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Abstract

A search for the exotic decay of the Higgs boson to a pair of light pseudoscalar a
bosons is performed in the final state with two muons and two taus. The motiva-
tion lies in models beyond the standard model, such as two-Higgs-doublet models
extended with a complex singlet (2HDM+S). The results are based on an integrated
luminosity of 19.7 fb~!, accumulated by the CMS experiment at LHC in 2012 at 8 TeV
center-of-mass energy. Masses of the pseudoscalar boson between 20 and 62.5 GeV
are probed, and upper limits between 4 and 15% are set on the branching fraction
of the Higgs boson to two light pseudoscalar bosons, under the hypothesis that the
pseudoscalar a does not decay to quarks.
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1 Introduction

The discovery of a standard-model-like Higgs scalar (k) has been a triumph of the standard
model (SM) [1, 2]. Up to now, all its properties have been measured to be compatible with
the SM Higgs boson. Nevertheless, current results by ATLAS and CMS still allow for exotic h
decays [3-5].

Two-Higgs-doublet models (2HDM) introduce two Higgs doublets, which, after symmetry
breaking, lead to five physical states. One of the free parameters in 2HDM is tan 3, the ra-
tio between the vacuum expectation values of the two doublets. The lightest scalar of 2HDM
can be compatible with the SM-like properties of the discovered boson in the decoupling limit,
where other scalars all have large masses. A complex SU(2), singlet field S can be added to
2HDM, with a small mixing with the doublets; such a model is called 2HDM+S. This leads to
two additional singlet states, a CP-odd scalar 2 and a CP-even s, which inherit a mixture of the
Higgs doublets fermion interactions. In such a model, the branching fraction of the & boson to
a pair of a or s bosons can be sizeable, and a wide variety of exotic / decays is allowed [6].

Motivations for the existence of exotic decays of the i boson to non-SM particles are various [7].
First, the SM Higgs boson has an extremely narrow width (I', ~ 4.07 MeV) compared to its
mass, because of the suppression of tree-level Yukawa couplings. The coupling, even small, to
anon-SM light state could open non negligible decay modes. Second, the scalar sector could be
a portal to new physics, which allows SM matter to interact with a hidden-sector matter. The
so-called Higgs portal [8] allows the hidden-sector matter not to be charged under SM forces.
And finally, exotic decays are a relatively simple extension of the SM, and are still allowed after
all the measurements made during LHC Run 1.

The branching fractions of the pseudoscalar a to SM particles depend on the model. In2HDM+S
type-1, the couplings of the pseudoscalar to fermions are SM-like; whereas in 2HDM+S type-2
(next-to-minimal-supersymmetric-SM-like), they are suppressed for down-type fermions for
tan B < 1 (and increased for tan § > 1). In 2HDMH+S type-3, the decays to leptons are enhanced
with respect to the decays to quarks for tan § > 1, and in 2HDM+S type-4, the decays to up-type
quarks and leptons are enhanced for tan 8 < 1.

An upper limit on the branching fraction of the 1 boson to BSM particles can be set from direct
measurements on its properties and, as of today, this upper limit leaves a large room for exotic
decays. CMS indeed measured B(h — BSM) < 32% at 95% CL, using all data collected during
LHC Run 1 [3].

The h — aa — uutT process can be studied to uncover an eventually exotic scalar sector. This
channel has two easily detectable muons in the final state, with an excellent mass resolution. In
addition, in comparison to final states with b quarks, the decay of the other a boson to two taus
leads to a good mass resolution for the second pair and to an efficient background rejection.
Finally the branching fraction of the a boson to tau leptons is much larger than its branching
fraction to muons, leading to a larger number of expected events for h — aa — uptT than
h — aa — pppp, when kinematically allowed. The largest B(aa — ppt7) is obtained at large
tan 8 in 2HDM+S type-3, and can be as large as a few permille. The results are based on an
integrated luminosity of 19.7 fb~!, accumulated by the CMS experiment at LHC in 2012 at 8
TeV center-of-mass energy, and target pseudoscalar masses between 20 GeV and half of the h
boson mass, 62.5 GeV.

