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Abstract

Results are reported from a search for non-standard-model Higgs boson decays to
pairs of new light bosons, each of which decays into the u* ™ final state. The data
set corresponds to an integrated luminosity of 20.65fb ™' of proton-proton collisions
at /s = 8 TeV, recorded by the CMS experiment at the LHC in 2012. One event is ob-
served after analysis selection requirements were applied. A model-independent up-
per limit on the product of the cross section times branching fraction times acceptance
is derived. The results are applicable to a broad spectrum of new physics scenarios
and are also compared with the predictions of two benchmark models, NMSSM and
dark SUSY, as functions of a Higgs boson mass larger than 86 GeV/c? and of a new
light boson mass within the range 0.25-3.55 GeV/c?.
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1 Introduction

The observation of a Higgs-like boson [1, 2] with a mass near 125GeV/c? in searches for the
standard model (SM) Higgs boson [3-5] at the Large Hadron Collider (LHC) raises the critical
question of whether the new particle is in fact the SM Higgs boson. The precision of the com-
parisons of the new particle’s production and decay properties with the final states predicted
by the SM will improve with additional data. However, distinguishing a true SM Higgs boson
from a non-SM Higgs bosons with couplings moderately different from the SM values will re-
main a challenge. Searches for non-SM Higgs boson production and decay modes are therefore
particularly timely as they provide a complementary path, which in many cases can allow a
discovery or rule out broad ranges of new physics scenarios with existing data.

We present an analysis that explores one of the non-SM decay modes of Higgs boson (%), which
includes production of two new light bosons (), each of which subsequently decay to boosted
pairs of oppositely charged muons isolated from the rest of the event activity:

h—2a+X —=4u+X,

where X denotes possible additional particles from cascade decays of a Higgs boson.

The Higgs boson production cross section may or may not be enhanced compared to the SM,
depending on the specific parameters of the model. The search described in this paper is de-
signed to be independent of the details of specific models, and the results can be interpreted in
the context of other models predicting the production of the same final states. We also study
two specific scenarios: next-to-minimal supersymmetric standard model (NMSSM) and super-
symmentric models with additional “hidden” or “dark” sectors (Dark SUSY).

Figure 1: Left: Feynman diagram of the NMSSM benchmark process 71, — 2a; — 4u. Right:
Feynman diagram of the dark-SUSY benchmark process h — 2n; — 2np + 2yp — 2np + 4.

The NMSSM [6-14] extends the minimal supersymmetric standard model (MSSM) [15-17] by
an additional gauge singlet field under new U(1)po symmetry in the Higgs sector of the su-
perpotential. Compared to the MSSM, the NMSSM naturally generates the mass parameter y
in the Higgs superpotential at the electroweak scale [18] and significantly reduces the amount
of fine tuning required [19-21]. The Higgs sector of the NMSSM consists of 3 CP-even Higgs
bosons h; 3 and 2 CP-odd Higgs bosons aj,. In the NMSSM, the CP-even Higgs bosons h;
and hy can decay via hy, — 2a;, where one of the h; or h; is a SM-like Higgs boson that could
correspond to the newly observed state at the LHC with a mass near 125 GeV/ c® [1,2] and a;
is a new CP-odd light Higgs boson [22-26]. The Higgs boson production cross section may
differ substantially from that of the SM, depending on the parameters of a specific model. The
new light boson a; couples weakly to SM particles, with the coupling to fermions proportional
to the fermion mass, and can have a substantial branching fraction B(a; — p*p~) if its mass
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is within the range 2m;, < m, < 2mq [27, 28]. Feynman diagram of the NMSSM process
hi» — 2a; — 4y is shown in Fig. 1 (left).

