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Introduction
The Next-to-Minimal Supersymmetric Standard Model (NMSSM) predicts the existence of two
chargedh±, three CP-even -h1,h2 h3 - and two CP-odd - a1,a2 - Higgs bosons [1]. In contrast to MSSM,
the lightest bosons h1 and a1 can be much lighter than the discovered Higgs boson of mass 125 GeV,
denoted H (125) [2]. The H (125) state can be either h1 or h2 and may decay into a pair of light
bosons, a1a1 or h1h1. An update on a search for light NMSSM Higgs bosons produced in decays of the
H (125) state and decaying into τ leptons is presented. The analysis considered only gluon-gluon
fusion (ggH) production of H (125) so far. In this report we estimate the impact of the Vector Boson
Fusion (VBF) process on the analysis sensitivity.

1 Signal topology

Fig. 1.1: Signal topology of the H (125) decaying into
two boosted φ1-bosons [3].

In this analysis a search for decays of H (125) into
two light φ1 bosons, where φ1 denotes either h1
or a1, is performed. We investigate a mass range
of 4 < mφ1 < 10 GeV for which NMSSM predicts
a sizeable branching fraction of φ1 → ττ decays.
The analysis selects final states in which one of
the τ leptons in each φ1 decay decays muonically
and the other via 1-prong mode.

H (125)→ φ1φ1 → τµτ1prongτµτ1prong

This decay channel is depicted in figure 1.1. Due
to their low mass compared to the H (125) boson,
the φ1 bosons tend to be highly boosted and we
expect the decay products of each φ1 to be highly
collimated and therefore have a small separation
in the η − φ plane where η is pseudorapidity and
φ the azimuthal angle. The signatures described
above define the signal topology. The analysis
targets events with two muons each accompanied
by exactly one nearby charged particle.

1.1 Analysis strategy

The study is performed on proton-proton col-
lision data collected with the CMS detector at√
s = 13 TeV. The dataset corresponds to an inte-

grated luminosity of 35.9fb−1. A dedicated analy-
sis has been developed to select events compatible
with signal signatures. The selection criteria are
presented in table 1.1. The main selection steps
are discussed below.
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Fig. 1.2: Fraction of accepted events after each
selection process in this analysis.

• Muon selection:
In the first step muons are selected which
have a high transverse momentum and are
reconstructed within the tracker acceptance.
In order to reject heavy flavour hadron de-
cays into muons the transverse impact param-
eter of the muon with respect to the primary
interaction vertex dxy must by smaller than
0.5 mm and the longitudinal impact parame-
ter dz must be smaller than 1 mm.

• Muon pair selection:
Muons are sorted by their pT. An event is
selected if it contains two muons with the
same charge. This requirement almost en-
tirely eliminates Drell-Yan, di-boson and tt̄
backgrounds and significantly reduces QCD
multi-jet background. In addition, two muons
are required to be separated by ∆R > 2 in
η − φ plane. Figure 1.5 shows distributions
of transverse momenta and pseudorapidities
of leading and trailing muons after selection
of same-sign muon pairs. Good agreement
between data and simulation is observed.

• Track+Muon selection:
Each muon must be accompanied by exactly
one charged particle within the isolation cone
of ∆R < 0.5 around the muon momentum.
The charge of the particle must be opposite
to the charge of the muon due to charge
conservation in the decay of the neutral φ1
state. The tracks accompanying muons must
have impact parameters |dxy| < 0.2 mm and
|dz| < 0.4 mm.

The selection criteria outlined above define the
signal region. Figure 1.2 shows the reduc-
tion of background and signal efficiency after
each step of the selection. The total num-
ber of selected data events, the expected back-
ground yields and the expected signal yields
are presented in table 1.2. The expected
signal yields are obtained assuming the stan-
dard model cross sections σggH = 43.92 pb and
σVBF = 3.748 pb and a benchmark branching frac-
tion of B(H(125)→ φ1φ1) · B2(φ→ ττ) = 20% [4].

2 Impact of VBF production on the analysis
sensitivity
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Fig. 1.3: Feynman diagrams of the two relevant Higgs
production mechanisms considered in this

analysis.
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Table 1.1: Overview of applied cuts for the signal extraction.