Other analyses have been looking for exotic i — aa decays in data collected during the first run
of the LHC, without finding any hint for the existence of new physics beyond the SM. ATLAS
has performed a search for h — aa — uutt for pseudoscalar masses m, such that 2m, < m, <



2 3 Object reconstruction and event selection

50 GeV [9], using special techniques to reconstruct boosted tau leptons. The CMS searches for
exotic i — aa decays include h — aa — pppy for 2m, < m, < 2m. [10],and h — aa — TTTT
for 2m; < m, < 15 GeV [11, 12].

2 CMS detector and samples

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two end-
cap sections. Muons are detected in gas-ionization detectors embedded in the steel flux-return
yoke outside the solenoid. Extensive forward calorimetry complements the coverage provided
by the barrel and endcap detectors. A more detailed description of the CMS detector, can be
found in Ref. [13].

A set of simulated samples is used to produce the mixture of signal and backgrounds. The
727 diboson samples are generated with MADGRAPH [14]. Signal samples are produced for
pseudoscalar boson masses between 20 and 60 GeV, using PYTHIA [15]. The tau lepton decays
are simulated with TAUOLA [16]. Minimum bias events generated by PYTHIA are added to
all generated Monte Carlo (MC) samples. Simulated events are reweighted in order to match
the number of pile-up interactions expected. All generated events are passed through the full
GEANT [17] based simulation of the CMS apparatus and are reconstructed using the same
version of the CMS event reconstruction software as the data.

3 Object reconstruction and event selection

The events are selected with two muons and two tau leptons. Five different final states are stud-
ied, depending on whether the tau leptons decay to electrons (), to muons (7,,) or hadronically
(Th): PUTeTe, UHTe Ty, WHTeTh, PHTy Ty and uuT,T,. The upt, 7, final state is not considered in this
analysis because of its low sensitivity and of the difficulty in matching the four muons in two
correct pairs.

The event reconstruction relies on the particle flow (PF) algorithm, which combines informa-
tion from different subdetectors to reconstruct individual particles [18, 19]. Muons are recon-
structed by matching hits in the silicon tracker and in the muon system [20]. Electrons are
identified with a multivariate (MVA) method trained to discriminate genuine electrons from
quark and gluon jets [21]. Some isolation criteria are applied to electrons and muons; their
relative isolation is defined as:
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where cnarged P is the sum of the transverse energy of charged hadrons, electrons and muons
originating from the primary vertex, Xpeupral P is the same sum for neutral hadrons and X, for
photons, and Epargeq,pupr is the sum of the transverse energy of charged hadrons, electrons
and muons originating from other reconstructed vertices. The particles considered to build
the isolation are in a cone with a radius AR = /A? 4+ A¢? = 0.4 around the lepton direc-
tion. Hadronically decaying taus are identified with the Hadron Plus Strip (HPS) algorithm,
which matches tracks and ECAL energy deposits to reconstruct tau candidates in one of the



possible tau decay modes [22, 23]. An MVA-based isolation that takes into account tau lifetime
information, is used to reject quark and gluon jets. An MVA-based discriminator to reduce
the rate with which electrons are misidentified as hadronically decaying taus and another one
to reject muons misidentified as hadronically decaying taus are also applied to 7, candidates.
The discriminator working points depend on the final state and are detailed in the following
paragraphs.

Events are triggered with an asymmetric di-muon trigger; two reconstructed muons with pr >
9/18 GeV and |1| < 2.4 are required to be present and to fire the trigger path.

To reconstruct the di-muon pair coming promptly from an 2 boson, two muons with an oppo-
site sign charge, pr > 5 GeV and || < 2.4 are selected. They are required to pass the loose
working point of the PF muon identification algorithm, and to have a relative isolation less
than 0.4. In the uut. 7, ppt.7, and uut,T), final states, where they are the only muons, their pr
thresholds are raised to 9/18 GeV to match the trigger requirements.

