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GeV ʍɸ ɸʇʘʏɿʃɹʎ ɷɿɲʍʋɳʍɸɿʎ ʏʉʐ ʅʋʉɺʉʆʀʉʐ Higgs͕ ʍɸ ʍɸʆɳʌɿɲ ʊʋʉʐ ʉɿ ɷɿɲʍʋɳʍɸɿʎ ʏʘʆ
ʗɸʐɷʉɴɲɽʅʘʏʙʆʍʘʅɲʏɿɷʀʘʆʍɸʄɸʋʏʊʆɿɲʐʋɸʌɿʍʖʑʉʐʆ͘

iv

ABSTRACT
This PhD study presents the search of the exotic decay of the Higgs boson (125 GeV) to a pair of light
pseudoscalars with final states two muons and two tau leptons. The results exploit the data collected
by the CMS detector during the LHC Run-2, in proton-proton collisions with a center-of-ŵĂƐĞŶĞƌŐǇϭϯ
TeV and an integrated luŵŝŶŽƐŝƚǇϯϱ͘ϵĨď-1.
The combination of data collected during LHC Run-1 at center-of-ŵĂƐƐĞŶĞƌŐŝĞƐϳĂŶĚϴ TeV by the CMS
Experiment constraints the branching fractions of the Higgs boson to particles beyond the Standard
DŽĚĞů;^DͿƚŽďĞůĞƐƐƚŚĂŶϯϰйĂƚϵϱйĐŽŶĨŝĚĞŶĐĞůĞǀĞů;>Ϳ͘DĂŶǇǁĞůůŵŽƚŝǀĂƚĞĚ-exotic decays of the
Higgs boson are proposed in theories beyond the SM. The analysis is performed in the two Higgsdoublet model extended with a complex scalar singlet framework (2HDM+S), where seven physical
ƐƚĂƚĞƐĂƌĞƉƌĞĚŝĐƚĞĚ͗ŽŶĞŽĨƚŚĞƐĐĂůĂƌƐĐĂŶďĞĐŽŵƉĂƚŝďůĞǁŝƚŚƚŚĞĚŝƐĐŽǀĞƌĞĚ,ŝŐŐƐďŽƐŽŶ;ϭϮϱ'ĞsͿ͕
ǁŚŝůĞŽŶĞŽĨƚŚĞƉƐĞƵĚŽƐĐĂůĂƌƐ͕ɲ͕ĐĂŶďĞůŝŐŚƚĞŶŽƵŐŚƐŽƚŚĂƚŚÆɲɲĚĞĐĂǇƐĂƌĞĂůůŽǁĞĚ͘dŚĞĚĞĐĂǇ
channel studied has the largest branching fraction in the 2HDM+S Type III model for large values of
ƚĂŶɴ͘DĂƐƐĞƐŽĨƚŚĞƉƐĞƵĚŽƐĐĂůĂƌďŽƐŽŶďĞƚǁĞĞŶϭϱ͘ϬĂŶĚϲϮ͘ϱ'ĞsĂƌĞƉƌŽďĞĚ͘ŶĂĚĚŝƚŝŽŶĂůƐŝŐŶĂů
process is included in this analysis when the SM Higgs- like boson decays to a pair of light pseudoscalars
with final states four taus. This process can also enter the signal region if a pair of taus decays to a
dimuon pair.
The analysis scans the reconstructed dimuon mass spectrum for a characteristic resonance structure.
Four different final states are studied to ĐŽǀĞƌƚŚĞĚŝĨĨĞƌĞŶƚƉŽƐƐŝďůĞʏ-ůĞƉƚŽŶĚĞĐĂǇŵŽĚĞƐ͗ʅʅнĞʅ͕
ʅʅнĞʏh͕ʅʅнʅʏh ĂŶĚʅʅнʏhʏh ǁŚĞƌĞʏh ĚĞŶŽƚĞƐŚĂĚƌŽŶŝĐĂůůǇʏůĞƉƚŽŶĚĞĐĂǇ͘DŽŶƚĞĂƌůŽ;DͿƐĂŵƉůĞƐ
have been produced for the signal processed via Madgraph generator. The background contribution
for ƚŚŝƐĚĞĐĂǇĐŚĂŶŶĞůŝƐƐĞƉĂƌĂƚĞĚŝŶƚǁŽĐĂƚĞŐŽƌŝĞƐ͗ƚŚĞŝƌƌĞĚƵĐŝďůĞĂŶĚƚŚĞƌĞĚƵĐŝďůĞ͘
The results are extracted from an unbinned fit of the dimuon mass spectrum. No significant excess of
data is observed above the prediction of the standard model. Upper lŝŵŝƚƐĂƚϵϱйĐŽŶĨŝĚĞŶĐĞůĞǀĞůŽŶ
the branching fraction B(hÆɲɲÆϮʅϮʏͿ ĂƌĞ ĂƐ ůŽǁ ĂƐ ϭ͘ϮǆϭϬ-ϰ for mɲсϲϬ'Ğs͕ ĂƐƐƵŵŝŶŐ ƚŚĞ ^D
production cross section for the Higgs boson, which are the most stringent limits obtained so far for
the final state of two muons and ƚǁŽʏůĞƉƚŽŶƐĨŽƌŵĂƐƐĞƐĂďŽǀĞϭϱ'Ğs͕ŝŵƉƌŽǀŝŶŐƉƌĞǀŝŽƵƐůŝŵŝƚƐďǇ
more than a factor of two. They provide the tightest constraints in this mass range on exotic Higgs
boson decays in the 2HDM+S Type III model where pseudoscalar bosons decay to leptons.
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(red), or by selecting same-sign events with relaxed isolation in MC(green). The simulations are
a weighted mixture of Z+jets and W+jets.
Figure 9.11 Normalized dimuon mass shapes of the reducible background obtained by
selecting isolated events in MC(black), by applying the fake rate method to anti-isolated events
in MC (red), or by selecting same-sign events with relaxed isolation in MC (green). The
simulations are a weighted mixture of Z+jets and WZ+jets.
&ŝŐƵƌĞ ϭϬ͘ϭ ͗ &ŝƚ ŽĨ ƚŚĞ ŚÆɲɲÆϮʅϮʏ ƐŝŐŶĂů ĚŝƐƚƌŝďƵƚŝŽŶƐ ŽĨ ƚŚĞ ĚŝŵƵŽŶ ŝŶǀĂƌŝĂŶƚ ŵĂƐƐ ĨŽƌ
ŵɲсϭϱ'Ğs͘
FiguƌĞ ϭϬ͘Ϯ͗&ŝƚ ŽĨ ƚŚĞ ŚÆɲɲÆϮʅϮʏ ƐŝŐŶĂů ĚŝƐƚƌŝďƵƚŝŽŶƐ ŽĨ ƚŚĞ ĚŝŵƵŽŶ ŝŶǀĂƌŝĂŶƚ ŵĂƐƐ ĨŽƌ
ŵɲсϮϬ'Ğs͘
&ŝŐƵƌĞ ϭϬ͘ϯ͗&ŝƚ ŽĨ ƚŚĞ ŚÆɲɲÆϮʅϮʏ ƐŝŐŶĂů ĚŝƐƚƌŝďƵƚŝŽŶƐ ŽĨ ƚŚĞ ĚŝŵƵŽŶ ŝŶǀĂƌŝĂŶƚ ŵĂƐƐ ĨŽƌ
ŵɲсϮϱ'Ğs͘
xiii

&ŝŐƵƌĞ ϭϬ͘ϰ͗&ŝƚ ŽĨ ƚŚĞ ŚÆɲɲÆϮʅϮʏ ƐŝŐŶĂů ĚŝƐƚƌŝďƵƚŝŽŶƐ ŽĨ ƚŚĞ Ěŝŵuon invariant mass for
ŵɲсϯϬ'Ğs͘
&ŝŐƵƌĞ ϭϬ͘ϱ͗&ŝƚ ŽĨ ƚŚĞ ŚÆɲɲÆϮʅϮʏ ƐŝŐŶĂů ĚŝƐƚƌŝďƵƚŝŽŶƐ ŽĨ ƚŚĞ ĚŝŵƵŽŶ ŝŶǀĂƌŝĂŶƚ ŵĂƐƐ ĨŽƌ
ŵɲсϯϱ'Ğs͘
&ŝŐƵƌĞ ϭϬ͘ϲ͗&ŝƚ ŽĨ ƚŚĞ ŚÆɲɲÆϮʅϮʏ ƐŝŐŶĂů ĚŝƐƚƌŝďƵƚŝŽŶƐ ŽĨ ƚŚĞ ĚŝŵƵŽŶ ŝŶǀĂƌŝĂŶƚ ŵĂƐƐ ĨŽƌ
ŵɲсϰϬ'Ğs͘
&ŝŐƵƌĞ ϭϬ͘ϳ ͗&ŝƚ ŽĨ ƚŚĞ ŚÆɲɲÆϮʅϮʏ ƐŝŐŶĂů ĚŝƐƚƌŝďƵƚŝŽŶƐ ŽĨ ƚŚĞ ĚŝŵƵŽŶ ŝŶǀĂƌŝĂŶƚ ŵĂƐƐ ĨŽƌ
ŵɲсϰϱ'Ğs͘
&ŝŐƵƌĞ ϭϬ͘ϴ͗&ŝƚ ŽĨ ƚŚĞ ŚÆɲɲÆϮʅϮʏ ƐŝŐŶĂů ĚŝƐƚƌŝďƵƚŝŽŶƐ ŽĨ ƚŚĞ ĚŝŵƵŽŶ ŝŶǀĂƌŝĂŶƚ ŵĂƐƐ ĨŽƌ
ŵɲсϱϬ'Ğs͘
&ŝŐƵƌĞ ϭϬ͘ϵ͗&ŝƚ ŽĨ ƚŚĞ ŚÆɲɲÆϮʅϮʏ ƐŝŐŶĂů ĚŝƐƚƌŝďƵƚŝŽŶƐ ŽĨ ƚŚĞ ĚŝŵƵŽŶ ŝŶǀĂƌŝĂŶƚ ŵĂƐƐ ĨŽr
ŵɲсϱϱ'Ğs͘
&ŝŐƵƌĞϭϬ͘ϭϬ ͗&ŝƚŽĨƚŚĞŚÆɲɲÆϮʅϮʏƐŝŐŶĂůĚŝƐƚƌŝďƵƚŝŽŶƐŽĨƚŚĞĚŝŵƵŽŶŝŶǀĂƌŝĂŶƚŵĂƐƐ͕ĨŽƌ
ŵɲсϲϬ'Ğs͕ǁŝƚŚsŽŝŐƚƉƌŽĨŝůĞƐŝŶƚŚĞĨŽƵƌĚŝƚĂƵĨŝŶĂůƐƚĂƚĞƐ͘
&ŝŐƵƌĞϭϬ͘ϭϭ͗&ŝƚŽĨƚŚĞsŽŝŐƚƉĂƌĂŵĞƚĞƌƐĂƐĂĨƵŶĐƚŝŽŶŽĨŵɲ͕ŝŶƚŚĞĨŽƵƌĚŝƚĂƵĨŝŶĂůƐƚĂƚĞƐ͘
&ŝŐƵƌĞϭϬ͘ϭϮ͗&ŝƚŽĨƚŚĞŶŽƌŵĂůŝǌĂƚŝŽŶŽĨƚŚĞŚÆɲɲÆϮʅϮʏƐŝŐŶĂůƐĂŵƉůĞƐĂƐĂĨƵŶĐƚŝŽŶŽĨŵɲ͕
in the four ditau final states.
&ŝŐƵƌĞϭϬ͘ϭϯ͗^ŝŐŶĂůŵŽĚĞůƐŽďƚĂŝŶed from the parametrizations, for different mass points.
&ŝŐƵƌĞϭϬ͘ϭϰ͗ůŽƐƵƌĞƚĞƐƚŽĨƚŚĞĞǆƚƌĂƉŽůĂƚŝŽŶŽĨƚŚĞƐŝŐŶĂůĚĞƐĐƌŝƉƚŝŽŶĂƚǀĂƌŝŽƵƐŵɲ
&ŝŐƵƌĞϭϬ͘ϭϱ͗&ŝƚŽĨƚŚĞŚÆɲɲÆϰʏƐŝŐŶĂůĚŝƐƚƌŝďƵƚŝŽŶƐŽĨƚŚĞĚŝŵƵŽŶŝŶǀĂƌŝĂŶƚŵĂƐƐĨŽƌŵɲсϮϬ
GeV.
Figure ϭϬ͘ϭϲ͗&ŝƚŽĨƚŚĞŚÆɲɲÆϰʏƐŝŐŶĂůĚŝƐƚƌŝďƵƚŝŽŶƐŽĨƚŚĞĚŝŵƵŽŶŝŶǀĂƌŝĂŶƚŵĂƐƐĨŽƌŵɲсϯϬ
GeV.
&ŝŐƵƌĞϭϬ͘ϭϳ͗&ŝƚŽĨƚŚĞŚÆɲɲÆϰʏƐŝŐŶĂůĚŝƐƚƌŝďƵƚŝŽŶƐŽĨƚŚĞĚŝŵƵŽŶŝŶǀĂƌŝĂŶƚŵĂƐƐ͕ĨŽƌŵɲсϰϬ
GeV with Voigt profiles in the four ditau final states.
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&ŝŐƵƌĞϭϬ͘ϭϴ͗&ŝt of the hÆɲɲÆϰʏƐŝŐŶĂůĚŝƐƚƌŝďƵƚŝŽŶƐŽĨƚŚĞĚŝŵƵŽŶŝŶǀĂƌŝĂŶƚŵĂƐƐ͕ĨŽƌŵɲсϱϬ
GeV with Voigt profiles in the four ditau final states.
&ŝŐƵƌĞϭϬ͘ϭϵ͗&ŝƚŽĨƚŚĞŚÆɲɲÆϰʏƐŝŐŶĂůĚŝƐƚƌŝďƵƚŝŽŶƐŽĨƚŚĞĚŝŵƵŽŶŝŶǀĂƌŝĂŶƚŵĂƐƐ͕ĨŽƌŵɲсϲϬ
GeV with Voigt profiles in the four ditau final states.
&ŝŐƵƌĞ ϭϬ͘ϮϬ͗ &ŝƚƐ ŽĨ ƚŚĞ ŵĞĂŶ ĂŶĚ ǁŝĚƚŚ ŽĨ ƚŚĞ ůŽǁ ŵĂƐƐ 'ĂƵƐƐŝĂŶ͕ ĂƐ ǁĞůůĂƐ ŽĨ ƚŚĞ ƌĂƚŝŽ
between the Gaussian and Bernstein components, for the hÆɲɲÆϰʏƐŝŐŶĂů͕ĂƐĨƵŶĐƚŝŽŶŽĨŵɲ͕
in the four ditau final states.
&ŝŐƵƌĞϭϬ͘Ϯϭ͗&it of normalization of the hÆɲɲÆϰʏƐŝŐŶĂůƐĂŵƉůĞƐĂƐĨƵŶĐƚŝŽŶŽĨŵɲ͕ŝŶƚŚĞ
four ditau final states.
&ŝŐƵƌĞϭϬ͘ϮϮ͗Signal models for hÆɲɲÆϰʏĨŽƌĚŝĨĨĞƌĞŶƚŵĂƐƐƉŽŝŶƚƐ͘
&ŝŐƵƌĞϭϬ͘Ϯϯ͗&ŝƚŽĨƚŚĞƌĞĚƵĐŝďůĞďĂĐŬŐƌŽƵŶĚĚŝƐƚƌŝďƵƚŝŽŶƐǁŝƚŚĞƌŶƐƚĞŝŶƉŽůǇŶŽŵŝĂůǁith 2 or
ϯĚĞŐƌĞĞƐŽĨĨƌĞĞĚŽŵ͕ŝŶƚŚĞĨŽƵƌĚŝƚĂƵĨŝŶĂůƐƚĂƚĞƐ͘ The markers correspond to data events
selected in the same-sign region with relaxed isolation criteria.
&ŝŐƵƌĞϭϬ͘Ϯϰ͗&ŝƚĨŽƌƚŚĞŝƌƌĞĚƵĐŝďůĞďĂĐŬŐƌŽƵŶĚĚŝƐƚƌŝďƵƚŝŽŶƐ͕ǁŝƚŚĞƌŶƐƚĞŝŶƉƌŽĨŝůĞƐǁŝƚŚϯƚŽ
5
in the four ditau final states. The markers correspond to events selected in ZZÆϰůƐŝŵƵůĂƚŝŽŶ
&ŝŐƵƌĞ ϭϭ͘ϭ͗ ZĞůĂƚŝǀĞ ĚŝĨĨĞƌĞŶĐĞ ďĞƚǁĞĞŶ ƚŚĞ ŶŽƌŵĂůŝǌĂƚŝŽŶ ŵĞĂƐƵƌĞĚ ĚŝƌĞĐƚůǇ ĨƌŽŵ ƚŚĞ
hÆɲɲÆϮʅϮʏƐŝŵƵůĂƚŝŽŶƐ͕ĂŶĚƚŚĞĨŝƚƚĞĚŶŽƌŵĂůŝǌĂƚŝŽŶƵƐĞĚĨŽƌƚŚĞ extrapolation, for the four
different final states.
&ŝŐƵƌĞ ϭϭ͘Ϯ͗ ZĞůĂƚŝǀĞ ĚŝĨĨĞƌĞŶĐĞ ďĞƚǁĞĞŶ ƚŚĞ ŶŽƌŵĂůŝǌĂƚŝŽŶ ŵĞĂƐƵƌĞĚ ĚŝƌĞĐƚůǇ ĨƌŽŵ ƚŚĞ
hÆɲɲÆϰʏ ƐŝŵƵůĂƚŝŽŶƐ͕ ĂŶĚ ƚŚĞ ĨŝƚƚĞĚ ŶŽƌŵĂůŝǌĂƚŝŽŶ ƵƐĞĚ ĨŽƌ ĞǆƚƌĂƉŽůĂƚŝŽŶ͕ ĨŽƌ ƚŚĞ ĨŽƵƌ
different final states.
Figure ϭϭ͘ϯĂ͗/ŵƉĂĐƚƐŽĨǀĂƌŝŽƵƐƵŶĐĞƌƚĂŝŶƚŝĞƐ
&ŝŐƵƌĞϭϭ͘ϯď͗/ŵƉĂĐƚƐŽĨǀĂƌŝŽƵƐƵŶĐĞƌƚĂŝŶƚŝĞƐ
&ŝŐƵƌĞϭϮ͘ϭ͗ŝŵƵŽŶŵĂƐƐĚŝƐƚƌŝďƵƚŝŽŶƐŝŶƚŚĞĨŽƵƌĨŝŶĂůƐƚĂƚĞƐ
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&ŝŐƵƌĞ ϭϮ͘Ϯ ͗ ǆƉĞĐƚĞĚ ĂŶĚŽďƐĞƌǀĞĚůŝŵŝƚƐ ŽŶ ʍȸͬʍSM ×  ݄(ܤ՜ ܽܽ ՜ 2ߤ2߬) for all the final
states and the combination.
&ŝŐƵƌĞϭϮ͘ϯ͗KďƐĞƌǀĞĚůŝŵŝƚƐŽŶʍȸͬʍSM ×  ݄(ܤ՜ ܽܽ) in 2HDM+S type-I (top left), type-II (top
right), type-III (bottom left) and type-IV (bottom right).
&ŝŐƵƌĞϭϯ͘ϭ͗hƉƉĞƌůŝŵŝƚŽĨZ;ŚÆɲɲÆ2ʅ2ʏ) as a function of mɲ as obtained in run 1 (left)[52]
and in run 2 (right).
&ŝŐƵƌĞϭϯ͘Ϯ͗ǆƉĞĐƚĞĚĂŶĚŽďƐĞƌǀĞĚϵϱй>ůŝŵŝƚƐŽŶʍȸͬʍSM ×  ݄(ܤ՜ ܽܽ) in 2HDM+S type III
for tanɴ=5.
&ŝŐƵƌĞϭ͗dŚĞŽďƐĞƌǀĞĚůŽĐĂůƉ-ǀĂůƵĞĨŽƌϳdĞsĂŶĚϴdĞsĚĂƚĂ͕ĂŶĚƚŚĞŝƌĐŽŵďŝŶĂƚŝŽŶĂƐĂ
function of the SM Higgs boson mass.
&ŝŐƵƌĞϮ͗dĞƐƚƐƚĂƚŝƐƚŝĐĚŝƐƚƌŝďƵƚŝŽŶŝŶƚŚĞďĂĐŬŐƌŽƵŶĚ-only (blue) and signal plus background
(red) hypotheses.
&ŝŐƵƌĞϯ͗dŚĞD^ĞǆƉĞƌŝŵĞŶƚƐĐŽŵďŝŶĞƵƉƉĞƌůŝŵŝƚĂƐĂĨƵŶĐƚŝŽŶŽĨƚŚĞ,ŝŐŐƐďŽƐŽn mass
ďĞƚǁĞĞŶϭϬϬĂŶĚϲϬϬ'Ğs.
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LIST OF T ABLES
dĂďůĞϮ͘ϭ͗YƵĂƌŬƐĂŶĚƚŚĞŝƌƋƵĂŶƚƵŵƉƌŽƉĞƌƚŝĞƐͬƋƵĂŶƚƵŵŶƵŵďĞƌƐ
dĂďůĞϮ͘Ϯ͗>ĞƉƚŽŶƐĂŶĚƚŚĞŝƌƋƵĂŶƚƵŵƉƌŽƉĞƌƚŝĞƐͬƋƵĂŶƚƵŵŶƵŵďĞƌƐ
dĂďůĞϮ͘ϯ͗&ƵŶĚĂŵĞŶƚĂůŝŶƚĞƌĂĐƚŝŽŶƐŽĨ^DĂŶĚƚŚĞŝƌŵĞĚŝĂƚŽƌƐ
dĂďůĞϮ͘ϰ͗^ƚĂŶĚĂƌĚŵŽĚĞůƉĂƌƚŝĐůĞƐand their superpartners
dĂďůĞϮ͘ϱ͗Ϯ,DƉĂƌĂŵĞƚĞƌƐĂŶĚƚŚĞŝƌƌĂŶŐĞƐĨŽƌ݄ = ݄ଵଶହ
dĂďůĞϮ͘ϲ͗Ϯ,DƉĂƌĂŵĞƚĞƌƐĂŶĚƚŚĞŝƌƌĂŶŐĞƐĨŽƌ݄ = ܪଵଶହ
dĂďůĞϮ͘ϳ͗&ŽƵƌƚǇƉĞƐŽĨϮ,D
dĂďůĞϮ͘ϴ͗,ŝŐŐƐ^ĞĐƚŽƌŽĨϮ,Dн^
dĂďůĞϮ͘ϵ͗DĂƐƐƉĂƌĂŵĞƚĞƌƐŽĨϮ,Dн^
dĂďůĞϯ͘ϭ͗DĂŝn parameters of LHC
dĂďůĞϯ͘Ϯ͗>,ďĞĂŵƉĂƌĂŵĞƚĞƌƐĚƵƌŝŶŐZƵŶ-1, Run-2 and as expected for Run-ϯĂŶĚ,>-LHC
phase
dĂďůĞϰ͘ϭ͗PbWOϰcrystals characteristics
dĂďůĞϱ͘ϭ͗>ŝƐƚƐŽĨĚĂƚĂƐĞƚƐŝŶĐůƵĚĞĚŝŶƚŚĞĂŶĂůǇƐŝƐ͘ZĞ-miniAOD is used for data.
dĂďůĞϱ͘Ϯ͗D Background samples included in the analysis.
dĂďůĞϲ͘ϭ͗DƐŝŐŶĂůƐĂŵƉůĞƐŝŶĐůƵĚĞĚŝŶƚŚĞĂŶĂůǇƐŝƐ͕ĨŽƌƚŚĞŚÆϮɲÆϰʏƉƌŽĐĞƐƐ͘
dĂďůĞϲ͘Ϯ͗ĂƚĂͬDƐĐĂůĞĨĂĐƚŽƌƐĨŽƌŵƵŽŶƐǁŝƚŚůŽǁWT
dĂďůĞϳ͘ϭ͗KǀĞƌǀŝĞǁŽĨŝŶƉƵƚǀĂƌŝĂďůĞƐƚŽƚŚĞŝĚĞŶƚŝĨŝĐĂƚŝŽŶĐůĂƐƐŝĨŝĞƌ͘
dĂďůĞϴ͘ϭ͗ƵƚĨůŽǁƚĂďůĞĨŽƌƚŚĞʅʅĞʅĨŝŶĂůƐƚĂƚĞ͘
dĂďůĞϴ͘Ϯ͗ƵƚĨůŽǁƚĂďůĞĨŽƌƚŚĞʅʅĞʏh final state.
dĂďůĞϴ͘ϯ͗ƵƚĨůŽǁƚĂďůĞĨŽƌƚŚĞʅʅʅʏ h final state.
dĂďůĞϴ͘ϰ͗ƵƚĨůŽǁƚĂďůĞĨŽƌƚŚĞʅʅʏhʏh final state.
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dĂďůĞϵ͘ϭ͗ZĞĚƵĐŝďůĞďĂĐŬŐƌŽƵŶĚĞƐƚŝŵĂƚŝŽŶŝŶ the well populated region with high mass of
the four leptons (control region).
dĂďůĞϵ͘Ϯ͗ZĞĚƵĐŝďůĞďĂĐŬŐƌŽƵŶĚĞƐƚŝŵĂƚŝŽŶŝŶƚŚĞƉŽŽƌůǇƉŽƉƵůĂƚĞĚƐŝŐŶĂůƌĞŐŝŽŶǁŝƚŚůŽǁ
mass of the four leptons (same mass cut as in the signal region).
dĂďůĞϵ͘ϯ͗^ĐĂůĞĨĂctors for the reducible background, extracted from the signal-free region
with high mʅʅʏʏ (mʅʅʏʏ>110-ϭϯϬ'ĞsĚĞƉĞŶĚŝŶŐŽŶƚŚĞĨŝŶĂůƐƚĂƚĞͿ͘
dĂďůĞϭϬ͘ϭ͗,ĂůĨǁŝĚƚŚĂƚŚĂůĨŵĂǆŝŵƵŵ͕ĚŝǀŝĚĞĚďǇƚŚĞŵĞĂŶ͕ĨŽƌƚŚĞƐŝŐŶĂůŵŽĚĞůƐĨŽƌ
different mass hypotheses and final states.
dĂďůĞϭϬ͘Ϯ͗dǁŝĐĞƚŚĞĚŝĨĨĞƌĞŶĐĞďĞƚǁĞĞŶƚŚĞŵŝŶŝŵƵŵŶĞŐĂƚŝǀĞůŽŐ-likelihood values for
two adjacent polynomial degrees in the different states for the fit of the reducible
background.
dĂďůĞϭϭ͘ϭ͗hŶĐĞƌƚĂŝŶƚŝĞƐŝŶƚŚĞĞƐƚŝŵĂƚŝŽŶŽĨƚŚĞƌĞĚƵcible background yield
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signal yields are given for B(hÆɲɲÆ2ʅ2ʏ)=0.
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1. INTRODUCTION
In 2012 the ATLAS and CMS Collaborations discovered a particle with a mass of 125 GeV
compatible with the Higgs boson predicted in the Standard Model (SM) of particle physics [1].
Although all the measurements of the couplings and properties of this particle indicate great
computability with the SM within the experimental uncertainties, the existence of exotic
decays of the Higgs boson is not excluded. The combination of data collected at center-ofmass energies of 7 TeV and 8 TeV by the ATLAS and CMS Collaborations constrains decays of
the Higgs boson to particles beyond the SM to less than 34% at the 95% confidence level (CL)
[50,53]. Using a combination of data collected by the CMS experiment at 7,8 and 13 TeV
center-of-mass energies, this limit is reduced to 24% [54].
Many well-motivated exotic decays of the Higgs boson are proposed in theories beyond the
SM[12]. An appealing scenario of exotic Higgs boson decays to pairs of light pseudoscalars,
which subsequently decay to pairs of SM particles. Such process would be allowed in twoHiggs-doublet models (2HDM) extended with a scalar singlet (2HDM+S) [12]. In 2HDM+S,
seven (pseudo)scalar particles are predicted: one of the scalars, h, can be compatible with the
discovered Higgs boson, while one of the peudoscalars, α, can be light enough that hÆαα
decays are allowed.
Four types of 2HDM forbid flavor changing neutral currents (FCNC) at tree level. In type-1 all
SM particles couple to the first doublet. In type-2, leptons and down-type quarks couple to the
second doublet, whereas up-type quarks couple to the first doublet. The next-to-minimal
supersymmetric model (NMSSM) is a particular case of 2HDM+S type 2 that brings a solution
to the μ problem as described in section 2.7. In type-3 leptons couple to the second doublet,
and quarks to the first one. Finally, in type-4, down type quarks couple to the second doublet
while leptons and up-type quarks couple to the first doublet.
The branching fractions of the light pseudoscalars to pairs of SM particles depend on the type
of 2HDM+S, on the pseudoscalar mass mα, and on tanβ, defined as the ratio of the vacuum
expectation values of the second and first doublets. The values of predicted B(ααÆμμττ) for
mass mα=40 GeV for the different types of 2HDM+S for various values of tanβ, are shown in
1