The dark-SUSY models [29-31] are motivated by the excesses in positron spectra observed
by satellite experiments [32, 33]. These models predict cold dark matter with a mass scale of
~ 1TeV/c?, which can provide the right amount of relic density due to the Sommerfeld en-
hancement in the annihilation cross section arising from a new U(1)p symmetry [34, 35]. In
these models, U(1)p is broken, giving rise to light but massive dark photons 7p that weakly
couple to the SM particles via a small kinetic mixing [36-38] with photons. The lightest neu-
tralino n; in the visible (as opposed to hidden) part of the SUSY spectrum is no longer stable and
can decay via e.g. n; — np + yp, where np is a light dark fermion (dark neutralino) that es-
capes detection. The SM-like Higgs boson can decay via h — 2ny, if my, > 2my,,, . The branching
fraction B(h — 2n;) can vary from very small to large, bounded by the LHC measurements
in the context of Higgs searches, since the bounds obtained at LEP can be circumvented [31].
The lack of an anti-proton excess in the measurements of the cosmic ray spectrum constrains
the mass of yp to be < O(1) GeV/c? [39]. Assuming that yp can only decay to SM particles, the
branching fraction B(yp — u*p~) can be as large as 45%, depending on m.,, [31]. Feynman
diagram of the dark-SUSY process h — 2n; — 2np27yp — 2np4yu is shown in Fig. 1 (right).

Previous searches for the pair production of new light bosons decaying into dimuons were
performed at the Tevatron with a 4.2 fb~! data sample [40] and more recently at the LHC with
a35 pb_1 [41],a1.9 ! [42] and 5.3 fb~ ! [43] data samples. Associated production of the light
CP-odd scalar bosons has been searched for at ete™ colliders [44, 45] and the Tevatron [46].
Direct production of the a; has been studied at the LHC [47], but in the framework of NMSSM
the sensitivity of these searches is limited by the typically very weak coupling of the a; to
SM particles. The most stringent limits on the Higgs sector of the NMSSM are provided by
the WMAP data [48] and LEP searches [49-51] (my, > 86 GeV/c?). In the framework of dark
SUSY, experimental searches for yp have focused on the production of dark photons at the end
of SUSY cascades at the Tevatron [52-54] and the LHC [41]. This analysis is based on a data
sample corresponding to an integrated luminosity of 20.1fb™" of proton-proton collisions at
V/s = 8 TeV collected by CMS detector in 2012.

2 The CMS detector

The analysis presented in this Letter uses experimental data collected by the Compact Muon
Solenoid (CMS) experiment at the LHC in 2012. The central feature of the CMS apparatus is a
superconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. Within
the superconducting solenoid volume are a silicon pixel and strip tracker, a lead tungstate
crystal electromagnetic calorimeter, and a brass/scintillator hadron calorimeter. The inner
tracker measures charged particles within the pseudorapidity range |n| < 2.5, where 1 =
—In[tan(6/2)] and 6 is the polar angle with respect to the direction of the counterclockwise
proton beam that is the z-axis of the CMS reference frame. The tracker provides an impact
parameter resolution of ~15um and a transverse momentum (pt) resolution of about 1.5%
for 100 GeV/c particles. Muons are measured in gas-ionization detectors embedded in the
steel return yoke. The muon detectors are made using the following technologies: drift tubes
(|| < 1.2), cathode strip chambers (0.9 < |y| < 2.4), and resistive-plate chambers (|77| < 1.6).
Matching the muons to the tracks measured in the silicon tracker results in a transverse mo-
mentum resolution between 1 and 5% for pt values up to 1 TeV/c. A more detailed description
can be found in Ref. [55].
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The analysis is based on a data sample corresponding to an integrated luminosity of 20.65 fb™~"
of proton-proton collisions at /s = 8TeV, obtained in 2012. The data were collected with a
trigger selecting events containing at least two muons, one with pr > 17 GeV/c and one with
pr > 8GeV/c. In the offline analysis, events are selected by requiring at least one primary ver-
tex reconstructed with at least four tracks and with its z coordinate within 24 cm of the nominal
collision point. Offline muon candidates are built particle flow (PF) algorithm [56]. The data
are further selected by requiring at least four offline muon candidates with pr > 8 GeV/c and
|7| < 2.4; at least one of the candidates must have pr > 17 GeV/c and be reconstructed in
the central region, |17 < 0.9. Application of the selection requirements described above yields
1,745 events in the data. The trigger efficiency for the selected events is high (96-97%) and
is nearly independent of the pr and 7 of any of the four muons. The || < 0.9 requirement
is tighter than that imposed by the trigger, but eliminates significant model dependence at-
tributable to the reduced trigger performance in the forward region in the presence of multiple
spatially close muons. This ;7 requirement causes an overall reduction in the analysis accep-
tance of about 20%, as obtained in a simulation study with one of the NMSSM benchmark
samples used in the analysis.