When there are more than two muons in the final state (in the case of 2 — 7,7, and a — 7,7,
decays), the highest pr muon is considered as decaying promptly from a. It is paired with
the next highest pr muon with an opposite sign charge. The other muons are considered as
coming from a tau decay. The success rate in reconstructing the correct matching for the signal
is around 90%.

The candidates forming the di-tau pair are selected with an opposite sign charge. The selection
depends on the final state. In the put.7, final state, two electrons with pr > 7 GeV, || <
2.5, passing the MVA identification and having a relative isolation less than 0.2, are required
in addition to the already selected muons. The contribution from h — ZZ — 2u2e events is
removed by excluding events with the visible invariant mass of the four leptons in a 30 GeV-
wide window around the & boson mass. In the uut,1, final state, an additional muon with
pr > 5 GeV (or pr > 9 GeV if it is responsible for firing the trigger path), || < 2.4, tightly
identified and with a relative isolation less than 0.2, as well as an electron with pr > 7 GeV,
|7| < 2.5, identified and with a relative isolation less than 0.4 are required. In the 7,7, final state,
an electron with pr > 7 GeV, || <2.5, identified and with a relative isolation less than 0.2, and
a hadronic tau with pr > 15 GeV, || < 2.3, and passing the loose MVA identification, the loose
rejection against electrons and the loose rejection against muons are selected. Similarly, for the
T, T, decay, a muon with pr > 5 GeV (or pr > 9 GeV if it is responsible for firing the trigger
path), |17| < 2.4, tightly identified and with a relative isolation less than 0.25, and a hadronic tau
with pr > 15 GeV, || < 2.3, and passing the loose MVA identification, the very loose working
point of the discriminator against electrons and the loose working point of the discriminator
against muons are required. Finally, in the 7,7, final state, two hadronic taus with pr > 15
GeV, |5] < 2.3, and passing the medium MVA isolation, the loose rejection against electrons
and the loose rejection against muons, are selected in addition to the two muons.

In all final states, the four objects are required to be separated from each other by at least AR =
0.4. The events are vetoed if at least one b-tagged jet, with pr > 20 GeV, || < 2.4 and passing
the tight working point of the combined secondary vertex (CSV) algorithm [24], is found. This
reduces the contribution from backgrounds with top quarks, including tf production among
others. In order to prevent a single event from entering different final states, events containing
other identified and isolated electrons or muons in addition to the four selected objects are
rejected (“lepton veto”).

Two additional selection criteria are designed to reduce the contribution of the backgrounds to
the signal region, and are applied to all final states. First, the invariant mass of the di-muon



4 4 Background estimation

Table 1: Selection criteria in the five final states. The two pr and 7 values quoted for the muons
in the uut, 7, and uut.T, final states correspond to the case where the muons are responsible
or not for firing the trigger path.

| | mwte | wey | mppren | mppnw | ppow
y 1 I pr >18 GeV, [] < 2.4, I,y < 0.4, Loose PF ID
H2 Ie; < 0.4, Loose PEID, || < 2.4
pr >9GeV | pr >5/9GeV | pr >9GeV | pr >5/9GeV | pr >9GeV
Te pr >7GeV, 5| < 2.5, MVA ID - -
L <04 | Ly<04 | L,<02
T - - pr > 15GeV, || < 2.3, Loose anti-u
Loose iso. Loose iso. Medium iso.
Loose anti-e | vLoose anti-e | vLoose anti-e
T - pr >9/5GeV - pr > 9/5GeV -
In| <24 | < 2.4
Loose PF ID Tight PF ID
Le <04 Ler <025
b-Jet veto No b-tagged jet in the event.
Lepton veto No additional identified and isolated electron or muon.
| mMypee — 125 < 25GeV
| My — Mo |lmy, <0.8
AR between leptons > 04
|mys,, — 125 >15GeV | -