Fig.1.1: the largest branching fraction, about 0.6%, is obtained at large tanβ in 2HDM+S type3. In type-1, and type-2 with tanβ>1 the branching fraction plateaus around 0.003% [12].

Figure 1.1 : Predicted B(ααÆμμττ) for mα

The ATLAS and CMS Collaborations have performed several searches for exotic decays of Higgs
boson to a pair of light pseudoscalar bosons, in different final states and in different ranges of
the pseudoscalar mass, mα , without finding any evidence [1]. In particular, the CMS
Collaboration published a result of the search in the 2μ2τ final state for 15<mα<62.5 GeV using
data collected at a center-of-mass energy of 8 TeV [52], and the ATLAS Collaboration reported
a null result in the same final state, at the same energy, for 3.7< mα<50 GeV, using special
reconstruction techniques for boosted τ lepton pairs [55].
This thesis is devoted to the search for the exotic decay of the SM-like higgs boson to a pair of
light pseudoscalar bosons with final states two muons and two tau leptons. In Chapter 2, SM
theory and motivations for Beyond Standard Model (BSM) physics are introduced. The LHC and
CMS detector are presented in Chapters 3 and 4 respectively.
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Data and Monte Carlo (MC) samples used for this analysis are documented in Chapter 5. More
particular, in this chapter the generation and simulation of the MC samples are presented for
signal and background. For the signal processes we studied mass points of the lightest
pseudoscalar α between 15 and 62.5 GeV produced for hÆααÆ2μ2τ channel and also mass
points of α between 20 and 60 GeV are produced in the hÆ2αÆ4τ process. The analysis scans
the reconstructed dimuon mass spectrum for a narrow resonance, with only loose constraints
on the di-τ mass, allowing for interpretations of the results in models with Higgs boson decays
to two pseudoscalars that do not have the same mass. The data were collected in protonproton (pp) collisions at a centre of mass energy of 13 TeV, and correspond to an integrated
luminosity of 35.9 fb -1. Four different final states are studied to cover the different possible τ
lepton decay modes: μμ+eμ, μμ+eτh, μμ+μτh, μμ+τhτ h, where τh denotes τ leptons decaying
hadronically. The μμ+ee and μμ+μμ final states are not considered because of their smaller
branching fractions and the large contribution from the irreducible background of Z boson pair
production.
In Chapter 6 the corrections applied to MC samples are presented. Those corrections concern
the τ,e,μ energy scale, the pile up reweighting, b-tagging efficiency and trigger weights. In
Chapter 7 the reconstruction and identification of physics objects is described in detailed for
all final states. All the kinematic, identification and isolation cuts are documented and the
matching pairing algorithm for the selection of muons is detailed in Chapter 7.
The event selection and signal extraction used in this analysis have been optimized for the
hÆααÆ2μ2τ decay channel, described in Chapter 8. Utilizing the optimization cuts we
achieved a good discrimination between signal and background samples and signal efficiency
~100%.
In Chapter 9 the background processes (irreducible and reducible) are described. The
irreducible background in this analysis consists in ZZ production, with four leptons in the final
state. Reducible backgrounds, which dominate after the selection applied in the analysis, have
at least one jet faking one of the leptons, and consist mostly of Z+jets and WZ+jets events. The
reducible background is estimated from data with the fake rate method. The backgrounds are
strongly reduced by requiring the invariant mass of the four final state particles to be low (to
3

match the mass of the Higgs boson). After applying this selection few events are left in each
final state. The results are extracted by a fit to the dimuon mass spectrum.
The signal and background modeling and parametrization are described in Chapter 10. An
unbinned parametric fit is chosen because the signal resolution is very good, and the
background can be smoothened by the parametrization to give an estimate of the background
yield in a very narrow range of the dimuon mass.
The systematic uncertainties are detailed in Chapter 11. As described in this chapter the
analysis is strongly statistically limited, and systematic uncertainties only have a low impact.
The contribution from hÆααÆ4τ decays is included in the analysis, and found to have a low
impact on the results because this signal does not form a narrow dimuon impact.
The results of this study and their significance are presented in Chapter 12. The thesis ends
with a discussion about the status of the high energy physics after the first run of the LHC and
comparison of this analysis with others where the light pseudoscalar decays to pair of SM
particles. A large variety of exotic h decays is allowed in 2HDM+S, with some indirect
constrains from other CMS measurements. It is therefore a favored model to compare the
reach of different exotic h decay searches. The comparison in Chapter 13 shows that the results
of this analysis provide the most stringent limits obtained in the final state of two muons and
two τ leptons for masses above 15 GeV by more than a factor of two and provide the tightest
constrains so far in this mass range on exotic Higgs boson decays where decays of the
pseudoscalars to leptons are enhanced.
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2. T HE STANDARD MODEL AND BEYOND
2.1 STANDARD MODEL OVERVIEW
One of the most outstanding achievements of particle physics is the Standard Model (SM) for
the weak, electromagnetic and strong interactions. The Standard Model is a gauge theory
based on the SU(3)c x SU(2)L x U(1)y symmetry groups.
In the Standard Model the fundamental particles are classified in two categories: the basic
components of matter (fermions) and the mediators of fundamental interactions (bosons) [2].
Fermions have semi-integer spin s=1/2 and are classified in leptons and quarks. The electron
(e ) belongs to the first generation of leptons with its corresponding electron neutrino v . The
second and third generations are composed of the by muon and its neutrino (μ ,v ) and tau
and its neutrino (τ ,v ) , respectively. Quarks are classified in six flavors, the u (up), d (down),
s (strange), c (charm), b (bottom) and t (top). The Higgs boson was discovered in 2012 by the
ATLAS and CMS Experiment and it’s the particle mediator of the Higgs field which is responsible
for giving mass to other particles [2]. In section 2.2 a detailed explanation is given for the Higgs
mechanism and on how the particles gain their masses [3]. In Figure 2.1 the fundamental
particles and the forces’ mediator particles are shown [4]

Figure 2.1: The Standard Model matter particles and mediators of fundamental interactions.

5

In tables 2.1-2.3 their quantum numbers, mass and charge are shown. In table 2.1 the mass,
charge, isospin (I), 3rd component of isospin (I3) and quantum numbers: baryon number (B),
Strangeness (S), charm (c ), bottom (b) and top (t) are listed for quarks.
In table 2.2 the mass, charge, spin and leptonic quantum numbers of electron (Le), muon (Lμ)
and (Lτ) are shown. In table 2.3 the basic interactions of Standard Model and their mediators
are listed [2].
Table 2.1: Quarks and their quantum properties/quantum numbers

Quark

Mass (MeV/c2)

B

u (up)

2.7±
±

.
.

1

d (down)

4.7

.
.

1

c (charm)

1290

1

s (strange)

100

1

t (top)
b
(bottom)

172900±400
4190

1
1

3
3
3
3
3
3

Q
2

3

−1 3
2

3

−1 3
2

3

−1 3

S

c

b

t

I

I3

0

0

0

0

1

0

0

0

0

1

0

1

0

0

0

0

1

-1

0

0

0

0

0

1

0

0

0

1

0

0

1

0

0

1

0

0

0

1

2

1

spin
1

2

1

1
2 − 2

2
2
2
2
2
2

Table 2.2 : Leptons and their quantum properties/quantum numbers

Lepton

Q

(Le)

(Lμ)

(Lτ)

e-

Mass
(ΜeV)
0.511

spin

-1

1

0

0

1

ve

<2.2 eV

0

1

0

0

1

μ-

105.7

-1

0

1

0

1

vμ

<170 keV

0

0

1

0

1

τ-

1777

-1

0

0

1

1

vτ

<15.5 MeV

0

0

0

1

1

2
2
2
2
2
2
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Table 2.3 : Fundamental interactions of SM and their mediators

Force
Electromagnetic
Strong Nuclear
Force
Weak Nuclear
Force

Range
∞
10-14

Mediator
γ
g

Mass (GeV)
0
0

Charge
0
0

Spin
1
1

10-17

W±
Z0

80.385±0.015
91.1876±0.0021

±1
0

1
1

2.2 T HE HIGGS MECHANISM
The Higgs mechanism extends the Standard Model by a complex scalar field ,Φ, and explains
how the spontaneous electroweak symmetry breaking gives mass to weak interaction bosons
W± and Ζ0, while the photon γ remains massless. This complex scalar field Φ which has been
introduced, is called Higgs field .The potential energy density of the field is defined as [1]:
V(φ) = μ φ φ + λ(φ φ)

(1)

where μ and λ are real parameters, and φ(x) is [1]:
φ(x) =

φ (x) + iφ (x))
φ (x) + iφ (x)

(2)

In order for the potential to be bounded from below – meaning that it has a state of minimum
energy such that it is stable, λ must be positive. The spontaneous symmetry breaking does not
give a unique value to the ground state (the vacuum). Term μ < 0 must be fulfilled so the
state of minimum energy is degenerate. One of the doublet components of the field has the
“Mexican hat” shape that is shown in Fig.2.2 [3].

Figure 2.2: An Illustration of the “Mexican hat” shaped Higgs potential with λ>0 and

< 0.
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To illustrate the mechanism which through the bosons gain mass from the spontaneous
symmetry breaking (SSB), we make use of the simplest scenario that of the U(1) group, where
only one force field exists, the photon. In this case, called the Goldstone model, the doublet of
imaginary scalar fields is not needed; a singlet φ(x) = (φ (x) + iφ (x))/√2 is sufficient.
In order to find the non-zero vacuum expectation value (VEV) of the higgs field, we can
substitute φ φ with υ /2 and minimize the potential:
=μ

+λ

=0→υ=

(3,4)

This is a ring of minima in the complex plane:
φ(x) =

e

0<θ<2π

(5)

The symmetry can be spontaneously broken by choosing one of the infinitely many ground
states described by this ring of minima. Since gauge invariance1 is fulfilled,
φ (x) = e

φ(x)

(6)

We are in principle free to choose the gauge (perform a so-called gauge fixing). One choice is
θ=0, such that the ground state is at a real value. Since the VEV itself is not gauge invariant,
the symmetry is spontaneously broken.
The lagrangian density in this model is given by [5]:
L = D φ(x) (D φ(x)) − V(φ φ) − F (x)F (x)

(7)

where D is the covariant derivative:
D = ∂μ + ιeA (x)
and F

(8)

is the electromagnetic tensor:

1

The term gauge invariance refers to the property that a whole class of scalar and vector potentials, related by
so-called gauge transformations, describe the same electric and magnetic fields. As a consequence, the
dynamics of the electromagnetic fields and the dynamics of a charged system in an electromagnetic background
do not depend on the choice of the representative ( ( , ) ( , )) within the appropriate class.

8

F

= ∂ Α (x) − ∂ Α (x)

(9)

The lagrangian (7) is invariant under U(1) gauge transformations; thus the system is invariant
under these transformations [5]:
φ(x) → φ(x) = φ(x)e

( )

(10)

φ∗ (x) → φ∗ (x) = φ∗ (x)e

( )

(11)

Α (x) → Α ′(x) =Α (x) + ∂ θ(x)

(12)

The breaking of U(1) symmetry will invalidate these equations.
Given that V has the shape needed for SSB to take place (λ> 0 and μ < 0) such that there is
non-zero value υ, we are set to get massive bosons out – in this case, a massive photon. To
demonstrate the mechanism behind the assignment of mass, the φ(x) field is expanded
around its vacuum value by introducing two real fields σ(x) and η(x) following the equation:
φ(x) =

√

[υ + σ(x) + iη(x)]

(13)

where σ(x) and η(x) measure the deviation of the field φ(x) from the ground state, σ(x) in the
radial direction and η(x) in the longitudinal direction. As we will see later, σ(x) corresponds to
the field of the Higgs particle and η(x) is an unphysical field which gives rise to the mass of the
photon. When inserting this expansion of the field into the Lagrangian (7) it becomes:
L=

1
1
[∂ σ(x)] ∂ σ(x) + [∂ η(x)] ∂ η(x)
2
2
− F (x)F (x) + (eυ) Α (x)Α
− (2λυ )σ (x) + eυΑ (x) ∂ η(x)+’interactionterms’

(14)

where the ‘interaction terms’ are cubic and quadratic in the fields, and a constant term has
been discarded. It would seem that the particle content of this equation is a massive scalar σ,
a massive vector Α and a massless boson η.
However, this Lagrangian cannot yet be interpreted physically: the term off-diagonal in the
fields,
9

eυΑ (x) ∂ η(x) , would let the vector field Α change into the scalar field η – which is not
physically permitted. Adding to that, when comparing with the Lagrangian before the
expansion of the potential around the ground state and counting degrees of freedom, it can
be seen that eq. (7) has four degrees of freedom while eq.14 has five, due to the field Α which
gives another degree of freedom. The extra degree of freedom corresponds only to the
freedom to do a gauge transformation. By choosing the unitary gauge, making φ field real, the
unphysical η field is gone;
φ(x) =

√

[υ + σ(x)]

(15)

Utilizing this result to Lagrangian (7) becomes:
L=

1
1
[∂ σ(x)] ∂ σ(x) − (2λυ )σ (x)
2
2

− F (x)F (x) + (eυ) Α (x)Α
+’interaction terms’

(16)

The last term is interpreted as a massive vector field Α . The component of the scalar potential
in the longitudinal direction gives its degree of freedom to the vector field: the photon field
has been absorbed in the scalar field, i.e it has “eaten” the Godlstone boson and has taken its
degree of freedom. Thus, the boson connected to the vector field now has the ability to move
at the speed of light and it has become massive. The second component of the field in the
radial direction σ is a physical field and the particle connected to it is the so-called Higgs boson.
The above description is for how photon gains mass, but in nature this scenario is not realistic.
Anyhow, the mechanism remains the same though and it can be applied to the case of the
weak fields, by introducing a complex scalar field doublet instead of a singlet.
This unitary gauge, requiring φ = φ = φ = 0, yields the Higgs VEV
< φ(x) > =

0
υ/√2

(17)

For this gauge, we can parametrize fluctuations of the real, neutral component of the
fieldφ (x) around the vacuum as
10

< φ(x) > =

0
{υ + σ(x)}/√2

(18)

where the real field, σ, is the higgs field and the other fields φ , φ , φ give their degrees of
freedom to the spin-1 bosons, causing the m to be massive.
The strong and the electroweak forces are unified: the SU(3) × SU(2) × U(1) symmetry
group of the SM is spontaneously broken to SU(3) × U(1)

. Since the electroweak

symmetry is broken, we expect weak isospin and weak hypercharge not to be conserved in
some interactions. If the weak isospin and weak hypercharges were conserved in all
interactions the masses of the pairs in the weak isospin doublets would have had identical
mass, which is not the case [3]. The breaking of the weak isospin and weak hypercharge
symmetry compensates to keep the electric charge conserved. The masses of the physical
fields are obtained by substituting eq. 17 to the Higgs Lagrangian:
= D φ(x) (D φ(x)) − V(φ φ)

L

(19)

which are:

m

=

(g + g )υ

gυ
, m =
2

2

=

m
,
cosθ

m =0

The vacuum energy expectation is determined to be υ≈ 246 GeV. This does not only imply
that the vacuum has a non-zero energy, but it is also filled up with weak charge due to the
Higgs mechanism.
By substituting eq.17 to the Yukawa Lagrangian density:
= ∑ g f̅ φ f

L

(20)

where g are the arbitrary Yukawa couplings to the Higgs field, determined experimentally, we
can obtain the masses of the fermions:
m =

√

g,

f = u, d, e…

(21)

These mass terms are given by the coupling, g , of the fermion to the higgs field.
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2.3 STANDARD MODEL L AGRANGIAN

The theory of SM for weak and electromagnetic interactions was built up from gauge theory
with 4 gauge fields, the photon and the gauge bosons W ± , Ζ0. As we explained in section 2.2
after the spontaneous electroweak symmetry breaking the three gauge bosons W ± , Ζ0 gain
mass, while the photon remains massless. An additional requirement of the theory is that it
must be verified in low energies as well. Such theory is renormalized and includes one (or
maybe more) gauge Higgs but not Goldstone Bosons. This is explained by the fact that
Goldstone bosons are generated due to the breaking of electroweak symmetry to give mass
to the known particles. The SM lagrangian density can be decomposed as [5]:
=L

L

+L

+L

+L

(22)

The matter part contains all the information for the kinetic energy of the fermions and their
interaction with the gauge fields [5];
= i ∑ f̅ γ (D ) f + i ∑ f̅ γ (D ) f

L

(23)

Here the sums run over right and left-handed fermion fields f, and for the strong force also
over the three color choices. The Dirac matrices, γ are decomposed as [5]:
1 0
,γ = 0
0 −1
−σ

γ =

σ , k=1,2,3.
0

(24)

The covariant derivatives are:
(D ) = ∂ + ig

W

,

(D ) = ∂ + iǵ

+ iǵ

B + ig

B + ig

G
G

(25)
(26)

where the charge Q is one for fermions with color charge (the quarks), and zero otherwise.
Weak fields W

, ,

fields do not couple to right-chiral particles. The weak hypercharge Y

is

the generator of the single field in U(1) group and σ with α={1,2,3} are the generators of the
SU(2) group, spanning the weak isospin space (zero in case for SU(2) singlets);
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σ =

0 1
1 0

0
i

σ =

−i
0

1 0
0 −1

σ =

(27)

The coupling constants g arise from the strong force mediated by the G fields. Additionally,
the eight generators of SU(3) are formed as:
0 1 0
λ = 1 0 0
0 0 0

0 −i
i 0
0 0

λ =

0
0
0

1 0 0
λ = 0 −1 0
0 0 0

0 0 1
λ = 0 0 0
1 0 0

(28)

0
λ = 0
i

0 −i
0 0
0 0

0 0
λ = 0 0
0 1

0
1
0

0
λ = 0
0

0 0
0 −i
i 0

λ =

√

1 0 0
0 0 0
0 0 −2

The kinetic energy and self-coupling of the gauge fields is described by:
=− B Β

L

− W

W

− G

G

(29)

where the field strength tensors are:
=∂ B −∂ B

Β
W
G
ϵ

=∂ W −∂ W

(30)
− gϵ W W

=∂ G −∂ G −g f

W W

i=1,2,3

(31)

i∈ (1,8)

(32)

is the Levi-Civita tensor describing the structure constants of the SU(2) group. The structure

constants for the strong force f

are defined by λ ,λ = 2if

λ where λ are the Gell-Mann

matrices.
The contribution of the Higgs field is described by:
L

= D φ(x) (D φ(x)) − V(φ φ)

(33)

The components of the lagrangian density of the Higgs field are described in the previous
section.
The field φ will also rise to the mass of the fermions, via a direct coupling of the fermions to
the field:
13

L

= ∑ g f̅ φ f

(34)

where g are the arbitrary Yukawa couplings to the higgs field determined experimentally.

