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1 Introduction

The CMS and ATLAS experiments at the CERN LHC have made clear observations of a
particle compatible with the standard model (SM) Higgs boson [1-4]. While the observation
serves as a powerful affirmation of the SM mechanism for generating particle masses, the
discovery does not rule out the existence of a more complex theory with an extended Higgs
sector. The discovery of additional scalar or pseudoscalar bosons may be evidence of such
a scenario.

A number of well-motivated models extending the SM predict the existence of new
Higgs bosons. One well studied scenario is the Two Higgs Doublet Model (2HDM) [5, 6]
predicting the existence of additional elementary Higgs particles. The 2HDM includes a
CP-odd Higgs boson, A, that could be light and produced in association with bottom
quarks at the LHC. In some schemes, with a negatively-signed Yukawa coupling to the
down-type fermions, the associated bbA production cross section times branching fraction
into muons can be very large for an A boson with a mass below about 60 GeV, i.e. less than
half of the mass of the observed SM-like Higgs boson [7]. It can vary from 1000 to 35 fb
for A boson masses in the range from 25 to 60 GeV at a center-of-mass energy of 8 TeV in
proton-proton collisions.

We present a search for muon pairs, in the mass range from 25 to 60 GeV, produced
in association with bottom quarks in the context of the 2HDM. The search uses 19.7 fb™1
of data collected by the CMS experiment in proton-proton collisions at a center-of-mass
energy of 8 TeV. The analysis of the uu final state complements the CMS searches for a
low-mass A boson decaying into 7 lepton pairs by the CMS Collaboration [8, 9]. Despite the
significantly lower branching fraction, the uu final state profits from much better dilepton
mass resolution as well as higher trigger and lepton identification efficiencies. This is the



first time associated production with b quarks in the dimuon decay channel has been
searched for in the low dimuon mass range.

In the following, sections 2 and 3 describe the CMS detector, the data, and simulated
samples. The event reconstruction and selections are presented in section 4. In section
5, the result of the search for the bbA process is presented. The paper is summarized in
section 6.

2 The CMS detector

The central feature of the CMS apparatus [10] is a superconducting solenoid, 13m in
length and 6 m in diameter, which provides an axial magnetic field of 3.8 T. Within the
field volume there are several particle detection systems. Charged-particle trajectories are
measured by silicon pixel and strip trackers, covering 0 < ¢ < 27 in azimuth and |n| < 2.5
in pseudorapidity. A lead tungstate crystal electromagnetic calorimeter (ECAL) surrounds
the tracking volume. It is comprised of a barrel region |n| < 1.48 and two endcaps that
extend up to |n| = 3. A lead and silicon-strip preshower detector is located in front of
the ECAL endcaps. A brass and scintillator hadron calorimeter surrounds the ECAL and
also covers the region |n| < 3. Steel forward calorimeters with quartz fibers, read out by
photomultipliers, extend the calorimetric coverage up to |n| = 5. Muons are identified and
measured in gas-ionization detectors embedded in the steel flux-return yoke outside the
solenoid. The detector is nearly hermetic, allowing energy balance measurements in the
plane transverse to the beam direction.

3 Data and simulated samples

A two-tier trigger system selects collision events of interest. For this analysis, events are
first selected by requiring a single muon (u) or two muons within the detector acceptance
and passing loose identification and kinematic requirements. For the single-muon trigger,
the muon must have |p| < 2.1. The muon is required to be isolated and must have
transverse momentum (pr) greater than 24 GeV. The dimuon trigger requires two muons
with pt greater than 17 GeV for the leading muon and 8 GeV for the sub-leading muon.
The dielectron trigger requires two electrons with pr greater than 17 GeV for the leading
electron and 8 GeV for the sub-leading electron and the electrons are required to be isolated.

