Mpsu|* = [Masu]? + [ Mpsu | + 2Re(Msy Migsas), (1)

where the first term on the right-hand side of the equation is the Standard model back-
ground, the second term is the resonant component of the BSM signal, and the third
term is the interference. The first and second of these terms can be easilly calculated
in isolation, but the interference, which is the component of greatest interest because it
is the component most affected by the accuracy of the simulation and can change the
shape of the signal, can only be found as a part of the overall amplitude. It could be
calculated by subtracting the pure resonant and background components from the total



amplitude, however this tends to lead to poor statistics, so the prefered method is to
also calculate the the total amplitude when the signal has been multiplied by —1, and
then calculate the interference as:

1
2Re(MsyuMpgy) = §(|MSM + Mpsul|? — IMsy — Mpsul?). (2)

2.2 Technical setup

The benchmark used here was selected for consistency with that used by F. Hagemann
in [10], which was originally based on benchmark C1 in [6]. The values of the parameters
are summarised in table 2.2. This benchmark has my < 2m; < m4, and so only the
pseudoscalar heavy Higgs can decay to a top quark pair, and so one would expect a single
peak-dip structure in the inteference lineshape centered on m,4. Unlike the scenarios
discussed previously, this benchmark allows for an additional BSM fermion in the loop
connecting the gluons to the heavy Higgs and so there are sdditional couplings yr and
yr. The previous analyses assumed a non zero complex phase multiplying the signal to
simulate the phase coming from the eft vertex, however here this complex number was
taken to be ¢ = a + b = 1 for simplicity.

v = 0.05 7 =0.5 yr = —0.0354 Jp = 0.354
Cic =956 x 1070 Cpa =473 x10"% Cue=-6.49x 102 A=1.0x10°
mul = 172.5 MUyukawa = 172.5  myg = 300 ma = 450

Table 1: The parameters used in the simulation. All values are in GeV

The events were simulated at NLO using MadGraph5_aMCNLO [7] using the AHttbar
model [8] and showered using Pythia8 [9], using the NNPDF30_nnlo_as_0118_hessian
pdf set. The analysis in [10] followed this method but encountered problems since the
statistical uncertainties from the two large values on the right-hand side of equation 2
tended to dominate the signal. The solution used here was to use the event-by-event NLO
reweighting capabilities of MadGraph5_aMC@QNLO [11] to claculate the interference for
each event. The results were then analysed using MadAnalysisb [12], and a graph of the
interference was produced. Full details of the method for a reader wishing to reproduce
the results are included in the appendix.

2.3 Results

A graph is shown in figure 2.3 of the interference component of the signal, calculated
as described above, alongside a previous result from [10], which did not use rewighting,
to give a comparison. Both graphs show the expected peak-dip structure about m4 =
450GeV | however it is clear that reweighting dramtically improves the resolution of the
interference lineshape.
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Figure 3: Left: The graph of the interferrence lineshape. Right: Graphs of the reso-
nant and interference components of the signal produced without reweighting
(Source: [10])

3 Data Analysis
3.1 Search method

There are ongoing searches to attempt to identify the signals discussed above in tt
production at the LHC [13, 14]. The difficulty these searches face is that the signal
is likely to be small compared to the large standard model tf background, especially
for higher heavy Higgs masses. One potential way to improve the sensitivity of these
searches is to make use of heavy object tagging (HOT) to directly tag merged jets coming
from the top decays, rather then attempting to identify the top quarks from a number
of decay products. Here we focussed on replicating the expected limits from simulation
data found in the semileptonic channel by [14] using a very similar methodology, and
then investigated whether improvements could be made using HOT.

The semileptonic decay chanel of the ¢ system is shown in figure 3.1- both the top and
the antitop quarks decay quickly to a bottom (anti)quark and a W+(-) boson. One of
the W bosons then decays to a lepton-neutrino pair, the other to a quark-antiquark pair.
If the lepton is an electron or a muon it should be registered in the detector, and one
should also be able to detect tau leptons which decay leptonically (some momentum will
go into the neutrinos produced in this decay, but these momenta will simply be added
to that of the neutrino produced in the W decay in the missing energy). Hadronically
decaying tau leptons are not considered here as they do not give a sufficiently distinctive
signal to differentiate t¢ events from the QCD background. The two b quarks and the
two light quarks from the W decay form jets and can be identified using a jet clustering
algorithm. The neutrino is not observed, but its transverse momentum can be inferred
to be the negative of the sum of the transverse momenta of all the detected particles
coming from the interaction (the “missing” transverse momentum).
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Figure 4: Full Feynmann diagram for a semi-leptonically decaying signal event