2.4 STANDARD MODEL PROBLEMS
The SM has been tested to a great precision in a multitude of experiments over several
decades. However, there are some questions remaining with no answers, considering for
example the naturalness (hierarchy problem), dark matter, free parameters, unification of
forces etc.
Until nowadays the particulate matter of dark matter (25% of the energy density of the
universe) and dark energy (70%) is still unknown. Cosmological measurements, such as those
coming from studies of the cosmic microwave background radiation and distribution of
galaxies, have shown that the universe consists of around 5% baryonic matter while the rest is
not described in the SM. The presence of dark matter is perceived by its gravitational effects
in visible matter such as galaxies. Experimentally, we observe that the rotation of the stars
around the center of the galaxy does not take place at the velocities predicted by the
gravitation theory, according to the mass distribution of the visible matter. The star velocities
are much greater than the predicted theory. The existence of yet another stable particle in the
universe can be directly related to dark matter. The best candidate does not interact (via the
electromagnetic, weak or strong forces) with matter, but it must be massive in order to interact
gravitationally. Candidate particle for dark matter can be found in supersymmetry such as the
lightest supersymmetric particle (LSP). If LSPs exist and are stable they may be located around
galaxies that’s why the velocities of the stars in that point are more rapid.
One of the main problems of the SM is the so-called naturalness, defined by the question why
the higgs mass is so small compared to the Planck Scale (~1019 GeV). It is well known as the
hierarchy problem. There are at least two fundamental energy scales in nature, the
electroweak scale mEW =103 GeV and Planck Scale M Pl=1019GeV on which the gravitational force
is expected to be unified with the other three interactions. As is known, the fundamental SM
particles have mass on the electroweak scale with the heaviest being the top quark with mass
14

175 GeV, thus there is a large deviation from the Planck energy scale. Due to the presence of
goldstone bosons in the higgs field, the higgs mass is affected from quantum corrections, thus
the theoretical mass is much greater than the real mass of the Higgs boson. The goldstone
bosons (virtual particles) are generated from the vacuum and have short lifetime, however
their presence affects the real particles. The contributions of those interactions grow rapidly
with the energy of the virtual particles, thus quantum corrections make the mass of higgs
arbitrarily large [1].

An answer to this question can be provided by supersymmetry.

Supersymmetry explains how to avoid the corrections in the Higgs boson mass so the hierarchy
problem can be resolved. The potential of the Higgs field is consists of square and quadratic
coupling constants. The mass of the particles that interact with higgs field receive radiation
corrections from loop diagrams. If a fermion interacts with the Higgs field, then a loop is
created and the quantum correction of the square of mass exhibits a quadratic term of a cutoff
scale. For example, in figure 2.3 there is a correction to the square mass of the higgs m 2H and
a fermion loop f, with mass mf. If the fermion interacts with the Higgs field then it is affected
by the correction [6]:
'm

2
H



Of

2

ª /UV 2  ...º¼
8S 2 ¬

where Λuv is the cutoff scale up to which the SM is valid (~100GeV) and
coupling.

(35)
the Yukawa

Figure 2.3 : a) Fermion loop , b)boson loop

The dashed lines of (a) are the terms analogous to m2f, where f can be any quark or lepton of
the SM. In case it is a quark, the above equation is multiplied by 3 due to the color factor. The
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largest correction is applied to the top quark with λf~1 . In (b) the supersymmetric partner of
fermion is shown which cancels the term Λ2.
The unification of the three coupling constants of the weak, electromagnetic and strong
interactions introduce a new scale around ~1016 GeV, the so called grand unification scale ΜGUT
[4]. In the SM framework the unification is not achieved (figure 2.4a), while introducing
supersymmetry and renormalization group equations in the supersymmetric framework the
unification is achieved (figure 2.4b) [6].

Figure 2.4 : (a) Extension of the coupling constants of the SM without supersymmetry (b) with renormalization
group equations in the framework of the SUSY model

The SM contains 26 free parameters which can be taken as:
— 15 fermion masses (e,μ,τ,u,d,c,s,t,b,vτ,ve,vμ, ,

,

)

— 3 CKM (Cabibbo-Kobayashi-Maskawa) mixing angles and 1 CP-violating phase;
— 1 electromagnetic coupling constant (g );
— 1 weak coupling constant (g );
— 1 coupling constant for the strong interactions (g );
— 1 QCD vacuum angle;
— 1 vacuum expectation value (υ);
— The mass of the scalar boson (higgs).
The large number of free parameters, could be an indication for the existence of a more
general theory than the SM.
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2.5 S UPERSYMMETRY
At the beginning of 70’s supersymmetry (SUSY) was defined as an extension of the SM. SUSY
is a symmetry between fermions and bosons, where lagrangian remains invariant under
supersymmetric transformations. We are consider that for each SM particle there is a
superpartner named sparticle (table 2.4). The superpartners have the same charge and
quantum numbers with their corresponding SM particles but there is a diference of ½ at their
spin. Thus the fermions of SM have the sfermions as supersymmetric partners while the gauge
bosons of the SM have as supersymmetric partners the fermionic gauginos. Additionally, this
theory needs more than one higgs doublets with their superpartners called higgsinos [7].

Table 2.4 : Standard model particles and their superpartners

S.M
Quarks
uct

SUSY
Squarks
u c t̃
dsb
Sleptons

d sb
Leptons
ve vP vW

̃

ePW
Gauge Bosons
Photon - J
w, z bosons – w,z
Gluon - g

̃

Gauginos
Photino Wino -W,Zino -Z
Gluino - g

The fact that supersymmetric particles are not yet found makes SUSY a broken theory and also
predicts that sparticles are heavier than the SM particles.
Supersymmetry is a time-space symmetry which transforms bosonic states to fermionic, and
vise versa, via a fermionic tensor Q [8]:
Q Boson

Fermion

Q Fermion

,

The generators of SUSY transformations
=

−

(36,37)

Boson

̅

are defined as[8]:
,

=−

+

(38,39)
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Studying the vacuum expectation value we get:
〈0

+

0〉 = 2〈0| |0〉

QD  0

2

0 H 0

(40)
(41)

SUSY can be broken only when vev is not zero. A value of the vev that breaks the symmetry is
defined as :

0H 0

0V 0 z0

(42)

The supersymetric lagrangian includes matter fields and is described by chiral superfields Φ,
and the gauge fields are described by a superfield V.

V = F∗F + D
(43)

where F is an auxiliary field and D the superspace covariant derivative.
In order for the supersymmetry to be broken, the equation (42) is modified as

0 F 0 z 0, 0 D 0 z 0 . Those two cases are named F-type and D-type supersymmetry
breaking.
Until today there is no answer on which mechanism is the one that breaks supersymmetry.
Some solutions are the F-type breaking models: MSUGRA (Gravity mediated supersymmetry
breaking) and MGMSB (minimal anomalous mediated supersymmetry breaking). Additionally,
another model is the MAMSB (Minimal anomalous mediated symmetry breaking) that is based
on string theory and of a conforming anomaly that causes symmetry breaking [8].
SUSY must be soft broken, in order to keep the lagrangian renormalized. Thus, the mass terms
must be small enough to not cause the hierarchy problem again, such terms are the cases
below [9]:
— Scalar mass terms : μ φ∗ φ
— Mass terms for gauginos: m λ λ
— Trilinear gauge interactions caused by superpotential: W(Φ)|
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A new quantum number is introduced in supresymetric models named R-Parity. This number
is defined by the baryonic number B, the leptonic number L and the spin S of the particle [10]:
1

R

3( B  L )  2 S

(44)

By default all SM particles have R-parity equal to 1 while supersymmetric particles have Rparity equal to -1. By demanding the invariance of R-parity the following are formulated:
— The supersymmetric particles are produced in pairs.
— The lightest supersymmetric particle is stable.
— All decays of supersymmetric particles cause an odd number of LSPs.
Due to cosmological restrictions related to LSP, it only interacts through weak interactions and
that’s why it makes it an ideal candidate for dark matter. In this analysis we consider that R
parity is invariant.

2.6 2HDM
This analysis is performed in the framework of the 2HDM for which there are many
motivations. The Higgs doublet is unable to give mass both to up type and down type quarks
simultaneously, that’s how the requirement of an additional doublet is generated. Thus, the
two Higgs doublet theory arises and the Minimal Supersymmetric Standard Model (MSSM)
theory explains how up type, down type quarks and leptons can gain their mass simultaneously
[11]. After spontaneous electroweak symmetry breaking the two higgs doublets give eight
degrees of freedom. Three of them give mass to the gauge bosons of the SM and the rest 5 are
new higgs physical states m , m , m , m
m , and two charged m

±

±

corresponds to 2 CP even (m , m ) one CP odd,

particles.

The most general 2HDM Higgs potential respects a Z2 2 symmetry and is defined as follows [12]:
V =V +V
1
V = − [m (φ φ ) + m (φ φ ) + m (φ φ ) + m ∗ (φ φ )]
2
2
Z2 symmetry is introduced Φ1ÆΦ1, Φ2Æ-Φ2 which ensures that the fermions with the same quantum
numbers couple only with one Higgs field
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V =

λ (φ φ )
λ (φ φ )
λ (φ φ )(φ φ ) λ (φ φ )(φ φ )
+
+
+
2
2
2
2
+

(φ φ )(φ φ ) + [λ (φ φ ) +λ∗ (φ φ ) + λ (φ φ ) +

{[λ (φ φ ) + λ (φ φ )](φ φ ) + h. c}
where Φ , Φ denote the two Higgs doublets and m , m
parameters while m

(45)
and λ , λ , λ , λ are real

and λ ,λ ,λ are in principle allowed to be complex valued numbers.

The term that breaks softly the Z2 symmetry is m

and it is responsible for avoiding Higgs

mediated flavor changing neutral currents (FCNC). This way the lagrangian remains invariant
under transformations of Φ → Φ and Φ → −Φ . If the 2HDM potential (eq.45) is Z2
symmetric under the transformations: Φ → Φ and Φ → −Φ , then there is no: Φ → Φ
transition (or vise versa) and this implies λ = λ = m

= 0. The free model parameters are

the physical masses of the four scalar states m , m , m , m
vacuum expectation values tanβ = υ /υ , the term m

±

, the ratio of the two doublets

and sin(β-α), with α the mixing angle

between the two scalar states and diagonalizes the mass matrix of the neutral CP even Higgs.
In 2HDM there are two candidates that might be the SM-like higgs (125GeV) boson, one is the
lightest scalar h (m ) and the other the next scalar higgs boson (m ). In tables 2.5 and 2.6
the parameter ranges are indicated for each candidate SM-like higgs boson [25].
Table 2.5 : 2HDM parameters and their ranges for h = h

Parameter
m
m
m
m ±
tanβ
m
sin(β-α)

Range
124-128 GeV
128-1000 GeV
3.5-40 GeV
128-1000 GeV
0.5-50
10-105GeV2
0.9-1
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Table 2.6: 2HDM parameters and their ranges for H = h

Parameter
m
m
m
m ±
tanβ
m
sin(β-α)
The scalar doublets H

,

Range
3.5-124 GeV
124-128 GeV
3.5-40 GeV
128-1000 GeV
0.5-50
10-105GeV2
0.9-1

acquire vacuum expectation values υ

which we assume here are

,

real and aligned. Expanding around the minima yields two complex and four real degrees of
freedom [12].
H =

√

υ + Η , + iΗ
Η , + iΗ ,

,

,H =

Η
√

,

υ +Η

+ iΗ
,

,

+ iΗ

(46,47)
,

The charged scalar and pseudoscalar mass matrices are diagonalized by a rotation angle β
defined as the ratio of the vacuum expectation values of H , H as tanβ = υ /υ . Also the
vacuum expectation values of the two higgs doublets must satisfy the equation
υ=

υ + υ = 246 GeV

(48)

One charged (complex) field and one neutral pseudoscalar combination of h, H, A fields are
eaten by the SM gauge bosons after electroweak symmetry breaking. The other complex field
yields two charged mass eigenstates, H ±, which we assume are heavy. The mass equations at
tree-level are constrained as:
m =
m
m

,

=

±

,

=m +m ,

m + m ∓ (m + m ) − 4m m cos 2β

(49)
(50)
(51)

There are four types of 2HDM models (I-IV). In type I all fermions couple to H , in type II
(MSSM-like) d , e couple to H while u couples to H , in type III (so called lepton-specific)
leptons and quarks could to H

and H respectively and in type IV (so called flipped),

e , u couple to H and d couples to H . The four models which lead to natural flavor
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conservation are presented in Table 2.7 (To recover the conversions we set Φ = H , Φ =
iσ Η∗ ) [12].
Table 2.7 : Four types of 2HDM

u
Φ
Φ
Φ
Φ

Model
Type I
Type II
Type III
Type IV

d
Φ
Φ
Φ
Φ

e
Φ
Φ
Φ
Φ

2.7 2HDM + S
An extension of 2HDM is the model where an additional singlet S appears to solve the μ-term
problem. The so called μ-problem in MSSM model is related to the mass of Higgs-Higgsino in
the superpotential W [13]:

WMSSM

uyu QH u  d yd QH d  eye LH d  P H u H d

(52)

This term has no restrictions from theory and the mass range is allowed to be between zero to
Planck scale (1019 GeV). In phenomenology, the μ term must be of the order of the electroweak
scale (Ο(100GeV)) or in a scale where supersymmetry breaks (Ο(1TeV). Currently there is no
theory that connects the μ term with the scale where the supersymmetry breaks. A proposed
solution is given in models where an additional singlet solves this problem.
In order to solve the so called μ-problem the term
the interaction term

in the superpotential is replaced by

[15]. The parameter λ is a non-dimensional constant of strong

interaction. If the bosonic component of the singlet superfield S gets non-zero vacuum
expectation value (vev) then an effective term is generated P O

s

[14]. However, this model

includes an additional symmetry the so called Peccei – Quinn (PQ) that gives additional
massless CP-od particles. So given that the λ term is off the order of 10-7 then s must be as
large as to generate the μ-term. In 2HDM PQ symmetry is broken by the μ term so in 2HDM+S
1
an additional term is needed to break this symmetry. This term is N S 3 , where κ is a non3

dimensional constant. Thus, the superpotential is described by:
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W1MSSM

1
uyu QH u  d yd QH d  eye LH d  O SH u H d  N S 3
3

(53)

In 2HDM+S 7 physical states are presented: 3 CP even scalar bosons, 2 CP odd pseudoscalars
and two charged ones (table 2.8).
Table 2.8: Higgs Sector of 2HDM+S

Higgs

h

Properties
CP-even/ Scalar /Neutral

h

CP-even / Scalar / Neutral

h30

CP-even / Scalar /Neutral

D10
D 20

CP-odd / Lightest Pseudoscalar / Neutral

+
+

Charged (+)
Charged (-)

0
1
0
2

CP-odd / Pseudoscalar /Neutral

The masses of neutral higgs bosons in Bohr Approximation [14] are given by:
m

,

≈ m + κυ 4κυ + √2A

+

(m − κυ (4κυ + √2A )) + cot β (2λ υ

− m sin β)

(54)

§ 1
·
M 2 h3 | M 2 A ¨1  cot 2 E s sin 2 2 E ¸
© 4
¹
M 2 A1 | 

3
NX s AN
2

§ 1
·
M 2 A2 | M 2 A ¨1  cot 2 E s sin 2 2 E ¸
© 4
¹
where E s

Xs
X 21  X 2 2

and M 2 A

OX s
sin 2 E

2 AO  NX s

(55)
(56)

(57)
(58,59)

For charged higgs bosons the masses are given by:
M 2 Hr

1
M 2 A  M 2W  O 2 X 21  X 2 2
2

The equations of masses at Born approximation are modified by radiative corrections. The
main parameters of the equations above are: λ, κ, Αλ, Ακ, μ and tanβ and their definitions are
listed in table 2.9 [16].
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Table 2.9: Mass parameters of 2HDM+S

Parameters

$O

Definition
Non dimensional strong interaction constant
Non dimensional constant
Trilinear supersymmetric breaking constants

$N

Trilinear supersymmetric breaking constants

O

N

P

tan( E )

Effective term P

O s

Vacuum expectation value of two higgs doublet

The data collected during Run I at center of mass energies of 7 and 8 TeV contain O(50,000)
exotic Higgs decays per experiment. The singlet added to 2HDM+S couples only to the two
higgs doublets without any presence of Yukawa couplings in the superpotential, a fact that
inherits its couplings to SM fermions. To keep the lightest scalar higgs h SM-like, the mixing
with the singlet S needs to be small. Considering those assumptions, exotic Higgs decays of the
form:

h → ss → XXYY,h → aa → XXYY, h → aZ → XXYY

(60,61,62)

are possible, where s(a) is a (pseudo)scalar mass eignestates and X,Y are SM fermions or
gauge bosons. The Br(hÆαα/ss/Zα)≤10% and this allows a wide range of possible exotic
Higgs decays.
In this analysis we study the exotic decay of higgs(125) to a pair of light pseudoscalar bosons
with final states two muons and two taus.
In Figures 2.4-2.7 the ( → XX) , where X is a SM particle , the dependence of tanβ and 2HDM
Types I-IV is shown [12]:
For type I, the pseudoscalar couplings to all fermions are proportional to those of the SM Higgs,
all with the same proportionality constant, and the branching ratios are thus very similar to
those of the SM+S model with a complex S and a light pseudoscalar α .Decays to quarkonia
likely invalidate the calculations in the shaded regions.
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Figure 2.4: Type I : Branching ratios are independent of tanβ since quarks and leptons couple only to

.

In 2HDM type II models there is a tanβ dependence with the decays to down-type fermions
suppressed (enhanced) for down type fermions for tanβ<1 (tanβ>1). Ιn figure 2.6 the BR of the
lightest pseudoscalar decaying to a pair of standard model particles per masses 1-60 GeV for
small values of tanβ and large values of tanβ is shown. The dependence between BR and tanβ
is clear since the decays to down type fermions are suppressed for values of tanβ<1 while for
values of tanβ>1 are enhanced.
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Figure 2.5: Branching ratios of the lightest pseudoscalar to a pair of standard model particles for exotic decays in
the 2HDM+S type II framework.

For 2HDM type III models the BR of the lightest pseudoscalar decaying to a pair of SM particles
is tanβ depended as shown in figure 2.6. For values of tanβ>1 pseudoscalar decays to leptons
are enhanced over decays to quarks.

Figure 2.6: The branching ratios are tanβ dependent in the 2HDM+s model Type III
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For type IV: The branching ratios are tanβ dependent. For tanβ<1 and compared to type II the
pseudoscalar decays to up-type quarks and leptons can be enhanced with respect to downtype quarks so that the branching ratios to bb , cc, τ τ can be similar.

Figure: 2.7: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for type IV.
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3. LARGE HADRON C OLLIDER
3.1 LHC C OMPLEX AND PARAMETERS
The Large Hadron Collider is the largest and most powerful particle accelerator and it is based
at CERN (European Organization for Nuclear Research). It is located underground at (50-175)m
at the pre-dominant tunnel of the LEP accelerator in a circular circumference of a perimeter
27km at the border between France and Switzerland. LHC accelerates hundred bunches of
particles (pp or lead ions). In this analysis we studied proton-proton collision events at the
center-of-mass energy of 13 TeV. In general an accelerator can only accelerate charged
particles since their beams are manipulated by electromagnetic devices which affect only
charged particles.
In LHC, heavy particles, such as protons (2000 times more massive than electors) have much
lower energy loss per turn through synchrotron 3 radiation than light particles such as
electrons. Therefore in circular accelerators such as LHC is more effective to obtain the highestenergy collisions of massive particles.
The particles circulate in a vacuum tube and are manipulated using electromagnetic devices:
dipole magnets keep the particles in circular orbits, while quadrupole magnets are responsible
to focus the beams. Accelerating cavities and electromagnetic resonators accelerate particles
and then keep them at constant energy, minimizing their energy losses.
The LHC has three separate vacuum systems: one for insulating the cryogenically cooled
magnets, one for insulating the helium distribution line and one for the beam pipes. The beam
pipe vacuum is at a pressure of 10-13 atm (ultrahigh vacuum) to avoid the impact of protons
circulating in the machine with gas molecules. The volume of insulating cryogenically cooled
magnets in vacuum is the largest ~9000m3 volume ever built for this purpose. The LHC has a
wide variety of magnets since it includes dipole, quadrupoles, hexagonal and octapolar etc.

3

Synchrotron radiation is the name given to the radiation occurring when charged particles are accelerated in a
curved path. This kind of radiation represents an energy loss for particles which in turn means that more energy
must be provided by the accelerator to keep the beam energy constant.
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magnets totaling 9600 magnets. Each type of magnet contributes to optimize the particle
trajectory. The magnetic fields arising from those magnets yield 10 T, allowing proton beams
to acquire 6.5 TeV energy each. Most of magnets are embedded in the main dipoles and
quadrupoles. The LHC magnets have either a twin aperture (main dipole) or single aperture
(quadrupoles). Quadrupoles help to keep the particles in a tight beam. They have four
magnetic poles arranged symmetrically around the beam pipe to squeeze the beam
horizontally or vertically [17]. The role of the LHC cavities is to ensure high luminosity at the
collision points by keeping the 2808 proton bunches tightly bunched and hence maximize the
number of collisions. LHC uses eight cavities per beam, each delivering 2MV at 400 MHz. The
cavities operate at -268.7 ⁰C while the LHC magnets operate at temperatures -271.3 ⁰C.
The following table (3.1) lists the main parameters for the LHC.
Table 3.1 : Main parameters of LHC

Parameter
Circumference
Dipole operating temperature

Number
26659 m
1.9 K (-271.3⁰C)

Number of magnets
Number of main dipoles

9593
1232

Number of main quadrupoles

392

Number of RF cavities

8 per direction

Energy of protons (Design value)

6.5 TeV

Energy of Ions
Peak Luminosity (protons)
No. of bunches per proton beam
No. of protons per bunch (at start)

2.56 TeV/u4
~1.2 x 10 cm s
2808
1.2 ∙ 10

No. of turns per second

11245

Collisions per second

1 billion

Prior the injection into the ring, the protons are prepared through a series of systems that
increase their energy. The first system is the linear LINAC 2 particle accelerator, on which the
protons gain energy 50 MeV and then are driven to the Proton Synchrotron Booster (PSP)

4

Energy per nucleon
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accelerator. In PSP the particles are accelerated to 1.4 GeV and then injected into the Proton
Synchrotron (PS) accelerator, where their energy reaches 26 GeV. The final system the protons
are going through is the Super Proton Synchrotron (SPS) accelerator which further increases
their energy to 450 GeV before being injected into the large LHC ring. In figure 4.1 the
schematic view of the CERN’S accelerator complex is shown.