Next, oppositely charged muons are grouped into dimuons (a muon may be shared between
several dimuons) if their pairwise invariant mass satisfies m,, < 5GeV/c? and if either the fit
of the two muon tracks for a common vertex has a x? fit probability greater than 1% or the two

muon tracks satisfy the cone size requirement AR(y", u~) = \/ (e =1y )? + (P — - )2 <
0.01, where ¢ is the azimuthal angle in radians. The AR requirement compensates for the re-
duced efficiency of the vertex probability requirement for dimuons with very low mass (1, 2,
2m,), in which the two muon tracks are nearly parallel to each other at the point of closest
approach.

Once all dimuons are constructed, only events with exactly two dimuons not sharing common
muons are selected for further analysis. There is no restriction on the number of ungrouped
(orphan) muons. We reconstruct z,,, the projected z coordinate of the dimuon system at the
point of the closest approach to the beam line, using the dimuon momentum measured at the
common vertex and the vertex position. We ensure that the two dimuons originate from the
same pp interaction by requiring |z,,, — zuy,| < 1 mm. This selection is fully efficient for signal
events while reducing the probability of selecting rare events with dimuons from two separate
primary interactions.

To suppress backgrounds with dimuons coming from jets, we require that the dimuons be
isolated from other activity in the event, using the criterion I, < 2GeV/c, where the isolation
parameter of the dimuon system [, is defined as the scalar sum of the transverse momenta of
all additional charged tracks with pr > 0.5 GeV/c within a cone of size AR = 0.4 centered on
the momentum vector of the dimuon system. Tracks used in the calculation of I, must also
have a z coordinate at the point of the closest approach to the beam line that lies within 1 mm
of the z coordinate of the dimuon system. The I, selection yields nine events in data and it
suppresses the contamination from bb production by about a factor of 50 (measured in data)
while rejecting less than 20% of the signal events (obtained from the simulation study).

Finally, we require that the invariant masses of the two reconstructed dimuons are compatible
with each other within the detector resolution |n; — my| < 0.13GeV/c? + 0.065 x (mq +my) /2,
where m; = my,, and my = my,,. The numerical parameters in this last requirement corre-
spond to at least five times the size of the core resolution in dimuon mass, including the differ-
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ences in resolution in the central and forward regions. The signal inefficiency of this m; ~ m;,
selection is less than 5% per event; it is due to QED final-state radiation and is unrelated to
the detector resolution. No constraint is imposed on the four-muon invariant mass, in order to
maintain the model independence of the analysis, in particular with respect to models resulting
in cascade decays such as dark-SUSY, where an unknown fraction of the energy goes into the
light dark fermions, which escape detection.

Table 1: Event selection efficiencies eﬁfff(mhl, 1m,, ), as obtained from the full detector simula-
tion, and the geometric and kinematic acceptances agen (711,, ,, ) calculated using generator
level information only, with statistical uncertainties for the NMSSM benchmark model. The
experimental data-to-simulation scale factors are not applied.

mp, [GeV/c?] 90 100 125 125 125 125 125 150
1a, [GeV/c? 2 2 0.25 0.5 1 2 3.55 2
eMC %] 114401 138401 351402 226+01 189+01 182+01 176+01 215401
Xgen [%] 159401 193401 529402 320+02 272402 263+02 259+02 32402

efug/:xgen [%] 71.74+09 714+08 664+04 706+0.6 69.6+0.7 693+07 682+0.7 673+0.6

Table 2: Event selection efficiencies e?ﬁff(mh, M.,,), as obtained from the full detector simula-
tion, and the geometric and kinematic acceptances gen (74,1, calculated using generator
level information only, with statistical uncertainties for a dark-SUSY benchmark model, as ob-
tained from simulation. The experimental data-to-simulation scale factors are not applied.