pair and the di-tau pair, is required to lie close to the & boson mass: |, — 125 < 25 GeV.
The di-tau mass m. is fully reconstructed with a maximum likelihood algorithm taking as
input the four-momenta of the visible particles, as well as the missing transverse energy and its
resolution [25]. Second, as the di-muon pair and the di-tau pair are expected to have the same
mass in signal events, a selection criterium on the absolute mass difference between the lepton
pairs, normalized over the di-muon pair, is applied: |mW — M|/ my, < 0.8. These two cuts
have a signal efficiency larger than 95%.

A summary of the criteria applied to select events in the five final states is shown in Tab. 1.

4 Background estimation

Two types of backgrounds contribute to the final states studied in this analysis: irreducible ZZ
diboson production, and reducible processes with at least one jet misidentified as one of the
leptons. The reducible background is essentially composed of Z+jets and WZ+jets processes.

The ZZ — 4/ contribution is estimated directly from MC, and the process is scaled to its next-
to-leading order (NLO) cross section [26]. Because of the low number of events passing the
selection in the upT,7, final state, the di-muon mass (1) distribution of the ZZ background
is taken from a selection with a relaxed tau isolation for this final state. This does not modify
the overall shape but contributes to making it smoother.

The my, shape and the normalization of the reducible backgrounds are determined in two dif-
ferent steps. The normalization is obtained with a data-driven method. The rates with which
jets are misidentified as hadronic taus, electrons, or muons are measured in dedicated signal-
free control regions. These regions are defined similarly as the signal region, except that the



tau candidates (electrons, muons or hadronically decaying taus) are loosely identified and iso-
lated, and carry a same-sign charge. All misidentification rates are measured as a function
of the transverse momentum of the jet closest to the tau candidate, and are fitted using a de-
creasing exponential plus a constant, for transverse momenta of the closest jet larger than 15
GeV. In the case of electrons and muons with the closest jet having a transverse momentum
between 5 and 15 GeV, the misidentification rates are measured in two five-GeV-wide bins.
Events passing the full signal selection, except the tau candidate (7, 7, or 7;,) identification or
isolation, are reweighted as a function of the misidentification rates to obtain an estimate of the
contribution of the reducible background to the signal region. Double counting is removed by
subtracting the weighted contribution of events with two tau candidates failing the isolation or
identification criteria, to weighted events with only one tau candidate failing the isolation or
identification criteria.

The m,,;, shape of the reducible backgrounds is taken from a signal-free region in collision data,
where the two tau candidates carry the same charge. To obtain smoother shape templates, the
identification and the isolation applied on the tau candidates are relaxed.

Fig. 1 demonstrates a good agreement between data and predicted backgrounds over the full
m,,;, Mass range, when no selection is applied on the variables m s Myprr and ]my u— My |/m -

5 Signal and background modeling

Given the good resolution of the di-muon mass for the muons originating promptly from an a
boson, an unbinned shape analysis is performed, using m,, as observable.

5.1 Signal

The di-muon mass distribution in signal events in final states with two muons is parameter-
ized with a Voigtian function, which is the convolution between a Gaussian and a Lorentzian
function, and describes well narrow resonances with experimental resolution effects. In final
states with three muons, the Gaussian component is found to be negligible, and the signal
shapes are parameterized with Lorentzian functions. A distinct fit is performed in every final
state and for every generated a boson mass. In order to interpolate the shape templates to in-
termediary mass points, the parameters of the fit functions are parameterized as a function of
the a boson mass by fitting with a third-degree polynomial the parameters of the Voigtian or
Lorentzian functions obtained from the individual fits. A similar technique is used to inter-
polate the signal normalization to intermediate mass points, starting from the normalization
of the generated MC samples. A closure test that consists in removing a signal sample corre-
sponding to a given mass point from the parameterization of the Voigtian and Lorentzian fit
parameters as a function of the mass, and comparing the parameterization interpolation to the
direct fit to this sample has demonstrated the validity of such a technique.