Figure 3.1: Schematic view of the CERN’s accelerator complex

Up to 2800 bunches containing each more than 100 billion protons are accelerated within 20
minutes from 450 GeV up to the design energy of 6.5 TeV per beam. So far p-p collisions with
center-of-mass energies of 0.9, 2.8, 5, 7, 8 and 13 TeV were delivered by the LHC [15].

3.2 LHC LUMINOSITY
The collisions are taking place in the center of the CMS detector every 25 ns in run II (50 ns in
run I) where millions of particles are generated (for this analysis data collected by CMS detector
are studied, however collisions are taking place in the center of ATLAS, ALICE LHCb detectors
as well). The interaction rate

depends on the processes cross sectionς, and on the luminosity

L through the equation:
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= Lσ

(63)

The nominal design luminosity of the LHC is 10 cm s . The absolute luminosity at the LHC
is determined from the machine parameters which do not require the knowledge of particle
cross sections. In Figure 3.1 the illustration of a bunch crossing is shown, displaying the
parameters N1 and N2 which are the number of particles, and the effective area A defined as
the area of luminous region [18].

Figure 3.2: Bunch crossing illustration

For colliding bunches with number of particles N 1, N2 the luminosity is given by the formula:
L=

∙

∙∙

(64)

where n is the number of colliding bunches, and f the revolution frequency in the collider.
The quantities N , N , f and n are obtained from measurements of the LHC machine. The
luminous region assuming Gaussian particle density distributions in the colliding bunches [18]
is given as:
A

= 4πσ σ

(65)

where σ , σ are the Gaussian widths of the lateral particle density distributions in the
bunches. In order for the luminosity to be highest, the beams must be focused at the
interaction point in the smallest possible effective area.
The timeline of CMS Integrated Luminosity is shown in Figure 3.2 beginning in 2010 at 45.0
pb

at center-of-mass energy 7GeV until 2018 at 49.5fb

at 13 TeV [19].
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Figure 3.3 : Evolution of the integrated luminosity since 2010 at the CMS Experiment

The LHC experimental timeline follows a well-defined suit of data taking periods followed by
longer technical stops used to repair and upgrade the accelerator experiments (Figure 4.2)
[15]. The next long shutdown (LS2) will be used to upgrade the injector for an increased beam
brightness (batch compression in the PS, new optics in the SPS, collimator upgrades). Also the
experiments upgrade their detectors to prepare for the increased Run-3 luminosity.
The following data taking period between 2021 and 2023 should allow the LHC to deliver a
total of 300 fb-1 at 13-14 TeV proton-proton centre-of-mass energies. The table (3.2) below
summarizes some of the LHC beam parameters during Run-1, Run-2 and as expected for Run3 and the HL-LHC phase [15].
Table 3.2: LHC beam parameters during Run-1, Run-2 and as expected for Run-3 and HL-LHC phase

Parameter
Beam energy [TeV]
Peak Inst. Luminosity
[cm s ]
Bunch distance [ns]
Max. number of
bunches
β*[cm]
ε [μm]
Max. number of
protons per bunch
Average pileup <μ>

LHC Run-1
0.45-4
0.8 ∙ 10

LHC Run-2 &3
6.5-7
(0.7 − 2) ∙ 10

HL-LHC
7
5 ∙ 10 (levelled)

50
1380

25
2028~2748

25
2748

60
2.3

40
2.5-3.5 (2.3 with
BCMS)
1.2 ∙ 10

15
2.5

1.7 ∙ 10
21

21~50

2.2 ∙ 10
200
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Figure 3.4: Timeline of the LHC program up to the high-luminosity LHC (HL-LHC)

3.3 LHC EXPERIMENTS
There are four big experiments installed in four huge underground caverns built around the
four collision points of the LHC beams:
— A Toroidal LHC ApparatuS (ATLAS)
— Compact Muon Solenoid (CMS)
— A Large Ion Collider Experiment (ALICE)
— Large Hadron Collider beauty (LHCb)
ATLAS is a general-purpose detector, the largest in the LHC complex. It’s designed to cover the
widest possible range of physics at the LHC, from precision measurements of the Higgs boson
to searches for new physics beyond the SM. ATLAS is one of the two LHC experiments involved
in the discovery the Higgs boson in July 2012. The dimensions of the detector are 46m long, 26
m high and 26 m wide, and weighting approximately about 7000 tones. In figure 3.5 the various
components of the ATLAS detector are noted as muon detectors (1), magnet system (2,3),
inner detector (4,5,6) and caloremeters (7,8) [20]:
1. Muon detectors
2. Toroid Magnet
3. Solenoid Magnets
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4. Transition Radiation Tracker
5. Semi-Conductor Tracker
6. Pixel Detector
7. Liquid Argon Calorimeter
8. Tile Calorimeter

Figure 3.5 : Main components of ATLAS detector

CMS is a general purpose detector, the second largest in the LHC complex and it is one of the
two the two experiments involved with the discovery of the Higgs boson in July 2012. The main
CMS feature out of which its name comes is detecting muons and measure their momentum
with excellent accuracy over a wide range of angles and also determine their charge. CMS
reconstructs the momentum of charged particles with excellent accuracy in the tracker system.
Also it has very good energy resolution for photons, electrons and positrons in the
electromagnetic calorimeter.
CMS is built around a superconducting solenoid in the form of a cylindrical coil of
superconducting cable that generates magnetic field of 4 T. The dimensions of the detector
are 21m long, 15 m high and 15 m wide, and weighs about 12500 tones. The main components
of the CMS detector are shown in figure 3.6. The detector consist of a central tracker, preshower system, an electromagnetic calorimeter, a hadronic calorimeter and a muon system
[21]. In chapter 4 more details are documented for the main components subdetectors of the
CMS Experiment.
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Figure 3.6 : Main components of the CMS detector

Alice is a detector specialized in the measurements of lead-ion collisions. The main goal of
ALICE is to study the properties of quark-gluon plasma, a state of matter where quarks and
gluons under high temperature and densities are no longer confined inside hadrons. This state
probably existed just after the Big-Bang before protons and neutrons were formed. Collisions
in the LHC generate high temperatures (~100000 hotter than the centre of the Sun). When LHC
collides lead ions, the laboratory conditions are more similar to those just after the big bang
hence the quark gluon plasma state is generated. The existence of such a phase and its
properties will give better understanding to the confinement5 phenomenon and provide
answers to the chiral-symmetry restoration problem [22]. The dimensions of the detector are

5

No quark has ever been observed in isolation, the quarks as well as the gluons seem to be bound permanently
together and confined inside composite particles such as protons and neutrons. This is called confinement.
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26 m long, 16m high,16 m wide, and 10000 tones weight. The main components of ALICE are
shown in figure 3.7 [23].

Figure 3.7: Main components of ALICE detector

LHCb expertise is in the study of the slight asymmetry between matter and antimatter
presented in interactions of B-particles (particles containing the b-quark). The LHCb
experiment uses a series of sub-detectors to measure and detect the decay of particles
produced in one of the beam directions. The first sub-detector is built around the collision
point, followed by a sequence of other sub-detectors along the beam line over a length of 20
m. In figure 3.8 the detector components of LHCb are shown [24].
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Figure 3.8: Components of LHCb detector
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4 CMS
The Compact Muon Solenoid (CMS) Experiment constitutes the second largest detector at the
Large Hadron Collider (LHC) at CERN. The main purpose of the experiment when it was
proposed was the potential discovery of the Higgs boson, and once this was achieved the deep
analysis to Higgs boson and Higgs phenomenology, extra dimensions and particles that
compose dark matter.
Also CMS experiment aims the [26]:
— Investigation of new physics at TeV scale
— Search for extensions of SM, such as supersymmetry and extra dimensions
— Study of heavy ions collisions
— Study of matter-antimatter asymmetry and CP violation.
The CMS detector characteristics allows for accurate measurements of the energy of the
muons (μ), electrons (e), photons (γ) and hadrons. Additionally, particles that do not interact
with the detector such as neutrinos may be “detected” by the measurement of the missing
transverse energy (MET).

4.1 CMS DETECTOR OVERVIEW
The CMS detector was designed with the following properties:
— Detect muons and measure their momentum with excellent accuracy over a wide range
of angles and determine their charge;
— Reconstruct the momentum of charged particles with excellent accuracy in the tracker
system;
— Measuring the energy of electromagnetically interacting particles with a very good
resolution.
The center of the CMS coordinate system (Figure 4.1) is the point of impact of the proton
beams. X axis is directed toward the center of the LHC ring, while y-axis is vertical. Z-axis has
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the same direction as the proton beam directed at west. The azimuthal angle φ, is formed by
the radial component R and the x-axis, while the polar angle θ is defined in the yz plane.

Figure 4.1: Coordinate system of CMS

Pseudorapitidy is a good approximation of rapidity for relativistic particles [27]. It is easier to
measure pseudorapidity instead of rapidity because needs both the energy and momentum of
the particle, unlike pseudorapidity which requires only the angle θ:

§ T·
K  log ¨ tan ¸
2¹
©

(66)

1 § E  pZ c ·
ln ¨
¸
2 © E  pZ c ¹

(67)

Rapidity is calculated by [28]:
y

When a particle travels almost parallel to the beam line, the Pz is small and the rapidity is close
to 0. Additionally, when a particle travels vertically to the beam axis, then E ≈ p c, and the
rapidity approaches infinity.
In figure 4.2 the transverse section of CMS detector is shown. In each system the trajectories
of neutral and charged particles are displayed. This slice shows a colorful cross-section of the
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CMS detectors with all parts of the detector labelled. Five types of particles are shown to
display the way they interact with the detector components.

Figure 4.2: Transverse sector of CMS detector

The detector is built around a huge solenoid magnet formed as a cylindrical coil of a
superconducting cable cooled to -268.5⁰C with liquid helium, that generates a magnetic field
of 3.8 T with a large bending power. The superconducting solenoid magnet with 12.9m length
and an inner diameter of 5.9 m is used to curve the tracks of charged particle. Particles
decaying from p-p collisions in the center of the detector first meet a tracker, made of silicon
that charts their positions as they pass through the detector allowing us to measure their
momentum. The next layer is the electromagnetic calorimeter that measures the energy of
the particles that interact electromagnetically. Then there is the hadron calorimeter that
measures the energy of the particles that interact hadronically. The size of the magnet allows
the tracker and calorimeters to be placed inside its coil, resulting in an overall compact
detector. In the outer part of the detector there is the iron magnet “return yoke” that confines
the magnetic field and stops all remaining particles except muons and neutrinos .The muon
tracks are measured by 4 layers of muon detectors (muon chambers) that are interleaved with
the iron yoke. Neutrinos escape from the detector undetected although their presence is
known from the missing transverse energy in the event.
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4.2 TRACKER
The CMS tracker is the largest silicon detector construction in the world, covering area over
200m2. The purpose of the tracker component is to provide high precision measurement points
in 3-D along the curved trajectories of charged particles up to pseudorapidities |η|<2.5. The
tracker measures with great precision and rapidity the charged particle tracks allowing us to
reconstruct the positions of the primary and secondary vertices. The resolution of the
transverse momentum of a 100 GeV charged particle is 2%.
The tracker is composed of a barrel part containing three pixel and ten strip layers and the
disk, and endcap sections with two pixel and twelve strip layers. The inner tracker system is
composed of pixel detectors in three cylindrical layers at distance 4.4 cm – 10.2 cm and of
strip detectors in 10 cylindrical layers expanding to outer layers at the distance of 1.1m [26].
The silicon strip detector (figure 4.3) contains four inner barrel layers (TIB) assembled in shells
with two inner endcaps (TID), each composed of three small discs. The outer barrel (TOB)
consists of six concentric layers. Two endcaps (TEC) are placed close off the tracker, consisting
of silicon modules. In total 15,200 highly sensitive modules are contained in the tracker system
and 10 million detector strips read by 80000 microelectronic chips. Each module is divided in
three parts: a set of sensors, its mechanical support structure and the readout electronics [26].

Figure 4.3: Tracker silicon strip detector
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The inner sub-detector is a pixel detector with surface area of 1.1m2 (figure 4.3). Silicon is a
semiconductor (cheaper material than germanium) and provides very good energy resolution,
while it has very good tolerance in magnetic fields and radiation. The pixel detector is
segmented into 66 million pixels allowing it to track the paths of particles emerging from the
collision with excellent accuracy. Each layer is split into segments (sensor pixels - figure 4.4)
150μm x 150 μm. When a charged particle passes through it gives enough energy for electrons
to be ejected from the silicon atoms, creating electron-hole pairs. Each pixel uses an electric
current to collect these charges on the surface as a small electric signal. An electronic silicon
chip, one for each tile attached, uses a microscopic spot of solder utilizing efficiently the bump
bonding technique which amplifies the signal [26].

Figure 4.4: CMS Silicon Pixel Detector

4.3 E LECTROMAGNETIC CALORIMETER
The CMS Electromangetic Caloremeter (ECAL) measures the energy of particles that interact
electromagnetically, such as photons and electrons. ECAL is made up of a barrel and 2 endcap
regions and is placed between the silicon tracker and the hadron calorimeter (HCAL). It’s
homogenous and compact and it consists of 61200 lead tungstate (PbWO4 ) crystals in the
barrel region and 7324 crystals in each endcap region. A pre-shower detector made up from
crystals placed in front of the crystals of the endcap region. The pre-shower detector has a
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significant role in CMS as it allows to distinguish between single high-energy photons and the
less interesting lose pairs of low-energy photons coming from π decays (π → γγ).
Lead tungstate (PbWO4) crystals have been chosen due to their high density, good resolution
and radiation tolerance. Their characteristics that contribute to ECAL’s good resolution are
shown in the table below (4.1) [26]:
Table 4.1 : PbWO4 crystals characteristics

Characteristics

Value

Density

8.2g/ cm3

Radiation length

0.89 cm

Moliere radius

2.2 cm

The combination of these characteristics allows the calorimeter to be compact despite its fine
granularity and allows the particles to deposit 99% of their energy in the crystals [26].

Figure 4.5: PbWO4 crystals attached to a photodetector (top right)

The barrel area of the calorimeter covers the range of pseudorapidity |n|<1.479 with 61200
crystals of length 230mm (25.8X0 ) , total volume 8.14m3 and weight 67.4T. The crystals are
surrounded by a thin-walled alveolar structure named submodule. The thickness of the
alveolar wall is 0.1 mm made of aluminum layer. Four modules separated by aluminum conical
webs, of thickness 4mm are assembled in a supermodule which contains 1700 crystals (figure
4.6) [26].
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Figure 4.6: Barrel Area of ECAL

The endcap area covers the pseudorapitidy range of 1.479 < |n| <3.0 and is separated into two
pieces named “Dees”, each containing 3662 crystals (figure 4.7). The front area of the crystals
is 28.62Χ28.62mm2 while the back area is 30Χ30mm2 . The total length is 220m (24.7X0) [26].

Figure 4.7 : Endcap Dee fully equipped with supercrystals.

The energy resolution of the calorimeter is parametrized by the equation [26]:
=

√

+

+C

(68)

where S is the stochastic term, N the noise term and C the constant term.
The stochastic term is defined by [26]:
— The energy fluctuations arising from the crystal showers. The term is equal to 1.5% (2%)
for crystals with areas 5Χ5 cm2 (3Χ3 cm2 ).
— The photostatic contribution of 2.1%
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— The energy fluctuations deposited in the pre-shower detector, which amounts to 5%.
The noise in the energy measurement is caused by electronic noise, pixel noise and pileup
noise. In the barrel region electronic noise amounts to 30 MeV/channel, while in the endcap
region equals to 150 MeV/channel [26].
The constant term is defined by [26]:
— Non-uniformity of the longitudinal light collection (0.3-0.35 %)
— Intercalibration errors
— Leakage of energy from the backend area of the crystal.
Summarizing all the contributions to the energy resolution of ECAL equals to [26]:
~0,3% + 0,5%

(69)

4.4 HADRON CALORIMETER
The Hadron Calorimeter (HCAL) is responsible for measuring the energy of the hadrons. It also
“detects” the presence of neutrinos or exotic particles as a result of missing transverse energy
(MET). In figure 4.8 the transverse layout of HCAL is shown [26]. The dashed lines represent
the values of pseudorapidity. The barrel region (hadron barrel – HB) and endcap region
(hadron endcap – HE) of HCAL are placed behind of the ECAL extending between 1.77<r<2.95
m up to the magnetic coil (r is the radius on the transverse plane with respect to the beams).
An outer hadron calorimeter (outer hadron – HO) is placed in the outside area of the solenoid,
covering the pseudorapidity range |n|<1.3. Forward Calorimeters (HF) are placed at a distance
of 11.2m from the interaction point, covering the pseudorapitidy range up to |n| = 5.2.
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Figure 4.8: Transverse layout of HCAL

The Hadron Forward (HF) part of the Hadron Calorimeter is based on Cherenkov technology
i.e light detectors made of radiation-hard quartz fibers.
HCAL is massive and thick (“compact”), constructed with materials with short interaction
lengths. It provides a good measurement of the transverse missing energy of the event. HCAL
layers are absorbers and scintillators that measure destructively the energy of a hadron jets.
Since HCAL is composed of these layers it belongs to the category of sampling calorimeters. A
sampling calorimeter is defined as one that finds a particle’s position, energy and arrival time
using alternating layers of absorber and fluorescent (scintillator) materials that produce a rapid
light pulse when the particle passes through. The energy resolution [26] of HCAL is
ΔΕ/Ε~100%/√E +5%.

4.5 MUON S YSTEM
Muons are charged particles, 200 times more massive than electrons and positrons. Muons
can pass through a long distance of iron, that’s why the muon chambers are placed last in CMS.
The muon system is responsible for:
— Detecting muons
— Measuring the transverse momentum of muons
— Contributing to event triggering
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The muon system can provide 8-15% momentum resolution for 10 GeV muons and 20-40 %
for muons with PT=1TeV [26]. This system is designed to reconstruct the momentum and
charge of muons over the entire kinematic range of the LHC. CMS detector uses 3 types of
gaseous particle detectors for muon identification placed outside the magnet solenoid [26]:
— Drift Tubes – DT in the barrel region
— Cathode Strip Chambers – CSC in the endcap region
— Resistive Plate Chambers – RPC in endcap and barrel region.
In total there are 1400 muon chambers: 250 DTs, 450 CSCs tracking the particles’ position and
providing a trigger and 610 PRCs forming a redundant trigger system, which quickly decides to
keep the acquired muon data or not. The gas is a mixture of 40% Ar, 50% CO 2 and 10% CF4 and
ionized by the muons. In barrel region the rate of muons is small and the magnetic field of 3.8
T is uniform and it is distributed mainly in iron yoke. A drift-tube (DT) consists of 3 superlayers,
each made of 4 layers of rectangular drift cells. The DTs are covering a range of pseudorapitidy
|n|<1.2 and are consisted by 4 disks (figure 4.9). The first three disks contain 8 chambers, each
segmented in 2 pairs of four, measuring the muon’s momentum in the r-φ plane, while 4 of 8
chambers are measure z-direction while the fourth disk does not give information on the
measurements in z-direction. The number of chambers in each disk and the corresponding
position is chosen to give good resolution and discard background noise.

Figure 4.9: Transverse momentum of muon system.
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4.6 TRIGGER
During LHC operation, millions of p-p collisions are performed each second in the center of the
CMS detector. The detector must decide very quickly and efficiently which events will be
registered on tape and which not. “Good” events are defined as those events that are
generated by central (or central-like) collisions. Events generated from non-central collisions
are not utilized for analysis. The trigger system is responsible to distinguish which data are
good and bad within second(s). The trigger system must reduce the high crossing rate. The rate
reduction by at least a factor of 106 is achieved in two steps: Level-1 (L1) Trigger and High-Level
Trigger (HLT).
The L1 trigger is an extremely fast and automatic process that looks for signs of interesting
physics, such as a large amount of energy or in unusual combinations. L1 Trigger has a design
output rate of 100 kHz and a response time of 3.2μs it relies on a coarsely segmented
information from ECAL,HCAL and the muon system. In the meantime the L1 Trigger holds the
high-resolution data in pipelined memories in the front-end system. The HLT has access to the
read-out data and performs complex calculations similar to those made in the off-line analysis
software. The L1 Trigger hardware is implemented in FPGA technology,

AICs and

programmable memory lookup tables (LUT) which are widely used where speed, density and
radiation resistance requirements are important [26].
The L1 Trigger consists of the following [26]:
— Local : The Local Triggers, also named as Trigger Primitive Generators (TPG), are based
on the energy deposits in the calorimeters trigger towers and track segments.
— Regional : Regional triggers combine their information and use pattern logic to
determine ranked and sorted trigger objects e.g. electron or muon candidates, in
limited spatial regions. The ranking is determined as a function of energy or
momentum and quality, which reflects the level of confidence attributed to the L1
parameter measurements, based on detailed knowledge of detectors and trigger
electronics.
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— Global:

Global trigger is the top entity of Level 1 hierarchy (figure 4.10). It is

responsible for deciding to accept or reject an event for further evaluation by the HLT.

Figure 4.10: Architecture of the L1 –Trigger

The Level-1 Accept (L1A) decision is communicated to the sub-detectors through the Timing,
Trigger and Control (TTC) system. L1 trigger is responsible to analyze every bunch crossing.
The allowed L1 Trigger latency of a given bunch crossing and the distribution of the trigger
decision to the detector front-end electronics is 3.2μs.
Events passing the L1 Trigger are processed by the HLT. HLT is responsible to perform more
complex calculations, based on a combination of information of different subdetectors. It
reduces the rate to 400 Hz. The read out information is accessed at this stage and processed
by a filter farm of thousands of processors. The events that manage to pass the HLT are kept
for storage [26].
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5 DATA AND MONTE CARLO SAMPLES GENERATION & S IMULATION
The search of supersymmetric particles, observed collision data of CMS at a center-of-mass
energy of 13TeV have been compared to the expectation from SM processes. SM processes
are modeled with Monte Carlo (MC) event simulations. Algorithms that generate “random”
numbers, or more particularly pseudorandom numbers, given their reproducibility, must obey
in the limit of large numbers to statistical properties of real random variables.
Numerical methods involving the repeated use of computer-generated pseudorandom
numbers are often referred to as Monte Carlo methods, from the name of the city hosting the
famous casino, which exploits the properties of random numbers to generate profit. The
generated MC events are passed through a full simulation of the CMS detector named GEANT4
that models the interactions between the particles and the detector and also the detector
response.
Chapter 5 describes the generation and simulation for this analysis and in chapter 6 the
corrections applied on those samples are also documented. The signatures left inside the
detector or its simulation by the data or generated events need to be reconstructed into
physical objects. The reconstruction of the different types of physical objects is described in
chapter 7.
After the reconstruction of physical objects we created an algorithm applying kinematic,
isolation and identification cuts, but also corrections and weights in order to compare the MC
samples with the real data. Our aim is to reconstruct the mass of SM-like higgs boson following
the aforementioned steps by strengthen our signal and suppress the background process with
the minimum loss of data. Then we proceed to statistical analysis using ROOT software where
we computed the upper limits of the present analysis but also compared these results with
previous results of CMS experiment as documented on Chapter 13.
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5.1 DATA SAMPLES
This analysis is based on proton-proton (pp) collision data at a center-of-mass energy of 13 TeV
collected in 2016 with the CMS detector at the CERN LHC. The data analyzed corresponds to
an integrated luminosity of 35.9 fb -1. The collision datasets, run ranges and integrated
luminosity per dataset are given in Tab.5.1. The data belong to the double muon and single
muon datasets because of the final states of this decay channel. In order to avoid the overlap
between this datasets we require the events to pass triple muon trigger in the double muon
dataset and then we discard the events in the single muon dataset that passed the triple
trigger.