my, [GeV/c?] 90 110 125 150
My [ GeV/c?] 0.4

€ull [%] 24401 47401 68401 98+0.1
Kgen [%] 35+01 68+01 99401 146401

€full /Agen [%0] 689421 687415 681+12 673+09

To estimate the efficiency of the analysis to select a possible signal, we use the two benchmark
models introduced earlier. The NMSSM samples are simulated with the PYTHIA 6.4.26 event
generator [57] using MSSM Higgs boson production via gluon-gluon fusion gg — Hysen,
where the Higgs bosons are forced to decay via Hysgpy — 2AYssn- The masses of HYgqys and
Adisv are set to the desired values for the hy; mass and a; mass, respectively. Both AQjsqy
bosons are forced to decay to a pair of muons. The dark-SUSY samples are simulated with
the MADGRAPH 4.5.2 event generator [58] using SM Higgs boson production via gluon-gluon
fusion gg — hgy, where the mass of hgy is set to the desired value for the h mass. The BRIDGE
software [59] was used to implement the new physics model that forces the Higgs bosons hgy
to undergo a non-SM decay to a pair of neutralinos n;, each of which decays n; — np + vp,
where m,, = 10 GeV/c?, Mp, = 1GeV/c? and My, = 04 GeV/c2. Both dark photons yp are
forced to decay to two muons, while both dark neutralinos np escape detection. The narrow
width approximation is imposed by setting the widths of the Higgs bosons and dark photons
to a small value (1073 GeV/c?). All benchmark samples are generated using the leading-order
CTEQ6L1 [60] set of parton distribution functions (PDF), and are interfaced with PYTHIA 6.4.26
using the Z2 tune [61] for “underlying event” (UE) activity at the LHC and to simulate jet
fragmentation, when applicable.

All events in the benchmark signal samples are processed through a detailed simulation of the
CMS detector based on GEANT4 [62] and are reconstructed with the same algorithms used for



data analysis. Tables 1 and 2 show the event selection efficiencies €M obtained using the simu-
lated signal events for these two benchmark models using representative choices for masses of
h, a; or yp. To provide a simple recipe for future reinterpretations of the results in the context
of other models, we separately determine agen,, the geometric and kinematic acceptance of this
analysis calculated using generator level information only. It is defined with the criteria that an
event contains at least four muons with pr > 8GeV/c and |y| < 2.4, with at least one of these
muons having pr > 17GeV/c and 17| < 0.9. Tables 1 and 2 also show agen along with the ratio

MC
€gy1i / Xgen-

The model independence of the ratio eﬁfﬁ:/ Agen permits an estimate of the full event selec-
tion efficiency of this analysis for an arbitrary new physics model predicting the signature
with a pair of new light bosons. The analysis makes some assumptions on the nature and
characteristics of the new light bosons, namely that they should be of the same type, have
a mass in range 2m, < m, < 2m, decay to the u*p~ final state and not have a signifi-
cant lifetime (¢t < 4 cm). In addition, the two bosons, should be isolated and sufficiently
separated from each other to avoid being vetoed by the isolation requirement. The accep-
tance agen may be calculated using only the generator level selection requirements that have
been defined above. The full efficiency eq, could then be calculated by multiplying agen by
the ratio e/ dgen = 7 X e?fﬁ/agen = 0.63 £ 0.05, where r = €full/€£\§1? = 093 +£0.08 is a
scale factor defined in Sec. 5 that accounts for differences between data and simulation, and
eMC/ Agen = 0.69 & 0.02 is an average ratio over all of the benchmark points used. The system-
atic uncertainty in the ratio €g,j1/ @gen is around 7.9%. For reference, the individual systematics
uncertainties in agen and ey are 3.0% and 8.4%, respectively, as discussed in Sec. 5.