3.2 Event reconstruction without HOT

The simulated data was in the form of ROOT data files containing particle-flow candi-
dates. These candidates were then required to pass certain quality requirements, which
were an attempt to replicate those in [14] to give comparibilty of results (the quality
requirements in that note were generally motivated by the specifications of the CMS
detector [15]):

Leptons

For use in later event reconstruction, all leptons were tagged in two catagories ”loose”
and "tight”. For a muon to be tagged as loose it was required to have a transverse
momentum p; > 10GeV, a pseudorapidity |n| < 2.5 and a particle flow isolation Z <
0.25. To be tagged as tight, a muon was required to have p; > 26GeV, |n| < 2.4
and Z < 0.15. A loose electron was required to have p, > 20GeV and |n| < 2.5,
whilst a tight electron was required to have p; > 30GeV and |n| < 2.5, with the region
1.4442 < |n| < 1.5660, which corresponds the transition region between the barrel and
the end-caps of the electronic calorimeter, excluded.

Jets

All jets were required to have p; > 20GeV and |n| < 2.4. Jets were then b-tagged using
the medium working point of the cMVAv2 algorithm [16], which uses a boosted decision
tree taking the outputs of several individual algorithms as inputs. The CSV algorithm,
which uses a neural network based on track and vertex information, was also trialed, but
this was found to give slightly weaker limits than the cMVAv2 algorithm. Jets which
were not b-tagged were identified as light jets.

Event Selection

In order to be considered in the analysis, each event was required to contain at least
one tight muon, two b-tagged jets and two light jets which pass the above quality
requirements. Since the light jets from a W decay are often charm jets, which are
relatively likely to be mistagged as b jets, it might be profitable to also allow additional
b jets to be considered as light jets, however this was not done here for simplicity. In
order to suppress the large backgrounds from Drell-Yan and other multi-lepton processes,
the process was only permitted to contain one loose lepton (which from the previous



requirement is in fact a tight lepton). Furthermore, each process was required to have
miV > 50GeV, where mV is defined as:

mlf = 2 (1 — cosAG( ) (3)

This event selection give efficiencies of about 11% for the 400GeV hypothesis and 14% for
the 750GeV hypothesis, whilst the ¢ background efficiency was 4%. These efficiencies are
slightly higher than those achieved in reference [14], largely because some of the selection
requirements used there, notably the triggering requirements used to give comparability
with experimental data, were not implemented here.

Reconstructing the neutrino

As has already been mentioned, neutrinos cannot be detected in the CMS detector,
and must be reconstructed using the missing transverse momentum of the event and
other constraints (the z component of the neutrino momentum cannot be identified
from the missing momentum of the system in the z direction since the momentum of
particles which escape along the beam-pipe is not known). Here the requirement was
made that (p(l) + p(v))* = mj, (which follows from the fact the lepton and neutrino
were produced in a W decay), and that the neutreino was massless and on-shell (i.e.
pe(V)? +p,(v)* 4+ p.(v)? = E(v)?). One could then simply take the x and y components
of the neutrino momentum to be those of the missing transverse momentum, and the
z component and the energy could then be computed using these constraints. One
problem was that the conditions gave a quadratic equation for p., which could have a
pair of either real or complex solutions. For real solutions the solution with the smallest
|p.| was taken, whilst for complex solutions the real part was taken, in accordance with
the recomendations of [17].

Reconstructing the ttbar system

Two light jets were chosen from the list of all light jets which passed the quality require-
ments such that the sum of their 4-momenta gave the closest invariant mass to that of
the W boson. For simplicity, only the two leading b jets (highest py) were considered
(though since most of the selected events only had two b-tagged jets this is probably not
a significant issue. The one of these b jets which, when its four momentum was added
to that of the lepton and the neutrino gave the closest invariant mass to the top quark
was identified as coming from the leptonically decaying top quark, whilst the other was
identified as coming from the hadronically decaying top quark. This then allowed the
4-momenta of the top quarks to be calculated as:

ptlgp - pblep +pl + pl/7
Dtnaa = Pbpea T Pg + Dg-

3.3 Event reconstruction with HOT

So far the decay products have been assumed to be distinct jets, however if a decaying
object is heavy enough its decay products may all be merged into a single “fat jet”. In
this process it is quite likely that this will occur, especially for the 750GeV heavy Higgs



mass hypothesis, where the top quark transverse momentum is quite high, and so the
two light jets may be merged into a single W jet, or they may be merged together with
the b jet to give a top jet (Figure 3.3).