5.2 Backgrounds

The ZZ irreducible background is parameterized with a Bernstein polynomial with five de-
grees of freedom. This generic function is shown to describe the MC well. The fifth degree
is chosen because it improves significantly the fit quality in the uu7,.7, final state compared to
the fourth degree, and because the sixth degree brings only a negligible improvement. The ZZ
background being subdominant in most final states, the choice of this function over another
one does not introduce a bias in expected limits, and no shape uncertainty is considered for
this background. The fits performed in all five final states are shown in Fig. 2.
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Figure 1: Data, predicted SM backgrounds, and signal (1, = 40 GeV) di-muon mass distribu-
tions in the puut,7, (top left), uut.7, (top right), uut.7, (center left), u7,7), (center right), and
uuT, T, (bottom left) final states, and their combination (bottom right). The cuts on the variables
My, Myyre and ]mw, — Myz|/ m,,, are not applied to increase the number of selected events. The
signal samples are scaled as thirty times the normalization obtained with o (h) as predicted in
the SM, B(h — aa) = 10%, and considering decays of the pseudoscalar a boson to leptons only.
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Figure 2: Modeling of the ZZ background, estimated from MC, using fifth-degree Bernstein
polynomials, in the uut.7 (top left), uut.7, (top right), uut.7, (center left), uut, 7, (center
right), and puuT,7, (bottom) final states. The black dots correspond to events selected in MC.
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Except in the uu 7.7, final state, the reducible background dominates by far the ZZ contribution.
The reducible background is modeled with a third-degree Bernstein polynomial, chosen to
optimize the fit quality and to be positive over the full mass range. The fit uncertainties are
taken into account in the limit setting procedure described later. The fits in the different final
states are shown in Fig. 3.
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Figure 3: Modeling of the reducible background with third-order Bernstein polynomials, in
the uut. 7, (top left), uut.t, (top right), uut., (center left), uut, 7, (center right), and puut,T,
(bottom) final states. The black dots correspond to observed events selected in control regions,
as described in Chapter 4.

6 Systematic uncertainties

Experimental uncertainties include the uncertainties on the lepton identification efficiencies:
6% per hadronic tau, 2% per electron and 1% per muon. In addition, the uncertainty on the
measured integrated luminosity amounts to 2.6% in 2012 [27]. The veto on events with b-
tagged jets introduces a 1% uncertainty on the yield of processes estimated from MC, whereas
1% uncertainty is considered to account for the trigger efficiency uncertainty. The hadronic tau
energy scale is varied by £ 3% [23], and the change in yield is measured to be between 0 and



10% depending on the final state. This uncertainty does not affect the shape of the m,,, distribu-
tions, and is treated as uncorrelated for final states using taus with different isolation working
points. The muon energy scale uncertainty, amounting to 0.2%, is found to shift the mean of
the signal distributions by up to 0.2%; this is taken into account as a parametric uncertainty on
the mean of the signal distributions.

Statistical uncertainties on the parameterization of the signal are accounted for through the
uncertainties on the fit parameters describing the signal shape. The shape uncertainties of the
reducible background are taken into account with three uncorrelated parameters arising from
the fit uncertainties of the third-order Berstein polynomials. The uncertainty on the normaliza-
tion of the reducible background is obtained from varying the fit functions of the misidentifica-
tion rates within their uncertainties. Changes in yields lie between 25% and 50%; uncertainties
related to a given misidentification rate are correlated between corresponding final states.

Because of the limited number of MC events after the full selection, an uncertainty between
1 and 15% depending on the final state is attributed to the ZZ background. This uncertainty
is uncorrelated between all final states. Additionally, theoretical uncertainties are considered
for the ZZ background to account for uncertainties in the parton distribution functions (PDF),
and for the variations of the renormalization and factorization scales. No shape systematic is
considered on the ZZ background; as it is a mostly subdominant background the use of another
background model would have an impact on the final exclusion limits less than 1%.