4 Background estimation

The background contributions after final selections are dominated by bb and direct J/¢ pair
production events. The leading part of the bb contribution is due to b-quark decays to pairs
of muons via double semileptonic decays or resonances, i.e. w, p, ¢, J/{p. A smaller contri-
bution comes from events with one real dimuon and a second dimuon with a muon from
a semileptonic b-quark decay and a charged hadron misidentified as another muon. The
misidentification typically occurs due to the incorrect association of the track of the charged
hadron with the track segments from a real muon in the muon system. The contribution of
other SM processes has been found to be negligible (less than 0.1 events combined), for ex-
ample low mass Drell-Yan production is heavily suppressed by the requirement of additional
muons, and pp — Z/v* — 4u production is suppressed by the requirement of small and
mutually consistent masses of the dimuons [27]. The analysis is not sensitive to SM process
pp — H — ZZ — 4u because the invariant mass of the dimuons is substantially lower than
the Z mass.

Using data control samples, the bb background is modeled as a two dimensional (2D) template
Bbg(ml, my) in the plane of the invariant masses of the two dimuons in the selected events,
where m; always refers to the dimuon containing a muon with pr > 17GeV/c and || < 0.9.
For events with both dimuons containing such a muon, the assignment of m; and m; is ran-
dom. As each b quark fragments independently, we construct the template describing the
2D probability density function as a Cartesian product Byy1g(m1) x Bgyg(my), where the Byy.g
and Bg, g templates model the invariant-mass distributions for dimuons with or without the re-
quirement that the dimuon contains at least one muon satisfying pr > 17 GeV/c and |y| < 0.9.
This distinction is necessary as the shape of the dimuon invariant mass distribution depends
on the transverse momentum thresholds used to select muons and whether the muons are in
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Figure 2: The By7;s (left) and Bgis (right) templates (solid lines) for dimuons obtained with
background-enriched data (solid circles) samples.

the central (|| < 0.9) or in the forward (0.9 < |y| < 2.4) regions, owing to the differences
in momentum resolution of the barrel and endcap regions of the tracker. The Bj7,g shape is
measured using a data sample enriched in bb events with exactly one dimuon and one orphan
muon under the assumption that one of the b quarks decays to a dimuon containing at least
one muon with pr > 17GeV/c and |1| < 0.9, while the other b quark decays semileptonically
resulting in an orphan muon with pr > 8 GeV/c. For the Bg, g shape, we use a similar sample
and procedure but only require the dimuon to have both muons with pr > 8 GeV/c, while the
orphan muon has to have pr > 17GeV/c and |r7| < 0.9. Both data samples used to measure
background shapes are collected with the same trigger and with kinematic properties similar to
those bb events passing the selections of the main analysis. These event samples do not overlap
the sample containing two dimuons that is used for the main analysis, and they have negligible
contributions from non-bb backgrounds. The Byy,g and Bg.g distributions, fitted with a para-
metric analytical function using a combination of Bernstein polynomials [63] and Crystal Ball
functions [64] describing resonances, are shown as insets in Fig. 3 (left). Once the Bbg(ml, my)
template is constructed, it is used to provide a description of the bb background shape in the
main analysis.

To validate the constructed Bbg(mb my) template, we compare its shape with the distribution
of the invariant masses m vs. mj from events obtained with all standard selections except
the requirement that each of the two reconstructed dimuons is isolated. Omitting the isolation
requirement provides a high-statistics control sample of events with two dimuons highly en-
riched with bb events. To avoid unblinding the search, the diagonal signal region is excluded
in both the data and the template, i.e. the comparison has been limited to the data events that
satisfy all analysis selections but fail the m; ~ m; requirement. Distributions of m; and m; are
consistent with the projections of the Bbg("ﬁ, my) template on the respective axes normalized
to the number of events in the data control sample. The sum of the m; and m; distributions
agrees well with the sum of the template projections as shown in Fig. 3 (left).