5.2 MONTE CARLO BACKGROUND SAMPLES GENERATION AND SIMULATION
Monte Carlo sample generation starts with the hard-scattering process. At the LHC the central
part of the interaction consists in the hard-scattering of the two incoming protons. In high
energy particle collisions parton is used (or parton shower) to interpreting the cascades of
radiation produced from QCD processes and other interactions. It is required to extract the
momenta of these incoming partons and this is achieved thanks to parton distribution
functions (PDFs), which give the probability that a parton carries a certain fraction of the
proton momentum at a given scale Q2.
Then it follows the parton showering techniques are used to describe the radiation of quarks
and gluons in the initial and final states. Interactions of the remaining parts of the protons that
did not take part in the hard scattering process are modeled as underlying events. Those events
are mostly soft QCD interactions and are modeled from phenomenological inputs.
Hadronization stage is when quarks and gluons have energy below 1 GeV and they cannot be
treated as free but also the pertubative QCD formalism fails. The decay of short-lived particles
is then simulated, more particularly tau lepton is simulated with Tauola generator.
Soft inelastic collisions are added to the main hard scattering process the so called pileup
interactions. It is difficult to predict the distribution of the number of pileup interactions in
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data, MC datasets are generated for a scenario with a higher number of vertices and
afterwards reweighted to match the observed distribution of pileup interactions.
Many MC generators have been developed. The ones used in this analysis presented in the
next chapters are POWHEG [57], Pythia[29], aMC@NLO [56].
The Monte Carlo (MC) simulations that model significant SM processes that constitute
backgrounds in our analysis are listed in Table 5.2. The diboson samples are generated by
POWHEG. The Pythia8 [29] generator, with the tune CUETP8M1 [30], is used to model the
parton shower and hadronization processes, as well as tau decays in all samples. The cross
sections for diboson production are computed at NLO accuracy [31]. The NNPDF3.0 parton
distribution in data, corresponds to a minimum bias cross section of 60.2 mb[32].
Table 5.1: Lists of datasets included in the analysis. Re-miniAOD is used for data.

Dataset

Run range

Integrate
Luminosity
[fb-1]

/DoubleMuon/Run2016B-03Feb2017-ver2-v2/MiniAOD

27007-275376

5.788

/DoubleMuon/Run2016C-03Feb2017-v1/MiniAOD

275657-276283

2.473

/DoubleMuon/Run2016D-03Feb2017-v1/MiniAOD

276315-276811

4.248

/DoubleMuon/Run2016E-03Feb2017-v1/MiniAOD

276831-277420

4.009

/DoubleMuon/Run2016F-03Feb2017-v1/MiniAOD

277772-278808

3.102

/DoubleMuon/Run2016G-03Feb2017-v1/MiniAOD

278820-280385

7.540

/DoubleMuon/Run2016H-03Feb2017-ver2-v1/MiniAOD

280919-280444

8.606

/DoubleMuon/Run2016H-03Feb2017-ver3-v1/MiniAOD

280919-280444

8.606

/SingleMuon/Run2016B-03Feb2017-ver2-v2/MiniAOD

27007-275376

5.788

/ SingleMuon /Run2016C-03Feb2017-v1/MiniAOD

275657-276283

2.473

/ SingleMuon /Run2016D-03Feb2017-v1/MiniAOD

276315-276811

4.248

/ SingleMuon /Run2016E-03Feb2017-v1/MiniAOD

276831-277420

4.009

/ SingleMuon /Run2016F-03Feb2017-v1/MiniAOD

277772-278808

3.102

/ SingleMuon /Run2016G-03Feb2017-v1/MiniAOD

278820-280385

7.540

/ SingleMuon /Run2016H-03Feb2017-ver2-v1/MiniAOD

280919-280444

8.606
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/ SingleMuon /Run2016H-03Feb2017-ver3-v1/MiniAOD

280919-280444

8.606

Table 5.2: MC Background samples included in the analysis. These MC Samples all belong to the Summer16
production. When available, all sample extensions are used.

Background MC Simulation
ZZTO4l_13TeV_powheg_pythia8
GluGluToContinToZZTo2mu2tau_13TeV_MCFM701Pythia8
GluGluToContinToZZTo2e2tau_13TeV_MCFM701Pythia8
GluGluToContinToZZTo2e2mu_13TeV_MCFM701Pythia8
GluGluToContinToZZTo4e_13TeV_MCFM701Pythia8
GluGluToContinToZZTo4mu_13TeV_MCFM701Pythia8
GluGluToContinToZZTo4tau_13TeV_MCFM701Pythia8
ZHToTauTau_M125_13TeV_powheg_pythia8
WWZ_TuneCUETP8M1_13TeVamcatnlo_pythia8
WZZ_TuneCUETP8M1_13TeVamcatnlo_pythia8
ZZZ_TuneCUETP8M1_13TeVamcatnlo_pythia8
HZJ_HToWW_M125_13TeV_powheg_pythia8
ttZJets_13TeV_madgraphMLM_Pythia8_v6_v1

Cross Section (pb)
1.256
0.00319
0.00319
0.00319
0.00159
0.00159
0.00159
0.055
0.165
0.0557
0.0140
0.020
0.606

The Feynman diagrams for the irreducible background processes of ZZ decaying to 4 leptons
and the reducible of ttZ+jets is shown in figure 5.1.

Figure 5.1: Feynmann diagrams of irreducible and reducible processes.

5.3 S IGNAL SAMPLES GENERATION AND SIMULATION
The hÆ ααÆμμττ signal samples are generated with aMC@NLO, for pseudoscalar masses
between 15 and 60 GeV, with steps of 5 GeV. They are listed in Table 5.3. They make use of
the NMSSM fragment of AMC@NLO. Vector boson fusion (VBF) signal samples have also been
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simulated for 3 mass points of light pseudoscalar α: 20, 40, 60 GeV. They are seen to have the
same dimuon mass shape as the gluon fusion samples after the full selection, with an
acceptance about 45% higher for all mass points. In the rest of the analysis only gluon fusion
samples are used, and they are normalized to a cross section of σ(ggH) + r × σ(VBF), where
r is the relative acceptance times the efficiency for the VBF sample .The relative acceptance
times efficiency of the VBF samples compared to the ggH samples, used in the previous
formula, has been measured to be 1.59 ± 0.15 in the μμeμ channel, 1.33 ± 0.08 in the μμμτh
channel and 1.64 ± 0.14 in the μμτhτh channel. The relative acceptance times the efficiency
is larger than 1.0 because leptons tend to have higher PT when the Higgs boson is produced
via VBF. These numbers have been computed by comparing the yields for both production
modes after applying the full selection in MC Simulations. The r factor (relative acceptance),
measured for mα=40 GeV, is assumed for all mα. This assumption has been checked to be valid
in other hÆαα [33,34].
The Feynman diagram for signal process is shown in figure 5.2.

Figure 5.2: Feynman diagram for the ggÆhÆααÆμμττ process
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Τable 5.3: MC signal samples included in the analysis

Signal MC Simulations

No of
gen.
events

SUSYGluGluToHtoAA_AToMuMu_AToTauTau_M_15_TuneCUETP8M1_13TeV_Madgraph_pythia8
SUSYGluGluToHtoAA_AToMuMu_AToTauTau_M_20_TuneCUETP8M1_13TeV_Madgraph_pythia8
SUSYGluGluToHtoAA_AToMuMu_AToTauTau_M_25_TuneCUETP8M1_13TeV_Madgraph_pythia8
SUSYGluGluToHtoAA_AToMuMu_AToTauTau_M_30_TuneCUETP8M1_13TeV_Madgraph_pythia8
SUSYGluGluToHtoAA_AToMuMu_AToTauTau_M_35_TuneCUETP8M1_13TeV_Madgraph_pythia8
SUSYGluGluToHtoAA_AToMuMu_AToTauTau_M_40_TuneCUETP8M1_13TeV_Madgraph_pythia8
SUSYGluGluToHtoAA_AToMuMu_AToTauTau_M_45_TuneCUETP8M1_13TeV_Madgraph_pythia8
SUSYGluGluToHtoAA_AToMuMu_AToTauTau_M_50_TuneCUETP8M1_13TeV_Madgraph_pythia8
SUSYGluGluToHtoAA_AToMuMu_AToTauTau_M_55_TuneCUETP8M1_13TeV_Madgraph_pythia8
SUSYGluGluToHtoAA_AToMuMu_AToTauTau_M_60_TuneCUETP8M1_13TeV_Madgraph_pythia8

250000
250000
250000
250000
250000
250000
250000
250000
250000
250000

Assuming 2HDM-like models, the ratio of B(αÆμμ) and B(αÆττ) follows:
( →

)

( →

)

≈

(70)

Τherefore, taking into account the combinatoric effect related to the two dilepton pairs,
B(ααÆ4τ) is about 125 times B(ααÆμμττ). Given that B(τÆμ)≈ 17%, 13,6% of the
hÆααÆ4τ events have at least two muons in the final state. Indeed, the probability for the
event to have no muon P(0μ) is:
P(0μ) = (1 − 0.17) = 0.475

(71)

whereas the probability to have exactly one muon in the event P(1μ), is:
P(1μ) = 4 × 0.17 × (1 − 0.17) = 0.389

(72)

Therefore, the probability to have at least 2 muons is 1-P(0μ)-P(1μ)=13.6%. This involves that
there are about 20 times more events from hÆααÆ4τ than there are from hÆααÆ2μ2τ in
the four-lepton final state with at least two muons.
Samples for the hÆααÆ4τ signal have been generated following the same configuration as
the other signal samples, but requiring in addition at the generated level a filter that selects
events that have at least 2 muons with Pt above 5 and 15 GeV respectively. The corresponding
MC samples are listed in table 6.1. Less mass points have been generated than for hÆ
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ααÆμμττ because the dimuon mass distributions, used as observable in this analysis, vary
much less between masses for the hÆααÆ4τ signal given that the two muons usually do not
form a resonance, or when they do, their mass resolution is bad due to the presence of
neutrinos from tau decays.
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6. CORRECTIONS TO SIMULATED SAMPLES
A series of corrections are applied to the MC samples, as listed below:
Table 6.1: MC signal samples included in the analysis, for the hÆ2αÆ4τ process.

Signal MC Simulations

Gen. Events

Filter Eff.

SUSYGluGluToHToAA_AToTauTau_AToTauTau_FilterMu

30M

2.73%

5Mu15_M20_TuneCUTP8M1_13TeV

30M

2.81%

SUSYGluGluToHToAA_AToTauTau_AToTauTau_FilterMu

30M

2.92%

5Mu15_M30_TuneCUTP8M1_13TeV

30M

3.10%

SUSYGluGluToHToAA_AToTauTau_AToTauTau_FilterMu

30M

3.39%

5Mu15_M40_TuneCUTP8M1_13TeV
SUSYGluGluToHToAA_AToTauTau_AToTauTau_FilterMu
5Mu15_M50_TuneCUTP8M1_13TeV
SUSYGluGluToHToAA_AToTauTau_AToTauTau_FilterMu
5Mu15_M60_TuneCUTP8M1_13TeV

The efficiency of the generated level filter requiring at least 2 muons with P T greater than 5 or
15 GeV is indicated in the last column. The number of generated events is indicated before the
filter.

6.1 HADRONIC TAU ENERGY SCALE
The energy of τh in simulations is corrected as follows, based on the reconstructed decay
mode following a measurement in ZÆττ events in the TAUPOG[35-38]:
— -1.8% for 1-prong;
— 1.0% for 1-prong + π0;
— 0.4% for 3-prong.
These measurements are based on a scan of the negative loglikelihood for data/MC fits of the
mT distributions using different values of the τ h energy scale in data. Figure 6.1 shows the
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distributions for the nominal τ energy scale obtained in simulation and for shifts of the τenergy scale by ±6% in simulation. The uncertainty in the measurement is 1.2% per decay
mode.

Figure 6.1: Tau mass distribution considering the nominal τh energy scale in simulation (left), or the τh energy
scale shifted by -6 % (left) or +6% (right), in the μτh final state, for the 1 prong+ π0 decay mode

The measurements are split into different τh bins. Measurements in tt̅ and offshell W events
are added to cover higher τh PT. As shown in Fig.6.2, the data/MC scale factor looks constant
with the τh PT .This analysis includes τh with PT >18.5 GeV and the same scale factor is
assumed for 18.5 <PT<20 GeV. A conservative uncertainty of 5% is taken into account for
the identification of τh , which would very largerly cover any small difference in this τh range.
There is no dependence with the τh PT, and a flat scale factor is applied in this analysis.

Figure 6.2: Evolution of the data/MC τ h isolation scale factor for the tight working point of the MVA
isolation.
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Corrections to the energy scale of electrons and muons faking τ h are applied. They depend on
the reconstructed decay mode. The largest corrections amounts to 9.5% and corresponds to
1-prong + π0 decays for electrons faking τh candidates [35].
MC events are reweighted using a minimum bias cross section equal to 69.2mb [32]. In LHC,
there is a non-negligible probability that one single bunch crossing may produce several
separate events, so-called pile-up events, more particular for this analysis the pile-up events
might be from 20-50 (table 3.2). Due to that there are usually differences in the comparison of
MC events and measured data, so weights are applied to make certain groups of events more
pronounced and make observable distributions agree better between MC and data.
The analysis vetoes events with one at least b tagged jet. The scale factors provided by the BTV
POG [40] are applied.We use a trigger scale factor of 1.0 for the soup of single muon, double
muon, and triple muon triggers. This is consistent with what was measured by various analyses,
for example in Refs [41,42].

6.2 E LECTRON AND MUON IDENTIFICATION EFFICIENCY
Scale factors derived within the HTT group are applied for muons [35], and the EGamma POG
scale factors are applied for electrons [39]. The scale factors for muons with 5< P T <9 GeV and
9< PT <10 GeV, are computed specifically for this analysis as there are no official numbers and
are approved by the MUON POG.
Tau ID/iso efficiency scale factors for muons with PT<10 GeV are measured with a tag-andprobe method in Drell-Yan MC and in data. The fits of the pass and fail regions are shown in
Fig. 6.3-6.5. The corresponding scale factors are given in table 6.2 and theirs uncertainty is
about 5% for each scale factor. The signal samples are fitted with Voigt functions and the
background components with polynomials. Scale factors exist officially for low P T electrons for
the MVA HZZ ID.
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Table 6.2: Data/MC scale factors for muons with low PT

Barrel

Endcap

Muons with 5< PT <9 GeV

0.956

0.930

Muons with 9< PT <10 GeV

0.916

0.897

Figure 6.3 : Fit of the pass and fail regions in data and MC for muons with 5< P T<9 GeV in the barrel.
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Figure 6.4 : Fit of the pass and fail regions in data and MC for muons with 5< P T<9 GeV in the endcap.

Figure 6.5 : Fit of the pass and fail regions in data and MC for muons with 9< PT <10 GeV in the barrel.
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Figure 6.6 : Fit of the pass and fail regions in data and MC for muons with 9< PT <10 GeV in the endcap.
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7 RECONSTRUCTION AND IDENTIFICATION OF OBJECTS
7.1 E VENT S ELECTION
Events are build from a dimuon and a ditau pair. Four possible ditau pair configurations are
studied: eμ, eτh ,μ τ h and τh τh . The ditau final states with two electrons or muons are not
studied because of the low branching fraction and of the large contribution of ZZÆ4l
background events.
Figures 7.1-7.4 show kinematic distributions, a the generated level, for the four leptons in the
various final states, for different mass points (m α=15,40,60 GeV), for the ggH and VBF
production modes. The leptons and visible taus are generally soft, leading to a low signal
acceptance after PT cuts related to trigger thresholds, or object reconstruction are performed.
At low mass, the ditau pairs are boosted, resulting in a loss of signal acceptance due to
overlapping leptons (which end up failing the isolation conditions).

If several combinations of four leptons can be formed for a single event, the one that has a
dimuon pair closest to the Z mass, and a ditau pair with highest scalar PT sum is chosen. The
choice of the event with the dimuon mass closest to the Z mass is justified by the estimation
of the reducible background. The reducible background estimation relies on the fact that two
leptons are real (from WZ+jets and Z+jets), while the other ones can be fake. This criterion
therefore ensures a better reducible background estimation, but has no effect on τh signal
because in the vast majority of cases there is only one combination of four leptons for the
signal. The choice of the dimuon pair on which the final fit is performed is decided by another
algorithm, described in the next paragraph.

In case there are more than two muons in the final state, the αÆμμ pair is formed from the
leading muon and the highest PT opposite sign muon among the remaining muons. The other
muon is assumed to be a decay product of one of the taus. This pairing algorithm has a success
rate between about 70 and 95% for signal events, depending on ma, as shown in Fig. 7.5. Other
algorithms based on the ∆R between the leptons would be strongly mass dependent. In these
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final states, the normalization of the signal is multiplied by the correct pairing rate to obtain
the normalization of the signal peak only.

Figure 7.1: Generated-level plots of the transverse momentum of the visible τ decay products for ggH events
with mα = 15, 40, 60 GeV, and for VBF events with mα = 40 GeV.

Leptons are required to be separated from each other by at least ∆R > 0.3. The threshold is
raised to 0.4 if there is a τh because τh are built from jets.
Events are required to pass either:
The double muon triggers:
— With online trigger thresholds of 8 and 17 GeV for the subleading and leading muon
respectively.
— Or the single muon triggers with online PT thresholds of 24 GeV;
— Or in the μμeμ and μμ τh final states, the triple muon trigger with online thresholds of
12,10 and 5 GeV.
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Offline, the muon PT is required to be 1 GeV above the online thresholds for the reconstructed
muons matched to the trigger objects within ΔR<0.5. The dimuon pair associated to the first α
boson is selected the same way for all final states, and the selection criteria for αÆττ depend
on the ditau final state as detailed below.

Figure 7.2: Generated-level plots of the transverse momentum of the visible τ decay products for ggH events
with mα=15,40,60 GeV and for VBF events with mα=40 GeV.
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7.2 DIMUON PAIR
The muons should have PT>5 GeV (or pass the trigger thresholds +1 GeV if they are trigger
objects), |η|<2.4, pass the muon ID medium , and have a delta beta relative isolation (cone
size of 0.4) less than 0.20. The muon identification and isolation working points have been
designed in the context of the SM HÆττ analysis [35], and the corresponding scale factors have
been computed for that publication. The isolation for both electrons and muons are defined
as follows:
I ≡

∑

( ,∑

∑

,

)

(73)

Figure 7.3: Generated-level plots of pseudorapitity of the visible τ decay products for ggH events with
mα=15,40,60 GeV, and for VBF events with mα=40GeV.
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In this equation ∑

P is the scalar sum of the transverse momenta of the charged

particles associated to the primary vertex in a cone of size ΔR =
around the muon (electron) direction. The sum ∑

(Δη) + (Δφ) = 0.4(03)

P is a similar quantity for neutral

particles .The lepton PT is denoted as p

7.3

PAIR

The electron should have PT>7 GeV, |η|<2.5 , and pass the MVA ID designed for the HZZ
analysis, which has the advantage to be trained also for electrons with P T<10 GeV. The muon
should have PT>5 GeV (or pass the trigger thresholds +1GeV if it is a trigger object),
|η|<2.4,pass the PF muon medium, and have a relative isolation (cone size of 0.4) less than
0.20.
We use the MVA discriminator trained in the context of the HÆZZÆ4l analysis using 2016
data. The training of this discriminator includes electrons with PT as low as 5 GeV.
Reconstructed electrons are identified by means of a Gradient Boosted Decision Tree (GBDT)
multivariate classifier algorithm, which exploits observables from the electromagnetic cluster,
the matching between the cluster and the electron track as well as observables based
exclusively on tracking measurements. The classifier is trained on Drell-Yan plus jets MC
Sample for both signal and background. Table 7.1 summarizes the full list of observables used
as input to the classifier.
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Figure 7.4: Generated-level plots of the ΔR separation between leptons from the same α boson for ggH events
with mα=15,40,60 GeV, and for VBF events with m α=40 GeV.

Figure7.5: Rates with muons in events with more than 2 muons correctly paired, as a function of the
pseudoscalar boson mass, for the μμeμ (left) and μμμτh (right) final states.
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Table 7.1: Overview of input variables to the identification classifier.

Observable type
Cluster shape
Track-cluster matching
tracking

7.4

Observable name
RMS of the energy-crystal number spectrum along η
and φ; σiηiη, σiφiφ, super cluster width along η and φ
Energy-momentum agreement Etot/pin, Eele/pout, 1/Etot1/pin position matching Δηιη, Δφιφ, Δηseed
Fractional momentum loss fbrem=1-pout/pin
Number of hits of the KF and GSF track N KF, NGSF
Reduced χ2 of the KF and GSF track χ2 ΚF,χ2GSF
Number of expected but missing inner hits
Probability transform of conversion vertex fit χ2

PAIR

The electron should have PT>7 GeV, |n|<2.5 and pass the MVA HZZ ID. The tau should pass the
old decay mode finding (1prong, 1prong+pi0, or 3 prongs), the loose working point of the MVA
isolation including lifetime information, the loose working point of the muon discriminator and
the very loose working point of the MVA discriminator against electrons. The very loose
discriminator against electrons is chosen because it has higher efficiency AS the background
with electrons faking taus is expected to be negligible. In addition, the τh is required to have
PT>18.5 GeV and |n|<2.3. The tau threshold is the lowest possible using miniAOD (allowing for
tau energy scale shifts of 0.5 GeV). The loose tau MVA isolation has been chosen because it
brings the best expected limits: the analysis benefits more from a large signal efficiency than
from a large background rejection because the number of expected background events is low
below the narrow signal peak in signal region. This working point is found to be efficient in the
other ditau final states too, as described in the next paragraphs. THE MVA HZZ ID for electrons
is trained for PT>5 GeV and brings a large signal efficiency (about 90% signal efficiency).

7.5

PAIR
The muon should have PT>5 GeV (or pass the trigger thresholds + 1 GeV if it is a trigger object),
|n|<2.4, pass the PF muon ID medium, and have relative isolation (cone size of 0.4) less than
0.20. The tau should pass the old decay mode finding, the loose working point of the MVA
isolation including lifetime information, the loose working point of the muon discriminator,
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and the very loose working point of the MVA discriminator against electrons. In addition, the
τh is required to have PT>18.5 GeV and |η|<2.3. The muon ID/isolation working points are
chosen to be in line with those used in the SM HÆττ paper [35], and provide a good
compromise between signal efficiency and background rejection. The scale factors for muons
with PT<10 GeV have been computed specifically for this analysis and documented in 6.2.

7.6

PAIR

The taus should pass the old decay mode finding, the loose working point of the MVA isolation
including lifetime information, the loose working point of the muon discriminator, and the very
loose working point of the MVA discriminator against electrons. In addition, the τh are required
to have PT>18.5 GeV and |η|<2.3.