Light jet
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Figure 5: The sequence of merging as the top pr is increased. Left: Unmerged jets,
Center: A W jet and a b jet, Right: A top jet

Tagging fat jets

Fat jets were provided in the AKS8 format, with top and W tagging discriminants pro-
vided by the Deep AKS8 tagger, which utilises a deep neural network to exploit the full
raw data from the jet (as opposed to simpler taggers which focus only on relevant derived
variables such as the jet mass and the jet n-subjetiness). Since there are not yet any
well-established working points for this tagger, simple loose, medium and tight working
points were constructed from data by selecting working points that gave 10%, 1% and
0.1% mistag probabilities. Since the data also did not contain generator-level informa-
tion about the flavour of the fat jets, cuts were made on the generator level mass, with
jets with mj e, > 160GeV taken as top jets, and those with 60GeV < mj < 120GeV
taken as W jets. This gave loose/medium/tight efficiencies of 86%/59%/17.7% for top
tagging and 51%/14.5%/2.7% for W tagging (though note these numbers are not nece-
sarily that meaningful since the generator values were only taken from masses rather
than flavour information). Due to relatively low numbers of events containing fat jet
candidates, the loose working points were used for both types of tagging.

Leptons and b jets

In order to find the bjets and leptons necessary for reconstruction, the normal jets and
leptons were treated in the same way as in section 3.2, with the exception that any jets
within AR = /An? + A¢? < 0.8 of a fat jet which was tagged as either a top jet or a
W jet were removed to prevent double counting.

Reconstructing the ttbar system

As with the case for no HOT, all events were required to have a single tight lepton and
no additional loose leptons, and the neutrino could be reconstructed as in section 3.2.
If a top jet was tagged, it was assumed to be the hadronically decaying top jet, and so
the only additional requirement was to have one b jet (if there was more than one the
leading b jet was taken), from which one could reconstruct the leptonically decaying top
quark by adding the lepton and the neutrino. If a W jet was tagged, two b-tagged jets



were required, and the one giving the best leptonically decaying top mass was taken to
come from that decay, and the other from the hadronic decay, as in section 3.2. The
hadronicly decaying top quark momentum can then just be found as the sum of the
momenta of the W jet and the b jet coming from the hadronic decay.

The event selection efficiency for top tagging is about 0.5% for the 400GeV resonance
and 5% for the 750GeV resonance, with a tagging efficiency for the ¢t background of
0.26%. For W tagging the selction efficiency is about 0.4% for the 400GeV mass and
2% for the 750GeV mass, with a background efficiency of 0.25%.

3.4 Search variables
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Figure 6: The various mass distributions for the ¢f system. Distributions obtained with-
out HOT are in blue, those obtained with top tagging are in red. Top left:
SM background ttbar production. Top center: Resonant distribution for a
scalar 400 GeV heavy Higgs. Top right: Resonant distribution for a scalar 750
GeV heavy Higgs. Bottom left: Interference distribution for a scalar 400 GeV
heavy Higgs. Bottom right: Interference distribution for a scalar 750 GeV
heavy Higgs.

For use in later limit setting the events considered were divided in to resonant and
positive and negative interference components. The first search variable considered was
the invariant mass of the combined ¢t system. As expected, the resonant peak appeared
around the invariant mass of the new heavy Higgs boson in the signal samples (slightly
shifted to the left as some energy is lost in the reconstruction), with the combined
positive and negative intereference components giving a peak-dip structure about this
mass. The background roughly follows a Poisson distribution, with relatively few events
below 2m; = 340GeV . Since top tagging tends to detect higher pr and hence higher
energy events, the background distribution is shifted to the right in this case, the 400GeV
resonance has a large positive tail, and the interference graphs have the lower energy
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peaks supressed relative to the higher-energy dips (to the extent that the peak in the
750 GeV distribution completely disappears when using HOT).