To normalize the constructed Bbg(ml, my) template, we use the data events that satisfy all anal-
ysis selections, but fail the m; ~ mj requirement. These selections yield eight events in the
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Figure 3: Left: Comparison of the data (solid circles) failing the m,,, ~ m,,, requirement in
the control sample where no isolation requirement is applied to reconstructed dimuons with
the prediction of the background shape model (solid line) scaled to the number of entries in
the data. Right: Distribution of the invariant masses 1, vs. m,, for the isolated dimuon
systems for the eight events in the data (shown as empty circles) surviving all selections except
the requirement that these two masses fall into the diagonal signal region m,,;,, ~ m,, (out-
lined with dashed lines). The intensity (color online) of the shading indicates the background
expectation which is a sum of the bb and the direct /¢ pair production contributions.

off-diagonal sideband region of (m1,my) plane, leading, in the diagonal signal region, to an
expected number of 1.8 + 0.6 bb events, where the estimated uncertainty is dominated by the
statistical uncertainty. These three events in the off-diagonal sidebands of the (my, my) plane
are shown as empty circles in Fig. 3 (right).

The direct ] /¢ pair production contribution is estimated using the simulation made with PYTHIA 8.108

event generator [65] and scaled to data (obtained in 2011 with 7 TeV) in a few regions of the
invariant mass of the J/i pair. Then the estimate is rescaled using cross sections of double J/ip
process at 7 TeV and 8 TeV as reported by PYTHIA. This yields an estimate for the number of
direct J/ip pair produced events satisfying all analysis criteria of 2.0 + 2.0 events.

The distribution of the total background expectation in the (my,m2) plane is B g(mq, m2) +
Bayp(m1,mz), i.e. a sum of the bb and the direct J/¢ pair production contributions. It is shown
by the intensity of the shading in Fig. 3 (right). The background expectation in the diagonal sig-
nal region is 3.8 £ 2.1 events, where the uncertainty accounts for both statistical and systematic
effects.

5 Systematic uncertainties

The selection efficiencies of offline muon reconstruction, trigger, and dimuon isolation criteria
are obtained with simulation and have been corrected with scale factors derived from a com-
parison of data and simulation using Z — up and J/ip — up samples. The scale factor per
event is r = 0.93 £ 0.08 (syst). It accounts for the differences in the efficiency of the trigger, the
efficiency of the muon reconstruction and identification for each of the four muon candidates,
and the combined efficiency of the isolation requirement for the two dimuon candidates. The
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Figure 4: Left: Distribution of the invariant masses 1, vs. my,, for the isolated dimuon
systems for the one event in the data (shown as empty circles) which survived all selection
requirements. The intensity of the shading indicates the background expectation which is a
sum of the bb and the direct J/i pair production contributions. Right: Model independent 95%
CL upper limit on the product of the cross section times branching fraction times acceptance:
o(pp — 2a+ X) x B*(a — 2j) X tgen.

correlations due to the presence of two close muons have been taken into account. The main
systematic uncertainty is in the offline muon reconstruction (4%) which includes an uncertainty
(1% per muon) to cover variations of the scale factor as a function of pr and # of muons. Other
systematic uncertainties include the uncertainty in the trigger (3.8%), dimuon isolation (neg-
ligible), dimuon reconstruction effects related to overlaps of muon trajectories in the tracker
and in the muon system (3.5%), and dimuon mass shape, which affects the efficiency of the
requirement that the two dimuon masses are compatible (1.5%). Also uncertainty in the LHC
integrated luminosity of the data sample (4%) is included [66]. All the uncertainties quoted
above, which relate to the final analysis selection efficiency for signal events, sum up to 7.9%.
The uncertainties related to the parton distribution functions (PDFs) and the knowledge of the
strong coupling constant a; are estimated by comparing the PDFs in CTEQ6.6 [67] with those
in NNPDF2.0 [68] and MSTW2008 [69] following the PDFALHC recommendations [70]. Using
the analysis benchmark samples, they are found to be 3% for the signal acceptance. Varying
the QCD renormalization/factorization scales has a negligible effect. The total systematic un-
certainty in the signal acceptance and selection efficiency is 8.4%.