Finally, 10% uncertainty is attributed to the signal prediction to reflect theory uncertainties,
including uncertainties on the PDEF, and an additional yield uncertainty (between 5 and 8%
depending on the final state), related to the efficiency interpolation, is taken into account for
signal samples.

All sources of uncertainties are reported in Tab. 2, together with the change on yields or shapes
they imply for the different processes.

7 Results

In 2HDM and by extension 2HDM+S, the ratio of the decay widths of a pseudoscalar boson to
different types of leptons only depends on the masses of these leptons. In particular in the case
of muons and tau leptons, one has:

(o = pp) _ "1 @t/ o

F(El — TT) m%\/l — (Zmr/ma)z'
We use this relation to set upper limits on the production of & — aa relative to the SM h pro-
duction (including gluon-gluon fusion, vector boson fusion and associated production with a
W boson, a Z boson or a pair of top quarks, with cross sections respectively equal to 19.3, 1.58,
0.70, 0.42 and 0.13 pb), scaled by B(a — 77)% In the hypothesis where the pseudoscalar a
boson only decays to leptons, one has B(a — 71) > 0.995 for all a boson masses between 20
and 62.5 GeV. This hypothesis is a good approximation in 2HDM+S type-3 with large values of
tan B.

The parameterized di-muon mass distributions are shown in Fig. 4 for the five different final
states. The signal samples, for a mass m, = 40 GeV, are scaled with o () as expected in the SM
including all production modes, B(h — aa) = 10% and considering decays of the pseudoscalar a
boson to leptons only (B(a — 17) + B(a — uu) = 1, where the decay to electrons is neglected).
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Table 2: Systematic uncertainties on the yields or shapes of the signal, ZZ and reducible pro-
cesses. The relative change in yields resulting from a variation of the nuisance parameter equiv-
alent to one standard deviation is indicated.

Systematic uncertainty Relative change in yield
Signal \ 77 \ Reducible backgrounds
Luminosity 2.6% 2.6% -
Trigger 1% 1% -
Tau identification 0-12% 0-12% -
b-Jet veto 1% 1% -
Tau energy scale 0-10% 0-10% -
Electron identification 0-4% 0-4% -
Muon identification 2-4% 2-4% -
Signal prediction 10% - -
Signal efficiency 5-8% - -
PDF - 5% -
QCD scale VV - 6% -
7.7 statistics in MC - 1-15% -
Reducible background normalization - - 25-50%
Reducible background shape - - shape only
Signal modeling shape only - -
Muon energy scale shape only - -

Table 3: Expected and observed yields in the different final states. The signal samples are scaled
with o(h) as expected in SM, B(h — aa) = 10% and considering decays of the pseudoscalar a
boson to leptons only. The background yields are obtained after a maximum likelihood fit to
observed data, taking into account the systematic uncertainties described in Chapter 6.

Signal Backgrounds Obs.
m, =20 GeV \ m, = 60 GeV 77 \ Reducible \ Total
UUT T, 0.20+0.02 0.58+0.06 || 4.64+0.39 | 2.49+1.03 | 7.13£1.10 8
HUTTy 0.58+0.08 1.4240.16 0.10+0.01 | 1.70+£0.74 | 1.80+0.74 2
UUT Ty 0.74+0.08 2.02+0.20 || 0.16£0.02 | 5.65+1.77 | 5.81+£1.77 5
HUTu T, 0.9640.10 2.304+0.22 || 0.13+0.02 | 0.994+0.31 | 1.1240.31 1
UUT, Ty 0.60+£0.06 1.904+0.18 || 0.06+0.01 | 4.64+0.98 | 4.70+0.98 3
Combined || 3.0840.31 8.224+0.82 || 5.094+0.39 | 15.474+2.41 | 20.56+2.44 || 19

The expression 2 is used to express B(a — up) as a function of B(a — 77). The expected and
observed yields are shown in Tab. 3.