7.7 LEPTON AND

VETOES
To avoid overlaps between final states, events with additional isolated electrons (MVA WP90
ID, relative isolation less than 0.3) and muons (medium ID, relative isolation less than 0.3) are
discarded in the τhτh, eτh, and μτh di-tau final states.
Events with at least one jet with PT>20 GeV, |η|<2.4, and passing the medium working point
of the CSV algorithm are vetoed. This last criterion is especially useful to reduce the
contribution of the reducible background tt̅ and of the irreducible backgroundtt̅Z. The medium
working point is chosen to keep a large signal efficiency while rejecting the majority of events
with heavy flavor jets (the medium working point has an efficiency of about 70%, for 1%
misidentification rate of gluon or light flavor jets).
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8. OPTIMIZATION
A large background rejection is achieved by selecting only events for which the visible invariant
mass of the four leptons is below 110(eμ), 120 (eτh and μτh), or 130 (τ hτh) GeV. This selection
criterion has a signal efficiency close to 100% because the visible invariant mass is expected to
peak below the Higgs boson mass for the signal due to the presence of neutrinos in tau decays.
The threshold increases with the number of τh candidates because hadronic tau decays are
accompanied by only one neutrino, whereas leptonic ones each have two neutrino.
Distributions of this variable for signal samples corresponding to different mα are shown in
Figure 8.1. These peak below the Higgs boson mass because of the neutrinos from tau decays .
Similar distributions including the backgrounds are shown in Figure 8.2; more than 90% of the
background events are rejected, and a few events only are expected in the signal region. The
reducible background -yield is purely estimated from the fake rate method. The plots are
prefit, and uncertainty is statistical only. The signal is scaled to B(hÆααÆ2μ2τ)=0.3%.
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Figure 8.1: Distributions of the total visible invariant mass (m μμττ) in the various ditau final states, for the
different signal samples.
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Figure 8.2: Distributions of the total visible invariant mass (m μμττ) in the various ditau final states.
Additionally, the mass of the dimuon pair is required to be greater than the visible mass of the
ditau pair. The signal efficiency is again high because of the energy lost by neutrino in tau
decays, whereas the reducible background is reduced by up to a factor of 2 in the μμeμ final
state. The background reduction is calculated after the application of the cut on m μμττ. The
mass difference between the two pairs increases with mα. Distributions of this variable for
signal samples corresponding to different mα are shown in Figure 8.3. These peak above zero
mass because of the neutrino from tau decays. Similar distributions including background are
shown in Figure 8.4. The plots are prefit and the uncertainty band is statistical only. The cut on
the invariant mass of the four leptons has not been applied. The signal is scaled to
B(hÆααÆ2μ2τ)=0.5% Cutting on the invariant mass of the four leptons before would critically
change the shape of the background, removing events with large mass difference as shown in
Figure 8.5. The plots are prefit, and the uncertainty band is statistical only. The cut on the
invariant mass of the four leptons has not been applied. The signal is scaled to
B(hÆααÆ2μ2τ)=0.1%. If this cut is applied after the cut on the invariant mass of the four
leptons, the background is reduced by 30-50% depending on the final state.
Cut flow tables for MC events passing successive selection criteria are presented in Tables 8.18.4 for the different final states.
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Figure 8.3: Distributions of the difference between the visible invariant mass of the dimuon and the ditau pairs in
the various ditau final states, for the different signal samples.
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Figure 8.4: Distributions of the difference between the visible invariant mass of the dimuon and the ditau pairs in
the various ditau final states.
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Figure 8.5 : Distributions of the difference between the visible invariant mass of the dimuon and the ditau pairs
in the various ditau final states, after cutting on the invariant mass of the four leptons.
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Table 8.1: Cutflow table for the μμeμ final state.

Before gen filter
After gen Filter
Generated μμeμ final state
Initial Cuts (*)
Trigger
PT, η cuts
ΔR
μ ΙD/iso
τh ID/iso
Charge Criteria
m4l criterion
b veto
e/μ veto
mμμ>mττ
14<mμμ<64 GeV

hÆ2μ2τ,
m=40 GeV
250000
55250
5185
5069
4714
4595
2585
1547
1538
1499
1448
1448
1362
1348

hÆ4τ,
m=40 GeV
14644915
432025
95477
5210
4405
3679
3415
1618
958
957
957
914
914
439
433

ZZÆ4l
6669990
385520
10472
10113
9598
6264
3743
3714
336
333
332
134
107

The numbers correspond to the raw number of events selected in simulations without any
weight (*)initial cuts = at least 3 reconstructed tracker or global muons with PT>5 GeV, at least
one reconstructed electron with PT >5 GeV.
Table 8.2: Cutflow table for the μμeτ h final state.

Before gen filter
After gen Filter
Generated μμeτh final state
Initial Cuts (*)
Trigger
PT, η cuts
ΔR
μ ΙD/iso
τh ID/iso
Charge Criteria
m4l criterion
b veto
e/μ veto
mμμ>mττ
14<mμμ<64 GeV

hÆ2μ2τ,
m=40 GeV
250000
105625
3720
3474
2932
2792
2112
725
718
715
679
679
661
661

hÆ4τ,
m=40 GeV
14644915
432025
182530
9545
5875
3400
2982
2084
689
440
440
412
412
81
79

ZZÆ4l
6669990
2818070
12317
11170
10205
10014
8482
3106
3037
95
93
93
10
6
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Table 8.3: Cutflow table for the μμμτ h final state.

Before gen filter
After gen Filter
Generated μμμτh final state
Initial Cuts (*)
Trigger
PT, η cuts
ΔR
μ ΙD/iso
τh ID/iso
Charge Criteria
m4l criterion
b veto
e/μ veto
mμμ>mττ
14<mμμ<64 GeV

hÆ2μ2τ,
m=40 GeV
250000
55250
5185
5069
4714
4595
2585
1547
1538
1499
1448
1448
1362
1348

hÆ4τ,
m=40 GeV
14644915
432025
95477
5210
4405
3679
3415
1618
958
957
957
914
914
439
433

ZZÆ4l
6669990
385520
10472
10113
9598
6264
374
3714
336
333
332
134
107

Table 8.4: Cutflow table for the μμτ hτh final state.

Before gen filter
After gen Filter
Generated μμτhτh final state
Initial Cuts (*)
Trigger
PT, η cuts
ΔR
μ ΙD/iso
τh ID/iso
Charge Criteria
m4l criterion
b veto
e/μ veto
mμμ>mττ
14<mμμ<64 GeV

hÆ2μ2τ,
m=40 GeV
250000
105625
3720
3474
2932
2792
2112
725
718
715
679
69
661
661

hÆ4τ,
m=40 GeV
14644915
432025
182530
9545
5875
3400
2982
2084
689
440
440
412
412
81
79

ZZÆ4l
6669990
2818070
12317
11170
10205
10014
8482
3106
3037
95
93
93
10
6
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9 BACKGROUND ESTIMATION
The background is divided into two groups: irreducible and reducible. The irreducible
background, dominantly ZZ production, is estimated from simulation as detailed in Section 9.1.
The reducible background (WZ+jets, Z+jets, tt̅+ jets .. ) which has at least one jet faking one of
the leptons, is estimated from data with the fake rate method, as detailed in section 9.2. The
shape of the reducible background is taken from data in a region where the taus have the same
sign and pass relaxed isolation criteria; this procedure to estimate the shape has a better
statistical precision than the fake rate method for the shape of the background.

9.1 IRREDUCIBLE BACKGROUND
The Irreducible background is completely estimated from MC simulations. The ZZÆ4l process
is scaled to the NLO theoretical cross section. The largest irreducible background is
qqÆZZÆ4l. The ggÆZZÆ4l process contributes to about 10% of the irreducible background.
Figure 9.1 demonstrates a good control of the ZZ background in the final state with two muons
and two electrons. In this figure, events with the invariant mass of the four leptons in a window
around 125 GeV with a width of 15 GeV are removed to eliminate the contribution from the
SM Higgs boson decaying to pairs of Z bosons in the fully leptonic final state.

Figure 9.1: Distributions of the visible invariant mass (m μμττ) of the four leptons in the μμee final state. The
distribution is partially blinded in the low mass region.
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The background from the tt̅Z, WZZ, ZZZ, and SM Higgs boson productions is also estimated
from MC simulations. It is in general small, and become zero after requiring the invariant mass
of the four leptons to be below 110-130 GeV. It’s therefore not included in the signal region,
but it is in some of the control plots with high mass of the four leptons. This contribution is the
named as rare in all the plots (green colour).

9.2 REDUCIBLE BACKGROUND
The reducible background is composed of all events where at least one of the final state
leptons is faked by a jet. The major reducible background is Z+jets and WZ+jets but there are
also limited contributions from ZZÆ2l2q, tt̅, QCD multijet. Most of this background has a real
Z boson. The yield and the distribution of the reducible background is estimated separately
from data. The normalization of the reducible background is estimated with the fake rate
method, as detailed in section 9.2.1. The shape of the reducible background is taken from
same-sign data (section 9.2.2), because this technique has higher statistical precision than the
fake rate method.

9.2.1 Y IELD OF THE REDUCIBLE BACKGROUND
The yield of the reducible background is estimated with the fake rate method.
First the probabilities for jets to be misidentified as muons, electrons or τh, are evaluated in
Z+jets data events, where the Z bosons decay to dimuon pairs. Z+jets events are selected in
the same way as the signal events, except that the tau candidates have the same electric
charge and satisfy very loose identification and isolation criteria. In addition, the mass of the
dimuon pair is required to be compatible with the mass of the Z boson within a window of 40
GeV. The very loose identification and isolation criteria are:
— For jets faking τh: pass old decay mode finding, and anti-lepton discriminators, no
isolation requirement;
— For jets faking electrons :PAT electrons[43] passing conversion veto, no further
identification or isolation requirement
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— For jets faking muons: PAT muons [43], identified as global or tracker muons.
Objects selected with these criteria form the denominators of the fake rates. In the
numerator the objects should additionally pass the ID and isolation criteria required for the
leptons in the signal region.
The jetÆτh fake rate is measured in the μμτhτh, μμμτ h and μμeτh final states. The jetÆμ fake
rate is measured in the μμμτh final state, and jetÆe fake rate is measured in the μμeτh final
state.
The fake rates are measured as a function of the PT of the closest jet to the lepton. The closest
jet has to be within ΔR<0.5 of the lepton. For events where no jet is found close to the
lepton,which is the case for about 2% of the leptons, the fake rate is measured exclusively for
the whole PT range. The fake rates are parametrized with the sum of the constant and
decreasing exponential as a function of the PT of the closest jet. The fake rates are measured
separately for the barrel and endcap regions because they are slightly larger in the endcaps.
The fake rate functions for electrons, muons and τh in the barrel and in the endcaps are shown
in Fig.9.2. It can be noted that the fake rates for muons are relatively high. The reason is that
the muons in the denominator of the function (candidates of jets faking muons) are already
muon-like as they are well identified as tracker or global muons.
Events passing all selection criteria for the signal region, except that one or two tau candidate
fail the isolation and identification criteria, are reweighted as a function of the fake rate f(p ).
Data events with two tau candidates not passing the criteria are reweighted with
(f (p )f (p ))
(1 − f (p ))(1 − f (p ))

(74)

This estimation corresponds to events with two fake leptons entering the signal region. Data
events with the first tau candidate not passing the criteria are reweighted with:
f (p )/(1 − f (p ))

(75)

This estimation corresponds to events where the first tau is fake and the second tau is either
a fake or a real lepton. Data events with the second tau candidate not passing the criteria are
reweighted with:
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f (p )/(1 − f (p ))

(76)

This estimation corresponds to events where the second tau is fake, and the first tau is either
a fake or a real lepton. The background estimate corresponds to the sum of the weighted data
events with one tau failing the isolation or identification conditions, reduced by the weighted
events with two taus failing these conditions. This avoids double counting of events with two
fake taus entering the signal region. The decomposition of the reducible background
estimation in the various categories, with tau failing the ID and/or isolation conditions, is
shown in Table 9.1 for the well populated control region with high mass between the four
lepton final states. In the eμ final state, most reducible events have one real lepton and one
fake tau, and there are more events with fake electrons than events with fake muons. In the
eτh and μτh final states, most events with a fake muon/electron also have a fake taus, but about
30-50% events have a real electron/muon and a fake τh (most likely from WZ+jets events).
The method described above can lead to negative background yield in the case of statistical
fluctuations making the estimation from events with two taus (taus include any tau decay):
electrons, muons or hadronic taus) failing the isolation larger than the estimation from events
with only one tau failing the isolation. This can happen if the fake rates are small (for hadronic
taus) because the individual weights for events with two fake taus will be much smaller than
the weights for a few events with only one fake tau (but there are much more events with two
fake taus). Events with one fake tau have larger statistical fluctuations (very few events have
3 real leptons and 1 fake, compared to 2 real leptons and 2 fakes). In that case we consider the
reducible background yield to be that given by the weighted events with two taus failing the
isolation, without considering other events. In this analysis we use the background estimation
from 2 fake taus, only in the μμτhτh final state, and this should be a good approximation
because the vast majority of reducible events have two fake leptons and therefore taken into
account. The decomposition of the estimation of the reducible background in the low mass
signal region is shown in table 9.2.

82

(d) jetÆμ, endcaps

(e) jetÆe, endcaps

(f) jetÆτh , endcaps

Figure 9.2: Parametrization of the fake rates. The fake rates in the barrel are shown on top, and those in the
endcap in the bottom part of the figure. Events for which no jet was found within ΔR<0.5 of the lepton are
grouped in the first bin.

Table 9.1: Reducible background estimation in the well populated region with high mass of the four leptons
(control region).

Final State

FF

PF

FP

PP Estimate

μμeμ

51.27±0.64

55.96±2.84

72.23±1.89

76.92±3.85

μμeτh

248.4±2.87

292.1±7.5

249.7±6.2

293.5±10.4

μμμτh

37.84±0.72

51.58±3.28

42.26±1.57

55.96±4.90

μμτhτh

110.29±2.46

134.57±5.77

84.67±3.66

108.90±6.23
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Reweighted events with 2 taus failing the isolation are denoted FF, reweighted events with the
first tau (leading τh in τhτh, muon in μτh and eμ, electron in eτh) passing the isolation and the
second tau failing PF, reweighted events with the first tau failing the isolation and the second
passing FP. The combination of these reweighted events (PF+FP-FF) gives the estimation of
events in the isolated region PP. The uncertainty is statistical only.

Table 9.2: Reducible background estimation in the poorly populated signal region with low mass of the four
leptons (same mass cut as in the signal region).

Final State

FF

PF

FP

PP Estimate

μμeμ

3.71±0.18

6.00±0.93

8.24±0.64

10.53±1.18

μμeτh

4.31±0.33

6.99±1.14

2.15±1.06

9.43±3.33

μμμτh

1.91±0.14

3.53±0.77

2.15±0.33

3.76±0.92

μμτhτh

1.25±0.26

-

-

1.25±0.26

Reweighted events with 2 taus failing the isolation are denoted FF, reweighted events with the
first tau (leading τh in τh τh, muon in μτh and eμ, electron in eτh) passing the isolation and the
second tau failing PF, reweighed events with the first tau failing the isolation and the second
passing FP. The combination of these reweighted events (PF+FP-FF) gives the estimation of
events in the isolated region PP. In the τh τh final state, the estimate of PP is taken as
reweighted FF events. The uncertainty is statistical only.

9.2.2 S HAPE OF THE REDUCIBLE BACKGROUND
The shape of the reducible background is obtained by selecting events with the tau candidates
having the same sign charge, while the dimuon pair is selected as previously. The cuts on m 4l
and on the dilepton mass difference are applied. This region is signal- and ZZ- free because the
τh charge misidentification is only of the order of 1-2%. To increase the statistical precision of
the templates, the isolation criteria on the tau candidates are loosened. This is necessary
because the simple inversion of the charge requirement would lead to zero observed events
in most final states in the region of interest, characterized by a low invariant mass of the muon
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pair. The isolation criteria used to extract the shape of the reducible background from the same
sign region are:
— eμ: relative muon and electron isolation less than 2.0, no electron ID, loose PF muon ID.
— eτh: electron HZZ MVA ID, raw MVA isolation output above -0.90 for the τh.
— mτh: loose PF muon ID, muon isolation less than 1.0, raw MVA isolation output above 0.90 for the τh.
— τh τh: raw MVA isolation output>-0.9 for both τh.
Additionally, τh reconstructed in the 2-prongs decay mode are also used to derive the shape of
the reducible background (but this decay mode is not used to select τh in the signal region).
The relaxed isolation criteria do not bias the reducible background composition. In particular,
in the eτh and μτh channels, the electron/muon identification and isolation criteria are kept
rather tight to keep the same ratio of WZ+jets events (which have 3 real leptons) and Z+jets
events (which have 2 real leptons). The shape is seen to be compatible with the shape
estimated with the fake rate method, but with a higher statistical precision.

9.3 V ALIDATION OF THE REDUCIBLE BACKGROUND ESTIMATION
9.3.1 V ALIDATION IN THE HIGH

REGION

The normalization of the reducible background is checked in a signal-free region orthogonal to
the signal region, defined in the same way as the signal region but with inverted visible
invariant mass of the four leptons (above the signal regions of all four final states) and less
than 300 GeV (tail of the distribution), as shown in Fig.9.3. The corresponding dimuon mass
distribution is shown in Fig.9.4. In addition no cut on the difference between the ditau and
dimuon masses are applied to increase the statistics. Scaling factors are extracted individually
for the different final states, by matching the reducible background yield to the difference
between the data and irreducible background yield. The scaling factors and their uncertainties
are given in Table 9.3. The uncertainties account for the statistical uncertainty of the observed
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data, of the reducible background estimate, and of the small ZZ background contribution. The
scaling factors are all compatible to 1.0 demonstrating that the yield estimation works fine. In
the signal region (low mass), no scaling factor is applied, but a 20 (40) % uncertainty for the
μμμτh and μμeτh (μμeμ and μμτhτ h) final states is considered to cover the level of closure
observed in the high mass region.

Figure 9.3: Distributions of the total visible invariant mass (m μμττ) in the various ditau final states.

The reducible background yield is purely estimated from the fake rate method, and no scale
factor is applied. The scale factors that would be needed to adjust the yield of the reducible
background to the observation in the signal-free region with mμμττ (mμμττ>110-130 GeV
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depending on the final state) are given in table 9.3. The plots are prefit, and only the statistical
uncertainty is shown.
Table 9.3: Scale factors for the reducible background, extracted from the signal-free region with high mμμττ
(mμμττ>110-130 GeV depending on the final state).

Final State

Scale Factor

μμeμ

1.41±0.17

μμeτh

1.05±0.07

μμμτh

1.07±0.17

μμτhτh

1.40±0.16

The uncertainties account only for the statistical uncertainty and do not include any systematic
component. The scale factors are obtained by dividing the difference between data and
irreducible backgrounds by the predicted reducible yield.
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Figure 9.4: Distributions of the dimuon invariant mass (m μμ) in the various ditau final states.

The reducible background yield is purely estimated from the fake rate method, and no scale
factor is applied. The scale factors that would be needed to adjust the yield of the reducible
background to the observation in the signal-free region with high mμμττ (mμμττ>110-130 GeV
depending on the final state) are given in Table 9.3. The plots are prefit, and a 30% uncertainty
band is shown on the reducible background.
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9.3.2 V ALIDATION IN THE SAME – SIGN REGION
The reducible background estimation is verified in a signal-free control region, which is defined
as the signal region, except that no cut is applied on the invariant mass of the di-muon pair nor
on the invariant mass of the four leptons, and the tau are candidates required to have the
same charge. The results are shown in Fig.9.4 for the invariant mass of the four leptons, and in
Fig.9.5 for the mass of the dimuon pair. There is relatively good agreement between the
observed data and the predictions from the fake rate method, taking into account statistical
fluctuations in particular in the μμμτh final state.
Inverting the dimuon sign requirement does not provide a well-populated control region
because the vast majority of the reducible background events have a real Z boson formed by
two opposite sign muons.
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Figure 9.4: Distributions of the total visible invariant mass (m μμττ) in the various ditau final states, after inverting
the charge requirement for the di-tau pair.

The reducible background yield is purely estimated from the fake rate method, and no scale
factor is applied. The plots are prefit and the error band is statistical only.
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Figure 9.5: Distributions of the dimuon invariant mass (m μμ) in the various ditau final states, after inverting the
charge requirement for the di-tau pair.

The reducible background yield is purely estimated from the fake rate method, and no scale
factor is applied. The plots are prefit and a 30% uncertainty error band on the reducible
background is shown.
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9.3.3 V ALIDATION WITH 2-PRONG TAUS
Two-prong taus have been designed to recover some efficiency losses when one track of the
taus is lost. This decay mode reconstructs only a small fraction of taus (15%) and suffers from
a large fake rate but also the statistics is low. It is therefore not used in most analyses, except
if backgrounds are negligible and if small increase of the signal yield is important. In this
analysis we do not use two-prong taus. However we perform a check using 2-prong taus to
validate the background estimation procedure.
This analysis is repeated using only τh that pass the new decay mode finding but fail the old
decay mode finding, and therefore effectively reconstructed in the 2-prong decay mode. The
same selection as in the signal region is otherwise applied, with the exception of the cuts on
mμμττ and mμμ-mττ to keep high statistics. The jetÆ τh fake rates are measured for this particular
decay mode to apply the fake rate method. The resulting m μμττ distributions for the three final
states with τh are shown in Fig.9.6, and the mμμ corresponding distribution is in Fig 9.7. The
agreement between data and background is good, both at low mμμττ (equivalent to the signal
region) and at high mμμττ.
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Figure 9.6: Distributions of the total visible invariant mass ( mμμττ) in the ditau final states with τ h, after selecting
only τh reconstructed in the 2-prong decay mode.

The reducible background yield is purely estimated from the fake rate method (with fake rates
computed specially for 2-prong taus), and no scale factor is applied. The plots are prefit, and
only the statistical uncertainty is shown.
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Figure 9.7: Distributions of the dimuon invariant mass in the ditau final states with τ h, after selecting only τh
reconstructed in the 2-prong decay mode.

The reducible background yield is purely estimated from the fake rate method (with fake rates
computed specially for 2-prong taus), and no scale factor is applied. The plots are prefit, and a
30% uncertainty band on the reducible background is shown.

9.3.4 V ALIDATION IN M ONTE C ARLO SAMPLES
We check the validity of the fake rate method in MC events for processes with fake leptons.
We use a weighted mixture of WZ+jets and Z+jets events, reflecting the reducible background
composition in the signal region. To increase the statistics in the signal region for this test,
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there is no cut on the invariant mass of the four leptons nor on the mass difference between
the dimuon and the ditau pairs. Because the misidentification rates may be different in MC
and in data, the fake rates for this test are measured in simulations, using the same MC mixture
as described previously. The dimuon mass distribution obtained by applying the selection to
MC events is compared to the estimation obtained by reweighting anti-isolated events in the
simulations with the functions of the fake rates. As show in Fig. 9.8, there is a good agreement
in all final states, with some tensions in the μμeμ final state (the tensions are covered by the
uncertainty assigned to the reducible background estimate in the main analysis). Perfect
closure is not expected because the events in which the fake rates are measured are
completely orthogonal to the events to which the fake rates are applied. The same check is
performed in events where the two tau candidates have the same charge, but otherwise pass
the same selection as detailed above. The results are given in Fig.9.9, and a good agreement is
seen in all final states including μμeμ.
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Figure 9.8: Distributions of the dimuon invariant mass for events selected in MC simulations (black points) and
for MC events with anti-isolated leptons reweighted with the fake rate method.