6 Results

When the data satisfying all analysis selections were finally unblinded, one event was observed
in the signal diagonal region. Masses of two dimuon systems in the selected event are shown
in Fig. 4 (left) on m,,,, vs. m,,, plane. The expected background in the diagonal signal region is
3.8 £ 2.1 events, where the uncertainty accounts for both statistical and systematic effects. This
background includes contributions from bb production and direct J/i pair production.

For an arbitrary new physics model predicting the signature investigated in this analysis, the
results can be presented as the 95% confidence level (CL) upper limit on o(pp — 2a + X) x
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Figure 5: Left: The 95% CL upper limits as functions of my,, for the NMSSM case, on o(pp —
hip — 2a1) x B%(a; — 2u) with m,, = 0.25GeV/c? (dashed curve), m,, = 2GeV/c? (dash-
dotted curve) and m,, = 3.55GeV/c? (dotted curve). As an illustration, the limits are compared
to the predicted rate (solid curve) obtained using a simplified scenario with o(pp — hy) =
osm(my,) [71], o(pp — ho) x B(hy — 2a1) = 0, B(hy — 2a;) = 0.8%, and B(a; — 2u) =
7.7%. The chosen B(a; — 2u) is taken from [28] for m,, = 2GeV/c?> and NMSSM parameter
tan B = 20. Right: The 95% CL upper limit as a function of my,, for the dark-SUSY case, on
oc(pp — h — 2n; — 2np + 29p) x B*(yp — 2u) with my, = 10GeV/c?, myn, = 1GeV/c? and
m.,, = 0.4GeV/c? (dashed curve). As an illustration, the limit is compared to the predicted
rate (solid curve) obtained using a simplified scenario with SM Higgs boson production cross
section o(pp — h) = ogm(my) [71], B(h — 2n;) = 0.25%, B(ny — np + yp) = 50%, and
B(yp — 2u) = 45%. The chosen B(yp — 2u) is taken from [31] for m.,, = 0.4 GeV/c?.

B*(a — 2) X dgen, where tgen is the generator level kinematic and geometric acceptance de-
fined in Sec. 3. The calculation uses the integrated luminosity £ = 20.65fb"!, as measured
in data, and takes the ratio €g;1/agen = 0.63 + 0.05, derived in Sec. 3. The ratio includes the
scale factor correcting for experimental effects not accounted for by the simulation, systematic
uncertainties, and covers the variation in the ratio over all of the benchmark points used. The
limit is shown in Fig. 4 (right). The limit is applicable to models with two pairs of muons com-
ing from light bosons of the same type with a mass in range 0.25 < m, < 3.55GeV/c? where
the new light bosons are typically isolated, spatially separated to not be vetoed by the isolation
requirement and have no substantial lifetime. The efficiency of the selections in this analysis
abruptly deteriorates if the light boson’s decay vertex is more than ~ 4 cm from the beamline
in the transverse plane.

We interpret these results in the context of the NMSSM and the dark-SUSY benchmark models,
taking into account the dependence of the signal selection efficiencies on my, and m, (see Tab. 1
and Tab. 2), and derive 95% CL upper limits on the product of the cross section and branching
fraction, using a Bayesian prescription. We also compare the derived experimental limits with
a few simplified prediction scenarios. In the representative models, for any fixed combinations
of my, and m, both the Higgs boson production cross section and the branching fractions can
vary significantly, depending on the choice of parameters. In the absence of broadly accepted
benchmark scenarios, we normalize the production cross sections in these examples to that of
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Figure 6: Left: The 95% CL upper limits as functions of m,,, for the NMSSM case, on ¢(pp —
hy, — 2a;) x B2(a; — 2u) with my,, = 86 GeV/c? (dashed curve) and my,, = 125GeV/c? (dash-
dotted curve). The limits are compared to the predicted rate (solid curve) obtained using a
simplified scenario with B(h; — 2a;) = 0.8%, c(pp — hi) = osm(mp, = 125 GeV/c?) [71],
o(pp — h2) x B(h, — 2a;) = 0, and B(a; — 2p) as a function of m,, which is taken from [28]
for NMSSM parameter tan g = 20. Right: The 95% CL upper limits on B(h; — 2a;) x B*(a; —
2u) with my, = 90 GeV/ c? (dashed curve) and my, = 125GeV/ c? (dash-dotted curve) assuming
c(pp — hi1) = osm(my,) [71] and o(pp — hy) x B(h, — 2a;) = 0. The limits are com-
pared to the predicted branching fraction (solid line) obtained using a simplified scenario with
B(h; — 2a;) = 0.8% and B(a; — 2yu) as a function of m,, which is taken from [28] for NMSSM
parameter tan = 20.

the SM Higgs boson [71].