An unbinned maximum likelihood fit to data is performed, and upper limits are set at 95%
confidence level using the modified frequentist CL; construction [28, 29], without asymptotic
approximation. The procedure takes into account the different yield and shape systematic un-
certainties described in the previous chapter. The upper limits set in each final state in the mass
range between 20 and 62.5 GeV are shown in Fig. 5, and range from 4 to 15% for the combi-
nation. When taking into account the look-elsewhere effect, no excess has a global significance
larger than 2 standard deviations.

As the branching fractions of the pseudoscalar boson to SM particles are known when a type of
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Figure 4: Background and signal (m, = 40 GeV) models, scaled to their expected yields, in

the uut.t, (top left), uut.7, (top right), uut.7, (center left), uut, 7, (center right), and uut,7,

(bottom left) final states, and their combination (bottom right). The two components that form

the background model, ZZ and reducible processes, are drawn. Every observed event in the
individual decay channels is represented by an arrow, together with its measured m,, value;
while in the combined mass plot data are binned in a histogram. The signal samples are scaled
with o(h) as predicted in the SM, B(h — aa) = 10% and considering decays of the pseudoscalar
a boson to leptons only. The results are shown after a simultaneous maximum likelihood fit

that takes into account the systematic uncertainties described in Chapter 6.
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Figure 5: Expected upper limits at 95% CL on the production of i — aa relative to the SM h
production, scaled by B(a — T7)?, in the put.T. (top left), uut.7, (top right), uput.1, (center
left), upt, 7, (center right), and uut,7, (bottom left) final states, and for the combination of
these five final states (bottom right). B(a — 77)? is close to 1 in the hypothesis where the
pseudoscalar a boson does not decay to quarks. No excess has a global significance larger than
2 standard deviations.
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2HDMH+S and a value of tan p are chosen, the combined results can be interpreted as a limit on
) B (h — aa) in the m, — tan B plane for every type of 2HDM+S. The analysis is sensitive

IsMm

to large values of tan § in 2HDM+S type-3, and to small values of tan f in 2HDM+S type-4, as
shown in Fig. 6. It is however not sensitive yet to 2HDM+S type-1 and type-2.
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Figure 6: Observed upper limits at 95% CL on % X B(h — aa) for the combination of all di-tau
final states, in 2HDM+S type-3 (left) and type-4 (right). The branching fraction B(aa — putt)
ranges between 6.7 x 107> and 6.6 x 10~% in 2HDM+S type-3 for the m, and tan  values shown
in the figure, while it ranges between 6.5 x 10~° and 1.6 x 1072 in 2HDM+S type-4 in the right
tigure. The branching fractions of the pseudoscalar boson to SM particles have been computed

following the prescriptions in [7].

8 Comparison with other exotic i decay searches

Three other searches for exotic decays of the / boson to a pair of lighter pseudoscalar bosons
have been performed with the data collected by the CMS detector at 8 TeV center-of-mass
energy. The h — aa — uupp analysis covers pseudoscalar boson masses between 0.25 and 3.55
GeV [10], whereas two h — aa — TTTT searches cover pseudoscalar masses between 4 and 8
GeV, or 5 and 15 GeV, with different boosted tau reconstruction techniques [11, 12]. None of
these analyses has seen any hint of new physics beyond the SM.

Because B(a — 77) is directly proportional to B(a — upu) in any type of 2HDM+S as per

equation (2), the results of all analyses can be expressed as exclusion limits on % x B(h —

aa) x B(a — uu)?, as illustrated in Fig. 7.