The other search variable used was cos(), where 6 is the angle between the momen-
tum of the leptonically decaying top jet in the rest frame of the the ¢ system, and
the momentum of the ¢t system in the detector frame of reference. This variable is
believed to be sensitive to spin correlations, and hence should be different for the sig-
nal and background processes. The distribution of this observable is not symmetric,
however the events were binned symmetrically for consistency with [14], though since
these distributions are especially asymmetric for top tagging, it may be profitable to
change this in future searches. The bins chosen were |cos(#)| < 0.4, 0.4 < |cos(6)| < 0.6,
0.6 < |cos(0)| < 0.75, 0.75 < |cos(0)| < 0.9 and |cos(#)| > 0.9, which reflect the fact
that the cos(0) distribution changes more rapidly at high value than low ones. The my;
distributions were then provided to the limit setter in a different channel for each of
these bins.

cos(theta) cos(theta) cos(theta)

NI AT AT N A A A
ES B

08
costheta)

Figure 7: The distributions of the cos(f) variable, again with distributions obtained
without HOT in blue and those with top tagging in red. Left: SM background
ttbar production. Center: Resonant distribution for a scalar 400 GeV heavy
Higgs. Right: Resonant distribution for a scalar 750 GeV heavy Higgs.

3.5 Results

Expected limits on the coupling constant of the new Higgs bosons to the top quark,
denoted here as g, were set using the combine tool [18], using a custom interference model
to handle the negative weight of that part of the interference. Limits were set using events
which were only top tagged (green), only W tagged (red), and reconstructed without
HOT (blue). Limits were additionally set using top and W tagging together (cyan), and
all three methods combined (purple). When using multiple methods combined it was
important to put the events tagged with the different methods into different channels,
so that the larger backgrounds didn’t drown out the signals. It was also important to
ensure that the same event couldn’t be tagged multiple times in the different channels.
The limits are generally as one would expect: the case with top tagging performs better
than the HOT for the 750 GeV heavy Higgs boson, and worse for the 400GeV mass,
whilst the W mass gives intermediate limits for both cases. Combining the types of
tagging further improves on these limits. In general this improvement is about what one
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Figure 8: Limits from the different types of tagging. Left: Limits on the scalar couplings
Cua, Right: Limits on the pseudoscalar couplings C'a¢.

would expect, however the limit on the scalar 400GeV coupling seems disproportionatly
large- the reasons for this are not well understood.

4 Conclusion

This project has demonstrated two important components of searches for new Higgs
bosons: improving simulations and improving the detection of any signals produced at
the LHC. The importance of reweighting for producing accurate predictions of the inter-
ference lineshape has been demonstrated, and this should be useful in future simulations
of different theoretical scenarios. For signal detection, both top and W tagging have been
shown to give notable improvements to the limits on coupling strengths which can be
set, not just for higher heavy Higgs masses as expected but also for lower ones, so these
techniques should be considered for further searches using LHC data. This is especially
interesting as HOT could also be used in the fully hadronic ¢f decay channel, which has
the largest branching ratio but is often neglected due to large QCD backgrounds, since
one could potentially observe events with two top tags for very heavy Higgs bosons,
which should give quite a distinctive signal. Using both improved simulations and these
new tagging methods, one would hope that extended Higgs sector physics may be well
searched for masses less than 1TeV and typical coupling constants over the coming years
at the LHC.
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6 Appendix: Details of simulation of interference
lineshape

In order to simulate a sufficiently large number of events, the simulation was run
as 100 batches of 5000 events each on a computer cluster using HTCondor. Since
MG5_aMC@NLO does not yet have a formal “gridpack” system for NLO simulations, the
first response to the question at https://answers.launchpad.net/mgbamcnlo/+question /243268
was used. The events were run with reweighting switched on (the reweighting card just
changing the parameter cc from 1 to -1) and showering switched off, since these options
did not appear to work together, and the events were then showered using the command
“./bin/shower run_XX”, where XX is the number of the run (if no other trial runs are
carried out this will be run_02 since run_01 is produced when setting up the “gridpack”).
Since MadAnalysish does not surport reweighting information in “normal” mode (which
uses the interactive python-based shell), it was necessary to use “expert” mode (where
one codes directly in c++). To do this a program producing a graph of the M; dis-
trbution using only the positive weight was produced in normal mode, and then the
Build/SampleAnalyzer/User/Analyzer/user.cpp file inside the folder thus created was
edited, and the line __event_weight__ = event.mc()->weight() was changed to:
WeightCollection reweightcont=event.mc()->multiweights();

std: :map<MAuint32,MAfloat64> reweights=reweightcont.GetWeights();
__event_weight__ = (event.mc()->weight() - reweights.find(2)->second)*0.5;
This produced a graph in the .saf format, which was converted into a .png file using the
saf2png module from https://github.com/crokkon/saf2png.
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