For the NMSSM, the 95% CL upper limit is derived for o (pp — h1o — 2a1) x B*(a; — 2u)
as a function of my, for three choices of m,, as shown in Fig. 5 (left) and as a function of m,,
for three choices of my, as shown in Fig. 6 (left). As my,, is unrestricted for any given my, , we
use €qy (M, ) = €fqn(Mp, ) to simplify the interpretation. This is conservative since €gyy (1p,) >
€sant (My, ) if my, > my,, for any m,,. We also derive the 95% CL upper limit for B (h; — 2a;) x
B?(a; — 2p) as a function of m,, for three choices of my,, as shown in Fig. 6 (right) assuming
that only h; gives a significant contribution to the final state considered in this analysis and has
the production cross section of a SM Higgs boson, i.e. o(pp — hi1) = osm(my,) and o(pp —
hy) x B(hy — 2a;) = 0. For the NMSSM simplified prediction scenario we use B(a; — 2p) as
a function of m,,, calculated in [28] for tan § = 20 with no hadronization effects included in the
My, < 2my region. The branching fraction B(a; — 2u) is influenced by thea; — sSand a; — gg
channels. The significant structures in the predicted curves visible in Fig. 6 arise from the fact
that B(a; — gg) varies rapidly in that region of m,,. The rapid variation in B(a; — gg) occurs
when m,, crosses the internal quark loop thresholds. The representative value of B(a; — 2u)
is equal to 7.7% for m,, ~ 2GeV/c?. Finally, we choose B(h; — 2a;) = 0.8%, which yields
predictions for the rates of dimuon pair events comparable to the obtained experimental limits.

In the case of the dark-SUSY model, the 95% CL upper limit is derived for c(pp — h — 2n; —
2np + 27p) x B?(yp — 2u) as a function of my,. This limit is shown in Fig. 5 (right) for my,, =
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10GeV/c?, myn, = 1GeV/c? and m,, = 0.4GeV/c?. For the dark-SUSY simplified prediction
scenario we use the branching fraction B(yp — 2u) close to its maximum at m.,, = 0.4 GeV/c?,
of 45%, calculated in [31]. We also use B(n; — np + yp) = 50%, allowing for other possible
decays. Finally, we choose B(h — 2n;) = 0.25%, which yields predictions for the rates of
dimuon pair events comparable to the obtained experimental limits.

7 Conclusions

A search for non-standard-model Higgs boson decays to pairs of new light bosons, which sub-
sequently decay to pairs of oppositely charged muons (h — 2a + X — 4u + X) has been pre-
sented. The search is based on a data sample corresponding to an integrated luminosity of
20.65fb ! collected by the CMS experiment in proton-proton collisions at /s = 8 TeV in 2012.
One event with two dimuons of consistent single mass in the signal region was observed. An
upper limit at 95% confidence level on the product of the cross section times branching frac-
tion times acceptance is obtained. The limit is valid for new light-boson masses in the range
0.25 < m, < 3.55GeV/c? and for Higgs boson masses in the range my, > 86 GeV/c?. Although
results have been interpreted in the context of the NMSSM and the dark-SUSY benchmark
models for my, < 150 GeV/c?, it is possible to extend them by smoothly extrapolating the model-
independent cross section limit to higher masses. The analysis has been designed as a quasi-
model-independent search allowing interpretation of its results in the context of a broad range
of new physics scenarios predicting the same type of signature. Presented results provide new
best experimental limits for searches in this signature.
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