The simulations are a weighted mixture of Z+jets and WZ+jets events. The fake rates for this
test have been measured in MC events. The selection applied is the same as in the signal
region, except that there is no cut on the invariant mass of the four leptons nor on the mass
difference between the dimuon and the ditau pairs. Only the statistical uncertainty is shown.
The simulations are a weighted mixture of Z+jets and WZ+jets events. The fake rates for this
test have been measured in MC events. The selection applied is the same as in the signal
region, except that there is no cut on the invariant mass of the four leptons nor on the mass
difference between the dimuon and the ditau pairs and that are the two tau candidates
required to have the same charge. Only the statistical uncertainty is shown.
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9.3. S AME SIGN AND F AKE RATE SHAPES COMPARISON
The shapes obtained with the fake rate method and by relaxing the isolation in the same sign
region compared to determine if relaxing the isolation introduces any bias. Figure 9.9 shows
the reducible background di-muon mass shapes in the signal region, obtained either by
relaxing the tau candidate isolation in same-sign data or by applying the fake rate method.
Both shapes are normalized to the yield predicted by the fake rate method. Relaxing the
isolation in data provides less statistical fluctuations. The shapes are compatible between each
other within large uncertainties. The probabilities from Kolmogorov-Smirnov tests, indicated
in the figures are close to 1.0 for all final states and confirm the good agreement between both
methods.

Figure 9.9: Dimuon mass shapes of the reducible background obtained by relaxing the isolation samesign data and with the fake rate method. Values of the Kolmogorov-Smirnov tests between both shapes are
indicated in the plots. The distributions are all normalized to unity.
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9.3.6 M ONTE C ARLO V ALIDATION OF THE REDUCIBLE BACKGROUND SHAPE
We compare the shapes obtained in WZ+jets and Z+jets MC by selecting events with isolated
lepton candidates to the shapes obtained either with the fake rate method applied to MC or
to the shapes obtained by selecting events with same-sign tau candidates passing relaxed
isolation (which corresponds to the selection used to estimate the shape of the reducible
background in the signal region of the analysis). The results are shown in figures 9.10 and 9.11
for different dimuon mass ranges. The results are in good agreement for the three methods
within statistical uncertainties.

Figure 9.10: Normalized dimuon mass shape of the reducible background obtained by selecting isolated events
in MC (black), by applying the fake rate method to anti-isolated events in MC (red), or by selecting same-sign
events with relaxed isolation in MC(green). The simulations are a weighted mixture of Z+jets and W+jets.
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Figure 9.11: Normalized dimuon mass shapes of the reducible background obtained by selecting isolated events
in MC(black), by applying the fake rate method to anti-isolated events in MC (red), or by selecting same-sign
events with relaxed isolation in MC (green). The simulations are a weighted mixture of Z+jets and WZ+jets.

9.4 S UMMARY OF THE BACKGROUND ESTIMATION PROCEDURE
As a summary:
— The irreducible background (four real leptons) is estimated from simulation. The ZZ
background from quark-antiquark annihilation is generated with Powheg generator, while
the ggÆZZ process is generated with MCFM generator.
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— The yield of the reducible background is estimated with the fake rate method, based on
the two nonisolated τ candidates. These events are reweighted with factors that describe
the probability for jets to pass the isolation criteria used to select the τ candidates. The
misidentification probabilities for jets are measured in ZÆμμ+jets events, selected with
the same selection criteria as in the signal region except that neither isolation or
identification criteria are applied to the τ candidates, which are further required to have
same sign. Additionally the dimuon pair is required to have an invariant mass between 70
and 110 GeV, The probabilities have been also measured separately in the barrel and in the
endcaps as a function of the PT of the jet that is closest to the lepton.
— The shape of the reducible background is taken from data in a region with same-sign taus
passing relaxed isolation criteria, as it gives smoother (while compatible) templates than
the fake rate method. To increase the statistical precision of the templates and enrich the
region in the event with jets misidentified as leptons, the isolation criteria on the τ
candidates are relaxed and τh are also allowed to be reconstructed as 2-prong decays.
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10 - BACKGROUND AND SIGNAL MODELS
The results are extracted by fitting the dimuon mass distributions. These distributions are
parametrized for the signal and various backgrounds.
The reasons to make an unbinned fit are:
— The dimuon mass resolution is very good, and the signal is concentrated in a narrow
dimuon mass range;
— The background yield is very low, and the parametrization helps smoothen the shape
of the backgrounds in the narrow dimuon mass ranges where the signal can lie.
The hÆααÆ2μ2τ and hÆααÆ4τ signal processes are parametrized with different types of
functions given their specific dimuon mass distributions. The reducible and irreducible
backgrounds are parametrized separately with generic polynomials.

10.1 S IGNAL MODEL FOR Æ

Æ

The signal distributions are parametrized with Voigt functions. Voigt functions are
convolutions of Gauss and Lorentz profiles with the same mean, and have 3 parameters, the
mean, α, from Lorentz profile and σ from Gauss profile.
( )=∫
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Where the Gaussian profile is centered on 0 and defined as:
/(

( , )=

)

√

(78)

And the Lorentzian distribution is:
( , )=

(

)

(79)

In practice the Voigt function and its components (mean, alpha, sigma) are centered close to
the α boson mass hypothesis. The Lorentzian component reflects the natural width of the
signal, while the Gaussian component considers experimental resolution effects.
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Signal samples are generated with AMC@NLO generator for masses between 15-60 GeV with
5 GeV steps. Fits for the dimuon pair are performed for every mass hypothesis and every final
state after the full selection was applied. A good fit quality is observed for all of them.
The signal parametrizations for the generated mass points are shown in Fig.10.1. -10.10 The
dimuon mass resolution is better than 2% for all masses.

Figure 10.1 : Fit of the hÆααÆ2μ2τ signal distributions of the dimuon invariant mass for m α=15 GeV.
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Figure 10.2:Fit of the hÆααÆ2μ2τ signal distributions of the dimuon invariant mass for m α=20 GeV.

Figure 10.3:Fit of the hÆααÆ2μ2τ signal distributions of the dimuon invariant mass for m α=25 GeV.
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Figure 10.4:Fit of the hÆααÆ2μ2τ signal distributions of the dimuon invariant mass for m α=30 GeV.

Figure 10.5:Fit of the hÆααÆ2μ2τ signal distributions of the dimuon invariant mass for m α=35 GeV.
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Figure 10.6:Fit of the hÆααÆ2μ2τ signal distributions of the dimuon invariant mass for m α=40 GeV.

Figure 10.7 :Fit of the hÆααÆ2μ2τ signal distributions of the dimuon invariant mass for m α=45 GeV.
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Figure 10.8:Fit of the hÆααÆ2μ2τ signal distributions of the dimuon invariant mass for m α=50 GeV.

Figure 10.9:Fit of the hÆααÆ2μ2τ signal distributions of the dimuon invariant mass for m α=55 GeV.
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Figure 10.10 : Fit of the hÆααÆ2μ2τ signal distributions of the dimuon invariant mass, for mα=60 GeV, with
Voigt profiles in the four ditau final states.

The relative half width half maximum (HWHM) of the Voigt profiles for each fit is given in Table
10.1. It is about 1.5%, and there is no dependence on the mass nor on the final state.
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Table 10.1: Half width at half maximum, divided by the mean, for the signal models for different mass
hypotheses and final states.

Mass mα

eμ

eτh

μτh

τhτh

mα=15 GeV

1.3%

1.3%

1.4%

2.0%

mα=20 GeV

1.6%

1.5%

1.5%

1.4%

mα=25 GeV

1.4%

1.4%

1.6%

1.3%

mα=30 GeV

1.6%

1.6%

1.5%

1.3%

mα=35 GeV

1.7%

1.4%

1.4%

1.4%

mα=40 GeV

1.2%

1.4%

1.5%

1.4%

mα=45 GeV

1.8%

1.3%

1.4%

1.4%

mα=50 GeV

1.3%

1.4%

1.6%

1.3%

mα=55 GeV

1.5%

1.8%

1.5%

1.8%

mα=60 GeV

1.5%

1.6%

1.4%

1.4%

There is no dependence on the final state or on the mass and the average value at 1.5%.
The parameters of Voigt functions are determined for each available MC simulation mass, and
for each final state. The evolution of the parameters as a function of the pseudoscalar mass
mα is determined to interpolate the signal modeling to masses not covered by any MC
simulation. To do so, the Voigt parameters are parametrized with third-degree polynomials as
a function of mα. The functions of the Voigt parameters are shown in Fig. 10.11 for the various
final states. As expected, the fitted mean corresponds to mα all over the mass spectrum. The
width (α and σ parameters) increases with mα, with each parameter being about 1% m α.
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Figure 10.11 : Fit of the Voigt parameters as a function of m α, in the four ditau final states.

The evolution of the parameters with mα is parametrized with third-degree polynomials. The
blue lines in the plots of α show the uncertainty of 20% considered in the fit model. A 20%
uncertainty, fully anti-correlated with the uncertainty on α, is considered on σ.
The normalization of the signal samples after the final selection can also be parametrized as a
function of mα in order to extrapolate from the available MC samples to any intermediate
mass as shown in Fig.10.12. The shape of the function of mα, with a sort of plateau at
intermediate mass, can be explained by the interplay between high P T leptons at large mα
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because they originate from a boosted mother. At m α ≈ 15 GeV the efficiency is reduced
because the taus start to overlap within each other’s isolation cone.

Figure 10.12: Fit of the normalization of the hÆααÆ2μ2τ signal samples as a function of mα, in the four ditau
final states.

The evolution of the normalization with m α is parametrized with a third-degree polynomial.
The y-axis indicates the number of events assuming B(hÆααÆ2μ2τ)=0.1% for any mα.
This parametrization allows us to describe the signal shape for any mass m α, as shown in
Fig.10.13. As shown in the below figure (10.13) the signal parametrization of dimuon mass
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produced by hÆααÆ2μ2τ decay forms a narrow pick. This is one of the advantages of studying
this decay channel since the di-muon pair has excellent mass resolution.

Figure 10.13 : Signal models obtained from the parametrizations for different mass points.

We check the extrapolation of the parameters to masses where no MC sample is available by
removing a signal sample from the parametrization and comparing the functions obtained
from the extrapolated parametrization and from the direct fit in the sample that had been
removed. The results are shown in Fig.10.14 for mα=40GeV in different final states. Good
agreement is generally seen between the direct fit and the extrapolation. A larger
disagreement is observed in the μμτ hτh final state; it can be related to a likely statistical
fluctuation in the normalization of the mα=40GeV sample, as can be seen from parametrization
of the signal normalization in Fig.10.4.
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Figure 10.14: Closure test of the extrapolation of the signal description at various m α

10.2 S IGNAL MODEL FOR Æ

Æ

The signal of hÆααÆ4τ has a very different dimuon mass distribution than the hÆααÆ2μ2τ
signal. The two reconstructed muons that have been considered to form the dimuon mass
distribution can come either from a same pseudoscalar boson, or from two different
pseudoscalar bosons. When the two muons come from the same boson, their dimuon mass
distribution is a wide peak below mα because of the neutrino from tau decays. When the two
muons come from different bosons, they do not form a resonance and their dimuon mass
distribution is rather flat, with trends dictated by the kinematic cuts (e.g. high mass tail reduced
because of the cut on the invariant mass of the four leptons).
The dimuon mass distributions of hÆααÆ4τ are parametrized with the sum of a low mass
Gaussian and of a flatter Bernstein polynomial for the non-resonant combinations. This signal
model has six free parameters: the mean of the low mass Gaussian, the width of the low mass
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Gaussian, the 3 parameters of the Bernstein polynomial, and the ratio between the
normalization of the Gaussian and Bernstein components. This parametrizations for
mα=20GeV to mα=60GeV are shown in Fig.10.15 -10.19.

Figure 10.15:Fit of the hÆααÆ4τ signal distributions of the dimuon invariant mass for m α=20 GeV.
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Figure 10.16:Fit of the hÆααÆ4τ signal distributions of the dimuon invariant mass for m α=30 GeV.

Figure 10.17: Fit of the hÆααÆ4τ signal distributions of the dimuon invariant mass, for m α=40 GeV with Voigt
profiles in the four ditau final states.

Figure 10.18: Fit of the hÆααÆ4τ signal distributions of the dimuon invariant mass, for m α=50 GeV with Voigt
profiles in the four ditau final states.
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Figure 10.19: Fit of the hÆααÆ4τ signal distributions of the dimuon invariant mass, for m α=60 GeV with Voigt
profiles in the four ditau final states.

As done previously, the evolution of these parameters can be parametrized as a function of
mα to extrapolate the model to additional mass points not covered by MC simulations. The
parametrizations of the mean of the Gaussian, width of the Gaussian, and fraction of the
Gaussian and Bernstein components, are given in Fig.10.20.
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Figure 10.20: Fits of the mean and width of the low mass Gaussian, as well as of the ratio between the Gaussian
and Bernstein components, for the hÆααÆ4τ signal, as function of mα, in the four ditau final states.

The evolution of the parameters with mα is parametrized with polynomials of various degrees.
The blue lines show the uncertainties in the parameters considered in the fit model to extract
the results.
The normalization of these samples can also be parametrized as a function of m α in order to
extrapolate from the available MC sample to any intermediate mass, as shown in Fig. 10.21
Comparing to Fig.10.12 the normalization of hÆααÆ4τ is about half of that of hÆααÆ2μ2τ
(it is a bit more in the μμeμ and μμτhμ final state because of lower p T thresholds on the
leptons).
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Figure 10.21: Fit of normalization of the hÆααÆ4τ signal samples as function of mα, in the four ditau final
states.

The evolution of the normalization with m α is parametrized with a third-degree polynomial.
The y-axis indicates the number of events assuming B(hÆααÆ2μ2τ)=0.1% for any mα.
As detailed in section 5.3, before any selection, hÆααÆ4τ is about 20 times hÆααÆ2μ2τ.
Τhe reduction of the ratio after selection is explained by several reasons:
— The muons from hÆααÆ4τ are not necessarily opposite sign, leading to a lower
efficiency w.r.t the muons to have opposite sign;
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— The muons from hÆααÆ4τ are softer as they come from tau decays, leading to a lower
efficiency for the cuts on the PT of the leptons;
— The dimuon mass is not necessarily larger than the ditau mass for hÆααÆ4τ because
the muons also come from tau decays, and are actually softer than hadronic taus,
leading to a lower efficiency for the cut on mμμ>mττ;
— The dimuon mass is not necessarily less than 62.5 GeV for hÆααÆ4τ because the
muons can come from different a bosons, leading to a lower efficiency when selecting
the dimuon mass range for the signal region (14<mμμ<64 GeV).
This parameterization allows us to describe the hÆααÆ4τ signal shape for any mass mα as
shown in figure 10.22.

Figure 10.22: Signal models for hÆααÆ4τ for different mass points.

118

10.3 R EDUCIBLE BACKGROUND MODEL
The shape of the reducible background, obtained from data in the same sign region with
relaxed isolation conditions, is fitted with a second-degree Bernstein polynomial. Bernstein
polynomials are chosen as a generic functional form that is positively defined.
The n+1 Bernstein-basis polynomials used to build a Bernstein polynomial with n degrees of
freedom are defined as:
,

Where

( )=

(1 − )

, with i=0,…,n

(80)

are binomial coefficients. Bernstein polynomials are positively defined for x

between 0 and 1 which makes them a good choice to describe data limited by statistics.
The second degree is chosen because it is the minimal degree that allows for a good fit quality
for all final states. This has been determined via F-test described in the next paragraph.
The degree of the Bernstein polynomial is chosen to be the lowest that gives a good data
description; in other words, the degree n is chosen if degree n+1 does not bring significant
improvement to the fit quality. The minimized negative log-likelihood, NLL, which describes
the level of agreement between the fit function and the distribution of the selected events,
can be measured for the fits with polynomials with degree n or n+1. It can be shown that their
difference follows a chi-square distribution with one degree of freedom: 2(NLL −
NLL

)~χ . The number of degrees of freedom n is chosen over n+1 if the chi-square

between these two fits shows no significant improvement (p-value<0.05 with F-distribution):
p(χ ≥ 2(NLL − NLL
2(NLL − NLL

)) < 0.05 . A significant improvement therefore consists in

)) > 3.85. The differences for the fits with Bernstein polynomials of

different degrees are shown in Table 10.2. Based on these results, we choose the third degree
for the μμeμ and μμμτh final states, and the second degree for the other two final states.
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Table 10.2: Twice the difference between the minimum negative log-likelihood values for two adjacent
polynomial degrees in the different states for the fit of the reducible background.

2 × (NLL − NLL

Polynomial

)

degree (nÆn+1)
Final State

μμeμ

μμeτ

μμμτh

μμτhτh

2Æ3

15.93

0.95

12.00

2.06

3Æ4

1.97

-

0.174

-

The improvement brought by the additional degree of freedom is judged significant if this
value is larger than 3.85. The third degree improves the fit quality significantly for the μμeμ
and μμμτh final states, but not for other two final states.
The fits in the different ditau final states are shown in Fig.10.23. The modeling of the reducible
background with third-order Bernstein polynomials in the four final states are shown, the black
dots correspond to observed events selected in control regions. It can be noticed that the
reducible background is described with less polynomial degrees of freedom than the ZZ
background which is subdominant. The reason is that the distribution of the ZZ background is
better constrained by the large statistics from the MC sample.
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Figure 10.23: Fit of the reducible background distributions with Bernstein polynomial with 2 or 3 degrees of
freedom, in the four ditau final states.

10.4 IRREDUCIBLE BACKGROUND MODEL
The shape of the irreducible background is fitted with Bernstein polynomials. Bernstein
polynomials are chosen as generic functional forms that are positively defined. The fifth degree
is chosen for μμeμ and μμμτ h, the third degree for μτh, and the fourth degree for μμτhτh. This
is the result of an f- test, corresponding to table 10.4. The fits in the different ditau final states
are shown in Fig.10.24. Given the good agreement between the fit and the simulations, and
the low expected yield for the ZZ background, no uncertainty on the choice of the fit function,
or the fit parameters is considered.
Table 10.4: Twice the difference between the minimum negative log-likelihood values for two adjacent
polynomial degrees in the different final states, for the fit of the irreducible background.
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2 × (NLL − NLL

Polynomial

)

degree (nÆn+1)
Final State

μμeμ

μμeτ

μμμτh

μμτhτh

2Æ3

289.80

172.16

382.60

18.58

3Æ4

13.00

3.68

6.80

5.67

4Æ5

19.4

-

65.60

0.36

5Æ6

1.80

-

2.60

-

The improvement brought by the additional degree of freedom is judged significant if this
value is larger than 3.85. The fifth degree is chosen for μμeμ and μμμτh, the third degree for
μτh, and the fourth degree for μμτ hτh.

Figure 10.24: Fit for the irreducible background distributions, with Bernstein profiles with 3 to 5
in the four ditau final states. The markers correspond to events selected in ZZÆ4l simulation
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11 S YSTEMATIC UNCERTAINTIES

11.1 U NCERTAINTIES RELATED TO PHYSICS OBJECTS
The uncertainty related to the identification and tracking of muons amounts to 2% per single
muon [34]. It is applied to all processes fully estimated from MC samples. Similarly, 2%
uncertainty is assigned to the yield of MC processes with real electrons in the final state, to
account for the uncertainty is assigned to the yield of MC processes with real electrons in the
final state, to account for the uncertainty in the electron isolation and identification efficiency
[39]. These uncertainties are multiplied by the electron or muon multiplicity.
The uncertainty in the data/MC scale factors related to the identification of hadronically
decaying taus is 5%, as recommended by TauPOG[36].
The nominal energy scale is corrected on the basis of the decay mode: -1.8% for 1 prong taus,
+1.0% for 1 prong + 1 π0 and +0.4% for 3 prong taus [36]. These corrections come from a
measurement within the TAU POG, made in ZÆ μτh events and based on a fit to the visible
mass distributions. The uncertainty on the correction is 1.2% per decay mode. The energy scale
uncertainty is extracted by shifting the four-vectors up and down 1.2% [36], recomputing
composite variables in the analysis. As the dimuon mass distribution is not affected by scaling
the tau four-vectors, this uncertainty amounts to 1% for the signal and ZZ background, while
it rises to 3% for the final state with 2 τh. The tau energy scale in the data does not affect the
mμμ distributions but has an effect on the estimated yield process from MC simulations
because of the PT thresholds applied to the select hadronic taus.
Applying a bjet veto brings a 0.5% uncertainty on the yield of signal and irreducible background
processes both estimated from MC simualtions. It has been computed by propagating the
uncertainties in the scale factors provided by the BTV POG [40].
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11.2 U NCERTAINTIES RELATED TO THE BACKGROUND ESTIMATION
The uncertainty on the ZZÆ4l background is decomposed into +3.2/-4.2% related to the GCD
scale, +3.1/-3.4% related to the PDF set, and +0.1/-0.1% related to electroweak corrections
[44]. The ggZZ process has an additional 10% uncertainty [44].
The uncertainty in the fitting model for the irreducible background is negligible because the
irreducible background is generally subdominant with respect to the reducible background,
and because the MC simulations are populated enough to lead to precise shape description as
shown in Fig.10.11. The relative normalization of the irreducible background over the total
background is 12,5,23 and 2% for the μμeμ, μμμτh, μμeτ h, μμ hτh final states respectively.
The yield uncertainty in the reducible background accounts for two different components: the
closure level observed in the various validation regions, and the statistical uncertainty of the
background estimate in the signal region with low mass of the four leptons. The numbers are
summarized in Table 11.1.
The shape uncertainty of the reducible background is considered by varying the decorrelated
parameters of the Bernstein functions. These are considered as parametric uncertainties in the
fit model. In practice, this uncertainty has a limited impact on the analysis because statistical
uncertainties on the data and background predictions dominate. This uncertainty accounts for
the statistical uncertainty related for this particular choice of model.
Table 11.1 : Uncertainties in the estimation of the reducible background yield

Final State
μμeμ

Unc. On the Closure(%)
40

Unc. On the low mass estimate (%)
11

μμeτ
μμμτh
μμμτh

20
20
40

17
23
21
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11.3 U NCERTAINTIES RELATED TO THE SIGNAL ESTIMATION
A yield uncertainty is considered for the signal to account for possible biases related to the
parametrization of the normalization as function of mα. This uncertainty is determined by final
state based on the deviations of the signal samples from the parametrization of normalization,
shown in Fig.11.1 and 11.2 for the hÆααÆ2μ2τ and hÆααÆ4τ signals respectively. It
amounts to 5% for all final states, both for the hÆ4τ and hÆ2μ2τ signals.
Additionally the uncertainty associated to estimation of the contribution of the VBF production
mode amounts to 1% of the total signal yield. This arises from the fact that the statistical
uncertainty in the VBF yield is about 10% and the VBF yield is about 10% of the total signal
yield.
Uncertainties related to the parametrizations of the signal shapes are also taken into account.
The uncertainty in the mean of the signal distribution of the Voigt function for hÆ2μ2τ is 0.2%
and has in practice a negligible impact on the analysis. The correlation between the
uncertainties on the parameters α and σ for the Voigt profile is almost 100% as they both
govern the width of the resonance. An uncertainty of 20% on the parameter α is considered
to cover the uncertainty on the width of the resonance, and it is fully anti-correlated with a
20% uncertainty on the parameter σ. The 20% uncertainty is illustrated with the blue line on
the fit of the parameters in Fig.10.2.

11.4 OTHER U NCERTAINTIES
The uncertainty in the collected integrated luminosity in 2016 amounts to 2.5% [45]. It
applied to all processes whose normalization is taken from MC simulations, and it is fully
correlated between final states. The trigger uncertainty is 2%.
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Figure 11.1: Relative difference between the normalization measured directly from the h ÆααÆ2μ2τ
simulations, and the fitted normalization used for the extrapolation, for the four different final states.
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Figure 11.2: Relative difference between the normalization measured directly from the h ÆααÆ4τ simulations,
and the fitted normalization used for extrapolation, for the four different final states.