Analysis step Cut value

Good muon selection Muon high pT/η pT < 18 GeV, η < 2.4
Muon low pT/η pT < 9 GeV, η < 2.4

Muon IP |dxy| < 0.5 mm,|dz| < 1 mm
Muon pair selection Same sign muon pair qµ1 · qµ1 = +1

Separation of µ tracks ∆R (µ1,µ2) > 2
Track+Muon selection Track pT/η pT < 2.5 GeV, η < 2.4

Track IP |dxy| < 0.2 mm,|dz| < 0.4 mm
Track charge qµ · qtrk = −1

Separation µ-track ∆R (µ1, trk) < 0.5
Signal region #LeadingMuon/LeadingTrack 1

#TrailingMuon/TrailingTrack 1

Figure 1.3 shows the feynman diagrams of the
signal processes considered in this analysis. Up
to now, this analysis considered only the ggH pro-
cess which has the largest cross section among all
Higgs boson production mechanisms. In this re-
port we investigate the impact of the VBF process
on the analysis sensitivity.

2.1 Higgs pT reweighting

There are several Monte Carlo generators avail-
able to simulate Standard model and SUSY pro-
cesses. Samples of H (125)→ φ1φ1 → 4τ were
obtained for masses between 4 and 10 GeV using
leading-order event generator PYTHIA 8 [5]. To
account for higher order corrections the Higgs pT
spectrum has been reweighted with k-factors ob-
tained with the next-to-leading-order event gen-
erator Powheg [6]. The pT spectra of both sam-
ples are shown in the top plot of figure 1.4. The
k-factors are obtained by dividing the normalised
distributions obtained with PYTHIA 8 and Powheg
event generators. They are shown in the lower
plot of figure 1.4.
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Fig. 1.4: Top plot: Transverse momentum pT of the
H (125) Higgs boson for both Powheg and

PYTHIA 8 samples. Bottom plot: k-factor as a
function Higgs pT for reweighting the

PYTHIA 8 samples.
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Table 1.2: Yields after final selection for data, background and signal.

Process yield ggH yield VBF

EWK 26.8 ± 19.4
tt̄+jets 18.8 ± 2.5
QCD 2033.3 ± 673.8

Data 2035

mφ1 = 4 GeV 125.8 ± 6.6 8.4 ± 0.2
mφ1 = 5 GeV 90.8 ± 5.5 6.9 ± 0.2
mφ1 = 6 GeV 103.2 ± 6.0 7.5 ± 0.2
mφ1 = 7 GeV 103.2 ± 5.7 7.5 ± 0.1
mφ1 = 8 GeV 71.6 ± 5.0 6.1 ± 0.1
mφ1 = 9 GeV 70.5 ± 5.0 4.2 ± 0.1
mφ1 = 10 GeV 56.4 ± 4.4 2.7 ± 0.1

2.2 Signal extraction

The signal is extracted by applying a Maximum
Likelihood Fit to the 2D distribution of the in-
variant mass of the muon-track pairs. The fit is
performed with the superposition of signal and
background templates. The normalisations of both
signal and background templates are allowed to
float freely in the fit. The signal templates are
constructed using simulated Monte Carlo samples.
Plots comparing the shapes of the muon-track in-
variant mass between ggH and VBF signal sam-
ples for three representative masses are shown in
figure 1.6. The shapes of both production mecha-
nisms are very similar which allows to construct
a resulting signal template by adding up ggH and
VBF templates.

The 2D background model of the invariant mass
of the muon-track pairs is constructed using the
following formula

f2D (m1,m2) = C (m1,m2)·(f1D (m1) · f1D (m2)) ,

where f1D is the 1D invariant mass distribution
of one muon-track pair and C (m1,m2) are mass
correlation coefficients. Both f1D and C (m1,m2)
are derived from the sideband region where one
or both muons have more than one accompany-
ing track. The muon-track invariant masses are
ordered and filled into a binned 2D template.

The binning of the 2D distribution is illustrated in
figure 1.7. Since the muon-track invariant masses
are ordered the total number of independent bins
is 21. Figure 1.8 shows the 1D distributions for
three representative signal samples and for the
background model derived from the sideband re-
gion. The figure 1.9 shows the correlation coef-
ficients C (m1,m2) computed from the sideband
region. The signal is extracted with the unrolled
2D distribution shown in figure 1.10. The dis-
tribution in data is not shown as the analysis is
still kept blinded. The unrolled 2D background
template is normalised to the total data yield after
the final selection.