In 2HDM+S, the values of the branching fractions of the pseudoscalar boson to SM particles
depend on the type of 2HDM+S, on tan 5, and on the mass of the pseudoscalar boson. They
can be computed precisely following the prescriptions in [7] and [30], except for pseudoscalar
boson masses between approximatively 3 and 5 GeV, and 9 and 11 GeV, because of decays to
quarkonia, and for pseudoscalar boson masses less than 1 GeV because of huge uncertainties
in the hadronic region. The largest branching fractions for the uutt final state are obtained in
2HDM+S type-3 at large tan 8, where the pseudoscalar couplings to leptons are enhanced over



14 9 Summary

19.7 b (8 TeV)

(}_\ T | e E g I T T T
= 3L ]
= 10°¢ CMS 3
T E Preliminary E
3 E
m
x 10°F =
w b .
& [
é 10° 3
m
X
<z [
= bm1 0° k& 2HDM+S h—aa searches
UC E h—aa—spptr, HIG-15-011
o —— h—aa—r1tt, HIG-14-019
— h—aa—t1tt, HIG-14-022
(-2 107 ——— h—aa—-pupup, HIG-13-010
% E 1 11 1 111 I 1 1 11 1 111 I 1 1 1 1
(o] 1 10
m, (GeV)

Figure 7: Observed 95% CL exclusion limits on % x B(h — aa) x B(a — up)? for various

exotic h decay searches performed with data collected at 8 TeV with the CMS detector, assum-
ing that the branching fractions of the pseudoscalar boson to muons and to tau leptons follows
equation (2).

those to quarks, and in 2HDM+S type-4 at small tan 8, where the pseudoscalar couplings to

leptons and up-type quarks are enhanced over those to down-type quarks. These two scenarios
are chosen to compare the reach of all four analyses in terms of limits on % x B(h — aa), as
shown in Fig. 8. The exclusion limit on % x B(h — aa) x B(a — up)? for the h — aa —

pupupy analysis presented in Fig. 7 is extrapolated from three mass points (0.25, 2.00, 3.55 GeV)
to intermediary masses with a third degree polynomial, before being divided by the square

of B(a — up) to obtain limits on % X B(h — aa). The sudden increase of the exclusion
limit for m, around 2.6 GeV in 2HDM+S type-3 tan B = 5.0 is the consequence of the opening
of the 2 — cc decay channel, whereas the variation of the limit around m, = 1.3 GeV in

2HDMH+S type-4 tan f = 0.5 is related to an increase of the pseudoscalar boson decay width to
gluons because of the change in the number of active flavors in the QCD corrections and in the
computation of the running of the strong coupling constant at a renormalization scale equal to
ma .

9 Summary

A search for the exotic decay i — aa in the final state with two muons and two taus, for
pseudoscalar masses between 20 and 62.5 GeV, is performed with data collected by the CMS
detector at a center-of-mass energy of 8 TeV in 2012. Such a decay is motivated in models like
2HDMH+S. Given the good di-muon mass resolution, limits are obtained from an unbinned fit
of my,, distributions in five final states. Expected upper limits are set on the relative production
of h — aa relatively to the SM h production, scaled by the square of the branching fraction
B(a — t7). In the hypothesis where the pseudoscalar 2 boson does not decay to quarks, which
is a good approximation in 2HDM+S type-3 with large tan 8, B(a — T7) is approximately
equal to unity and B(h — aa) is measured to be less than a value ranging between 0.04 and
0.15 at 95% CL, depending on the pseudoscalar mass probed. Model-dependent limits are also
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Figure 8: 95% CL on o (h)/osp x B(h — aa) in 2HDM+S type-3 tan = 5 (left) and type-4
tan B = 0.5 (right) for exotic h decay searches performed with data collected at 8 TeV center-of-
mass energy. The branching fractions of the pseudoscalar boson to SM particles are computed
following the prescriptions in [7].

set on % x B(h — aa) in the m, — tan B plane in 2HDM+S type-3 and type-4, and the analysis

is compared to other exotic & decay searches performed with 8 TeV data collected by the CMS
detector.
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