11.5 IMPACTS
The impacts of these various uncertainties are shown below Fig. 11.3a and Fig. 11.3b. The
analysis is very statistically limited, and the systematics play a little role. The leading systematic
uncertainties are those affecting directly the signal yield. The uncertainties related to the
shape modeling of the signal and backgrounds have on average a small impact on the analysis.
No significant constrained of the nuisance parameters is observed. The x-axis in the second
part is 10-3.
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Figure 11.3a : Impacts of various uncertainties
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Figure 11.3b : Impacts of various uncertainties
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12 RESULTS
This thesis presents a search for an exotic decay of the Higgs boson to a pair of light
pseudoscalar bosons in the final states of two muons and two tau leptons. The analysis is based
on data collected in 2016 by the CMS experiment in p-p collisions at a center-of-mass energy
of 13 TeV, corresponding to an integrated luminosity of 35.9 fb -1. Masses of the pseudoscalar
boson between 15.0 and 62.5 are probed and four different final states are considered
depending of the decay of the tau lepton: μμ+eμ, μμ+eτ h, μμ+μτh, μμ+τ hτh where τh denotes
hadronic tau. The event selection and signal extraction used in this analysis have been
optimized for the hÆααÆ2μ2τ decay channel, where h has the mass of 125 GeV. Events from
the hÆααÆ4τ process can also entered the signal region when at least two of the τ leptons
decay leptonically to muons and neutrinos.
The simulation for the decay channels in the signal region is performed with Madgraph
generator for 15 to 60 GeV with step of 5GeV in hÆααÆ2μ2τ and samples while for
hÆααÆ4τ channel mass samples of 20,40,60 GeV have been produced. The background
contribution for this analysis is separated in two categories, the irreducible and reducible. The
irreducible process is estimated from MC samples for ggÆZZÆ4l and qqÆZZÆ4l process
scaled to NLO and LO respectively and generated with Powheg and MCFM generators. Rare
processes such as triboson,

̅ or SM Higgs boson production have a negligible contribution

to the signal region since they typically have a larger invariant mass of the four leptons in the
final state. The background composed of events where at least one jet is misidentified as one
of the final sate leptons is named reducible background process and is estimated from data.
Such events include mostly Z+jets, WZ+jets but there are also minor contributions from
ZZÆ2l2q events and

̅ production. The yield and the shape of these backgrounds are

estimated from data via a two-step procedure. The shape is obtained from the data in a signal
and ZZ free control region with the τ candidates of the same sign (SS). The isolation and
identification criteria of the τ candidates are relaxed and also 2 prong tau decays are allowed
to be reconstructed in order to enrich the region in events with jets misidentified as leptons.
The second step was to estimate the yield from data events that have one or two non-isolated
τ candidates. These events are reweighted with factors that describe the probability for jets to
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pass the isolation criteria used to select the τ candidates. The misidentification probabilities
for jets are measured in ZZÆμμ+jets events, selected with the same selection criteria as in the
signal region except that neither isolation nor identification criteria are applied to the τcandidates, which are further required to have SS. The probabilities are measured separately
in the barrel and in the endcaps as a function of the P T of the jet that is closest to the lepton.
Simulated samples include additional p-p interactions per bunch crossing (pileup) and are
reweighted so as to match the pileup distribution observed in data. Generated events are
processed through a simulation of the CMS detector based on GEANT. Then the reconstruction
of the events is performed utilizing the PF algorithm that combines the information from the
CMS sub-detectors to identify and reconstruct the particles emerging from pp collisions. For
the event selection in all the final states, kinematics, identification and isolation cuts are
applied considering also the trigger used in each final state. Optimization cuts have also been
applied on the invariant mass of the four leptons achieving higher signal efficiency and
reduction of the backgrounds.
The results are extracted by fitting the reconstructed dimuon mass distributions. The dimuon
mass distributions are parametrized for different mα. The parameters of the functions are fit
for each simulated mass and for each final state. The parameters are interpolated for signal
masses not covered by simulation and also extrapolated to m α= 62.5 GeV. The backgrounds
have also been parametrized with Bernstein polynomials. Systematic uncertainties have been
also considered in this analysis related to the physics objects, background estimation and signal
estimation.
The search for an excess of signal events over the expected background involves a global
maximum likelihood fit based on the unbinned mass distributions in the different channels.
The only free parameter in the fit is the signal strength. The normalization and the shape of
signal and backgrounds are constrained via constrained nuisance parameters. In figure 12.1
dimuon mass distributions in the μμ+eμ (top left), μμ+eτh (top right), μμ+μτh (bottom left) and
μμ+τhτh (bottom right) final states are shown. The total background estimation (reducible and
irreducible) and it’s uncertainty are given by the black lines. The expected and observed mμμ
are shown. Every observed event is indicated together with its precise m μμ value. The
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histograms for the two background components are shown for illustrative purposes only as
the background models are extracted from unbinned fits. The signal is drown in blue above
the background model and includes both hÆααÆ2μ2τ and hÆααÆ4τ, and is normalized
using B(hÆααÆ2μ2τ)=0.01% assuming the relation below (documented in Chapter 5 utilizing
eq. 70-72 ) to determine the relative proportion of these processes:

( →

)

( →

)

=

(81)

where B(αÆμμ) and B(αÆττ) are the branching ratios of the light pseudoscalar decaying to a
pair of muons and taus respectively, and mμ, mτ, mα are the masses of muon, tau and light
pseudoscalar respectively. The production cross section of the Higgs boson predicted in the
SM is assumed

Figure 12.1: Dimuon mass distributions in the four final states
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The expected background and signal yields in the signal region are given in Table 12.1 for the
four final states, as well as the number of observed events in each channel.
Table 12.1: Prefit yields of the signal and background processes in the four final states. The signal yields are
given for B(hÆααÆ2μ2τ)=0.1%

μμ+eμ

μμ+eτh

μμ+μτh

μμ+τhτh

ΖΖÆ4l

1.5±0.2

0.5±0.1

1.2±0.2

0.03±0.01

Reducible bkg.

13.2±5.5

9.7±2.5

4.0±1.2

1.2±0.5

hÆααÆ2μ2τ, mα=20GeV

3.9

2.5

4.7

1.0

hÆααÆ4τ, mα=20GeV

3.7

0.4

2.4

0.1

hÆααÆ2μ2τ, mα=40GeV

5.7

2.8

6.8

1.4

hÆααÆ4τ, mα=40GeV

6.8

0.9

4.8

0.2

hÆααÆ2μ2τ, mα=60GeV

9.4

8.5

11.8

5.2

hÆααÆ4τ, mα=60GeV

12.7

2.0

9.3

0.5

Observed

17

10

6

1

The systematic uncertainties are represented by nuisance parameters that are varied in the fit
according to their probability density function. A lognormal probability density function is
assumed for the nuisance parameters affecting the event yields of the various background
contributions, whereas the uncertainties that affect the distributions are presented by
nuisance parameters whose variation results in a continuous perturbation of the spectrum [46]
and which are assumed to have a Gaussian probability density function.
No significant excess of data is observed above the expected SM background. Upper limits at
95% CL are set on the signal strength using the modified frequentist construction CLs [47,48]
for pseudoscalar masses between 15 and 62.5 GeV. In this expression σSM is the cross section
of the Higgs boson predicted in the SM for the ggh and VBF production modes and σh is the
actual Higgs boson cross section in the same production modes. The expected and observed
limits at 95% CL on (σ /σ

) × B(h → aa → 2μ2τ) in the μμ+eμ (top left), μμ+eτh (top right),

μμ+μτh (top right), μμ+μτh (center left) , μμ+τhτh (center right), and for the combination of these
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final states (bottom). The hÆααÆ4τ process is considered as a part of the signal, and is scaled
with respect to the hÆααÆ2μ2τ signal using equation (77).
The asymptotic approximation is not used given the low background expectation and full limits
are computed. The limits are best for μμμτ h final state because the lepton PT thresholds are
lower than in the μμτhτh and eτh final states, and because the branching fraction is larger than
in the μμeμ final state. Alternatively, considering a null contribution from hÆααÆ4τ, there is
still no significant excess of data over the expected SM background and the expected limits
become less stringent by an amount 10%.
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Figure 12.2 : Expected and observed limits on σΗ/σSM × (ℎ →

→ 2 2 ) for all the final states and the

combination.

The results are interpreted as limits on σΗ/σSM × B(h → aa) in the different types of 2HDM+S
as a function of tanβ, using the values of the branching fractions of the pseudoscalar boson to
taus and to muons. Four 2HDM+S models forbid flavor changing neutral currents (FCNC) at
tree level. In type I, all SM particles couple to the first doublet and the branching fractions of
the light pseudoscalar to SM particle are independent of tanβ, defined as the ratio of the
vacuum expectation values of the second doublet to that of the first doublet. In type II, leptons
and down type quarks couple to the second doublet, and up-type quarks couple to the first
doublet. This leads to pseudoscalar decays to leptons and down-type fermions enhanced for
tanβ>1. In these two types, the analysis is sensitive to a cross section larger than about three
times the SM production cross section of the Higgs boson for B(hÆααÆ2μ2τ)=100%. In type
III leptons couple to the second doublet and quarks to the first one, making it the most
favorable type of 2HDM+S for hÆααÆ2μ2τ decays at large tanβ. Ιn type IV, down-type quarks
couple to the second doublet while leptons and up-type quarks couple to the first doublet.
With mα, tanβ and the type of 2HDM+S specified, the branching fractions of the pseudoscalars
to SM particles can be predicted, following the prescriptions in Refs. [13,49]. The interpreted
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limits results on (σΗ/σSM )× B(h → aa) in the different types of 2HDM+S as a function of tanβ,
using the values of branching fractions of the pseudoscalar boson to taus and to muons shown
in Fig.12.3. The most sensitive scenario is 2HDM+S type III with large tanβ, where couplings to
leptons are enhanced and limits as low as 1% can be set.

Figure 12.3 :Observed limits on σΗ/σSM × (ℎ →

) in 2HDM+S type-I (top left), type-II (top right), type-III

(bottom left) and type-IV (bottom right).
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13 COMPARISON WITH OTHER ANALYSIS AND CONCLUSIONS
In this thesis, results have been presented on a search for exotic decays of 125 GeV higgs
boson, with two muons and two taus in the final state. The analyzed data corresponded to an
integrated luminosity of 35.7 fb-1 recorded in proton-proton collisions at √s = 13 TeV with
the CMS Experiment. The four ditau final states with the largest branching fraction have been
studied where tau lepton pair decays to eμ,eτ, μτ,ττ final states.
The CMS Collaboration has performed several searches for exotic decays of Higgs boson to a
pair of light pseudoscalar bosons, in different final states and in different ranges of the
pseudoscalar mass, mα , without finding any evidence [1]. In particular, the CMS Collaboration
published a result of the search in the 2μ2τ final state for 15<mα<62.5 GeV using data collected
at a center-of-mass energy of 8 TeV [52].
The ATLAS Collaboration has also published results on the search for the exotic decay of the
125 GeV particle to a pair of light pseudoscalar bosons in the final states with two muons and
two tau leptons [50]. The analysis targets masses of the pseudoscalar boson between twice
the tau mass and 50 GeV, and make use of special techniques to reconstruct boosted di-tau
pairs. Because the strategy used by ATLAS for this analysis is optimized for boosted ditau pairs
and thus low pseudoscalar masses, the CMS analysis described in this thesis is roughly one
order of magnitude more sensitive for pseudoscalar masses above 20 GeV.
The upper limits obtained by the CMS collaboration on the BR(hÆaaÆ2μ2τ) for all
aforementioned final states in Run 1 and Run 2 are shown in figure 13.1. The left figure
represents the upper limits obtained in Run 1 at a center of mass √s = 8 TeV, while the right
one represents the limits obtained for the present study. Upon comparing the expected limits
between the combined final states it is evident to see that the present analysis has the edge
over all and provides the tightest constraints so far in this mass range on exotic Higgs boson
decays in some scenarios where decays of the pseudoscalars to leptons are enhanced. This
occurs due to the higher centre-of-mass energy and higher luminosity.
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Figure 13.1: Upper limit of BR(hÆααÆ2μ2τ) as a function of mα as obtained in run 1 (left)[52] and in run 2 (right).

A large variety of exotic h decays is allowed in 2HDM+S, with some indirect constrains from
other CMS measurements. It is therefore a favored model to compare the reach of different
exotic h decay searches. Five decay modes with two light pseudoscalar bosons have studied
with the data collected by CMS in Run-1 and two in Run-2 including this analysis.
— ℎ→

→

, 20 <

< 62.5

[52]. This decay channel is the same with the one

studied in this thesis with data collected by CMS in Run1.
— ℎ→

→

, 20 <

< 70

[53]. This analysis is pretty similar to the first one but

suffers from larger backgrounds because the identification of b-jets is difficult
— ℎ→

→

,5 <

<9

[54]. Due to the low pseudoscalar boson mass, the di-

tau pairs are boosted, and special boosted reconstruction techniques have been used.
— ℎ→

→

,5 <

< 15

[51]. Even if the final state is the same in the previous

analysis, different boosted reconstruction techniques are used, and this analysis
particularly targets the Wh associated production mode.
— ℎ→

→

, 0.25 <

<3

[60]. Apart from its search in 2HDM+S, this analysis

is also interpreted in dark SUSY models. A similar analysis has also been published by the
ATLAS Collaboration.
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— ℎ→

→

, 15 <

< 62.5

. It is the analysis described in this thesis with data

collected by CMS in Run 2.
— ℎ→

→

, 15 <

< 60

[33]. Masses of the pseudoscalar boson between 15

and 60 GeV are probed and this analysis is performed with data collected by CMS in Run2.
Figure 13.2 shows the sensitivity in this scenario of all the hÆαα searches performed with the
CMS experiment: this analysis improves previous results by a factor of two or more for
15<mα<62.5 GeV. The branching fractions of the pseudoscalar boson to SM particles are
computed following a model described in Ref. [12]. Grey shaded regions correspond to regions
where theoretical predictions for the branching fractions of the pseudoscalar boson to SM
particle are not reliable. The result described in this analysis corresponds to the light blue
curves. Results in the bbττ channel were obtained at a center-of-mass energy of 13 TeV [33],
while other results were obtained at 8 TeV center-of-mass energy [52].

Figure 13.2: Expected and observed 95% CL limits on σΗ/σSM × (ℎ →

) in 2HDM+S type III for tanβ=5.

These are the most stringent limits obtained in the final sate of two muons and two τ leptons
for masses above 15 GeV by more than a factor of two and provide the tightest constrains so
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far in this mass range on exotic Higgs boson decays where decays of the pseudoscalars to
leptons are enhanced.
However, no evidence for BSM physics has been observed in the search performed in this
thesis, neither in other CMS measurements performed in Run-1 and Run-2. The Run-3 of the
LHC will start in April 2021 with an increased center-of-mass energy, permitting to explore
completely new regions. The peak luminosity will reach 2x10 -34s-1 which is a major advantage
since this is translated to more collisions and much more data to analyze. The ultimate goal is
either the discovery of the lightest pseudoscalar higgs or the exclusion of supersymmetry.
Whatever the outcome, both scenarios will have a major impact for the future of particle
physics for a better understanding of the universe from the quarks to cosmos. We are only in
the middle of a journey, and many discoveries most likely lie ahead of us.
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A S TATISTICS
The statistical methods used in this analysis are documented in this chapter. In section A1 the
maximum-likelihood method is introduced and it is described how to find the values of the
parameters that give the best match between predicted processes and data. In section A2 it’s
explained how the systematic uncertainties are embedded in the likelihood. The upper limits
on a signal process named CLs method is described in section A3. In case of an excess of events
on top of the predicted backgrounds, the significance of the excess can be calculated as the
probability that a background fluctuation can cause large deviation. We also document and
explain how the statistical methods are used in the LHC experiments utilizing the results of the
discovery of Higgs boson of mass 125 GeV.

A1. M AXIMUM- LIKELIHOOD METHOD
The most frequently used estimate method is based on the construction of the combined
probability distribution of all measurements in the data sample called likelihood function. The
central values of the parameters we want to estimate are obtained by finding the parameter
set that correspond to the maximum value of the likelihood function. This approach gives the
name of maximum-likelihood method to this technique.
A maximum likelihood estimator is an extremum estimator obtained by maximizing, as a
function of θ, the objective function (cf. loss function) l(θ, x).
Maximum-likelihood fits are frequently used because of very good statistical properties
according to:
x

Consistency: An estimator is said to be consistent if it coverages, in probability, to the
true unknown parameter value as the number of measurements n that tends to infinity,
i.e if:∀ε lim P θ − θ < ε = 1
→

x

(82)

Bias: The bias of an estimator is the average deviation of the estimate from its true
value:
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b(θ) = 〈θ − θ〉 = 〈θ〉 − θ

(83)

The average is intended as the expected value over and infinitely large number of
repeated experiments
x

Minimum variance bound and efficiency: The variance of any consistent estimator is
subject to a lower bound due to Cramer and Rao when the sample size tends to infinity.
This means that no consistent estimator has lower asymptotic mean squared error than
the Maximum likelihood estimator.

A2. S YSTEMATIC UNCERTAINTIES

Systematic uncertainties are nuisance parameters that affects the model but are not of direct
interest in the decision. They usually arise from theoretical uncertainties, such as cross section
or parton distribution function uncertainties, statistical uncertainties coming from the limited
number of events in the MC simulations and experimental uncertainties (luminosity, trigger
efficiency).
They can be embedded in the likelihood. The nuisance parameters ̅ impact the number of
expected events, which can be expressed as ( ̅ ). Introducing the probability density function
) where

is the default value of the nuisance and reflects our degree of belief on what

the real value of the parameter

is, the likelihood becomes for L nuisance parameters in the

case of a binned histogram [58]:
⃗ ⃗ =∏

!

∏

)

(84)

Most systematic uncertainties could be described by a Gaussian pdf of the type [58]:

=

√

exp −

(

)

(85)
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Which is not convenient since it causes problems for positively defined observables. Instead,
log-normal pdfs of parameter κ, have longer tails than Gaussian distributions for compatible
uncertainties and become zero at θ=0 [58].
=

√

(

exp −
)

( (
(

))
)

(86)

A3. U PPER LIMITS
The ultimate goal of the experiments is to search for new physics phenomena. With the
frequentist approach, prior probabilities that introduce a degree of subjectiveness, are not
allowed and the achieved significance level defined in A3.1. is used to claim a discovery. The
significance measures the probability that, in case of presence of background only, a statistical
fluctuation in data might have produced by chance the observed features that are interpreted
as a new signal.
In case where no convincing new signal is observed, it is nonetheless interesting to quote as
results of the search for the new phenomena the upper limit on the expected yield of the
hypothetical new signal. From upper limits to the signal yield often it is possible to indirectly
derive limits on the properties of the new signal that influence the signal yield, such as the
mass of the new particle if it is related to the theoretical cross section.

A3.1 THE P- VALUE
Given an observed data sample, claiming the discovery of a new signal requires to determine
that the sample is sufficiently inconsistent with the hypothesis that only background is present
in the data. A statistic test can be used to measure how consistent or inconsistent the
observation is with the hypothesis of the presence of background only.
A quantitative measurement of the inconsistency with the background-only hypothesis is given
the significance, defined from the probability p (p-value) that the considered test statistics t
assumes a value greater or equal to the observed one in the case of pure background
fluctuation. We have implicitly assumed that large values of t corresponds to a more signal143

like sample. The p-value has by construction a uniform distribution between 0 and 1 for the
background only hypothesis and tends to have small values in the presence of the signal.
The observed p-value is a measure of the incompatibility of the data with the tested
hypothesis. It is the probability under the assumption of the null hypothesis H null of finding data
of equal or greater incompatibility with the predictions of H null and it’s given by [61]:
=∫

( | )

,

(87)

Instead of quoting the p-value, publications often preferred to quote the equivalent number
of standard deviations that correspond to an area p under the rightmost tail of a normal
distribution. The p value is now defined as:
=∫

√

(88)

If an excess of data is observed on top of the predicted background, a p-value for the
background only-hypothesis is determined and it corresponds to the probability that the
background fluctuate to create an excess as large or larger than the observed.
For example below in figure A1 the local P-value for the Higgs Boson discovery by CMS
experiment is shown. The blue curve indicates the data collected from the CMS experiment in
center of mass energy of 7 GeV while the red one is for 8 TeV with integrated luminosities 5.1
fb-1 and 5.3 fb-1 respectively. The black line is their combination. The dashed line shows the
expected local p-value for a SM Higgs boson with a mass m h. The horizontal red lines indicate
the p-values corresponding to significances of 1σ to 6σ. Τhe lowest p-value is found in mh=125
GeV which corresponds to a 5σ significance [62].
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Figure A1: The observed local p-value for 7 TeV and 8 TeV data, and their combination as a function of the SM
Higgs boson mass.

145

A3.2 EXCLUSION L IMITS
In case where no significant excess of data is observed on top of the expected backgrounds,
upper limits can be set on the production cross section of the decay channel we are studying.
Thetest statistic qμ used to analyze the LHC results is based on a profile likelihood ratio [58]:
= −2

( ⃑| ⃑

⃑, ⃑ )

( ⃑| ⃑

⃑,

)⃑

with 0 ≤ ̂ ≤

(89)

The signal strength, μ, is given by [58]:
=

(90)

In the numerator of eq. (85) the signal strength is fixed while the nuisance parameters are
allowed to float to the values that maximize the likelihood, and in the denominator the signal
strength and the nuisance parameters may both float to maximize the likelihood.
The observed value of the test statistic assuming a value of the signal strength μ,
and ⃑

computed from eq. (89). The nuisance parameters ⃑

, can be

that maximize the likelihood

in the background-only, μ=0, and background plus signal, μ>0, hypotheses respectively can
also be determined. The calculation of the probabilities to obtain the observation under both
hypotheses leads to [58]:
=

≥

1−

=p

=∫

(

⃑ + ⃑, ⃑

(91)

and
≥

=∫

(

+ ⃑, ⃑

(92)

The CLs value for a given signal strength μ, is given by the ratio of both probabilities [58]:
( )=

(93)

Figure A2 [58] displays an example of test statistic distributions for the background-only and
signal plus background scenarios. The 95% confidence level upper limit is observed for the
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parameter μ such that CLs(μ)=0.05. The blue curve corresponds to background-only and the
red curve to the signal plus background hypotheses. The signal plus background test statistic
distribution is shown in the particular case where the signal strength is equal to one. The
observed value, shown with an arrow permits to compute the

and

probabilities by

integration, which are then used to compute CLs(μ).

Figure A2: Test statistic distribution in the background-only (blue) and signal plus background (red) hypotheses.

For example we can study the figure A3[63] which shows the CMS experiments combined
upper limit as function of the Higgs boson mass between 100 and 600 GeV. The solid black line
is the observed limit/SM while the dashed black line is the CMS expected limit/SM in the
background only hypothesis. The colored bands ±1,2σ distributions around the median
expected limit. This figure shows μup as a function of mΗ. The mass range where μup(mH )≤1 is
where a SM Higgs boson with mass mH is excluded.

Obviously one cannot exclude the Higgs around mass point 125 GeV where a real signal is
being build up with a luminosity μup >1. The error bands are derived by:
= (

(1 −

( )+

)

(94)
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For N=±1 (Green) and N=±2 (Yellow).
Where:
=

(95)

Figure A3: The CMS experiments combine upper limit as a function of the Higgs boson mass between 100 and
600 GeV.
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