Expected limits

The analysis sensitivity is estimated in terms
of expected limits on the branching ratio
B(H(125)→ φ1φ1) · B2(φ→ ττ) assuming Stan-
dard model cross sections for ggH and VBF pro-
duction modes. The modified frequentist CLs crite-
rion, implemented in the ROOSTATS [7] package,
is used for the calculation of the exclusion limits.
In the process of limit setting the following system-
atic uncertainties are taken into account [3].

• The uncertainty in the integrated luminos-
ity is estimated to be 2.6%.
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Fig. 1.5: Control plots of the pT and η distributions of muon pairs selected during the muon pair selection of
the signal extraction. Both ggH signal (blue) and VBF signal (green) are shown scaled by a factor of 10

and 100 respectively.
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Fig. 1.6: Normalised distributions of the invariant mass of the selected muon-track pairs for masses of 4,7 and
10GeV.

Fig. 1.7: Binned template of the correlation
coefficients C(i,j).

• The muon identification and trigger effi-
ciency uncertainty is assumed to be 2% per
muon.

• An uncertainty of 5% in the track selection
and isolation efficiency is assigned for each
track.

• MC statistical uncertainties range from 7 to
100%.

• statistical uncertainties in the correlation co-
efficients in the background model range
from 1 to 70%.
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Fig. 1.8: Mass correlation coefficients C(i,j) evaluated
from the sideband region with statistical

uncertainties.

In left plot of figure 1.11 the expected limit on
the branching fraction is shown when only ggH
production mechanism is considered. In the right
plot expected limits are computed when ggH and
VBF production processes are taken into account.
In the second case the limit ranges from 3.3% at
mφ1 = 9 GeV to 25.5% at mφ1 = 5 GeV.
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Fig. 1.9: 1D distribution of background and three
representative signal samples.

Table 1.3: Ratio of old limit compared to the updated
limit.

Ratio of exp. limits exp

mφ1 = 4 GeV 1.049
mφ1 = 5 GeV 1.063
mφ1 = 6 GeV 1.078
mφ1 = 7 GeV 1.046
mφ1 = 8 GeV 1.089
mφ1 = 9 GeV 1.061
mφ1 = 10 GeV 1.053

Table 1.3 presents a ratio of the expected limits
computed without and with inclusion of VBF sam-
ples. Inclusion of the VBF samples improves limits
by 5-9% depending on mφ1 which is consistent
with the ratio of VBF and ggH production rates.

3 Conclusion

A search for very light NMSSM Higgs bosons in the
decay H(125)→ 2φ1 → 4τ is updated. Masses in
the range of 4 < mφ1 < 10 GeV are probed. The
contribution from VBF is included in the signal
model. This reduces the expected limit on the
branching fraction by 5% to 9% relative to the
limit expected when only ggH process is taken
into account. In a next step the impact of Higgs-
strahlung process on the analysis sensitivity can be
studied once the necessary Monte Carlo samples
become available.
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Fig. 1.10: Unrolled 2D distribution used for the signal extraction. The bin labeling follows the definition in
figure 1.7.

 (GeV)am

4 6 8 10

)τ
 4

→
 2

a
→

95
%

 C
.L

. l
im

it 
on

 B
(H

(1
25

)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Expected

 Expectedσ1±

 Expectedσ2±

 (13 TeV)-12016, 35.9 fb

CMS
Simulation

Expected

 Expectedσ1±

 Expectedσ2±

a) ggH samples only.

 (GeV)am

4 6 8 10

)τ
 4

→
 2

a
→

95
%

 C
.L

. l
im

it 
on

 B
(H

(1
25

)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Expected

 Expectedσ1±

 Expectedσ2±

 (13 TeV)-12016, 35.9 fb

CMS
Simulation

Expected

 Expectedσ1±

 Expectedσ2±

b) ggH+VBF samples.

Fig. 1.11: Expected limit for on the branching ratio of the H(125)→ 2φ1 → 4τ decay.
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