The analysis uses opposite-sign dimuon events with additional jets, with at least one
of them being identified as originating from b quark fragmentation (“b jet”). The invariant
mass of the opposite-sign lepton pair (m,,,) is required to be greater than 12 GeV to reject
low-mass resonances and remove poorly-modeled backgrounds.

The Monte Carlo (MC) simulation is used to optimize the event selection to give the
best sensitivity for signal discovery. Predictions for the yields of background processes,
which are also based on simulation, are validated using data in appropriate control regions.
The pp — bbA signal events are simulated with PYTHIA (v6.4.26) [11]. The signal samples
have been generated for A masses in intervals of 10 GeV. The natural width of the A boson
has been set to a value of less than 50 MeV, which is much smaller than the dimuon mass
resolution in the mass range from 25 to 60 GeV (0, = 0.45GeV for ma = 30 GeV).



The following background processes have been considered: Drell-Yan (DY), W+jets,
tt, single top quark, and diboson production.

The DY events are simulated at leading order (LO) using the MADGRAPH (v5.1.3.30)
generator [12, 13] interfaced to PYTHIA (v6.4.26) for parton showering and hadronization.
The CTEQG6L1 [14] parton distribution functions (PDFs) are used to generate the events.
The MADGRAPH generation includes up to four partons in the matrix element calculations
and a procedure to properly merge jets from the matrix element calculations and parton
shower [15, 16]. The DY sample is normalized to the next-to-next-to-leading order (NNLO)
cross section computed with FEWz (v3.1) [17]. The W+jets sample is simulated and nor-
malized in a similar way to the DY+jets sample. The ¢¢ (¢v) production in association
with b and ¢ quarks is included in the DY+jets (W+jets) samples.

Top quark pair events are generated with MADGRAPH, including up to three extra
partons, and the simulated sample is normalized to the NNLO+NNLL (next-to-next-to-
leading-logarithmic) inclusive cross section [18]. Single top quark processes (t, s, and Wt
channels) are modeled at next-to-leading order (NLO) with POWHEG [19-21] and normal-
ized to the approximate NNLO cross sections [22, 23]. Diboson production processes (VV)
WW, WZ/~v* and Z/~*Z/~v* are generated with MADGRAPH and normalized, respectively,
to their NLO cross sections [24, 25]. The WZ/~v* and Z/~*Z/~v* processes are generated
with m.+ > 10 GeV.

The PYTHIA parameters for the underlying event are set according to the Z2* tune [26,
27], an update of the Z1 tune described in refs. [28, 29].

A detector simulation based on GEANT4 (v.9.4p03) [30, 31] is applied to all the gen-
erated signal and background samples. The presence of multiple pp interactions (pileup)
in the same or adjacent bunch crossings is incorporated by simulating additional interac-
tions (both in-time and out-of-time with the collision) with a multiplicity distribution that
matches the one observed in data. The average number of pileup events is estimated as 21
interactions per bunch crossing. The observed jet energy resolution and jet energy scale
measurements [32], b tagging efficiency and b tagging discriminator distributions [33] in
data are used to correct the simulated events.

4 Event reconstruction and selection

Events are required to have at least one vertex, with the reconstructed longitudinal posi-
tion (z) within 24 cm of the geometric center of the detector and the transverse position
within 2cm of the beam interaction region. In the case of multiple reconstructed vertices
associated with additional pp interactions, the one with the highest scalar sum of the pgf of
its associated tracks is chosen as the primary vertex. Muons are required to originate from
the same primary vertex by requiring the longitudinal and transverse impact parameters
with respect to the primary vertex to be less than 0.5 cm and 0.2 cm, respectively.

Muon candidates are reconstructed with a global trajectory fit using hits in the tracker
and the muon system [34]. The efficiency for muons to pass both the identification and
isolation requirements is measured to be more than 95% for the kinematic region studied
in this analysis [3].



The electron selection criteria are optimized using a multivariate approach, and have a
combined identification and isolation efficiency of approximately 60% at low pr (=10 GeV)
and 90% at high pr (>50 GeV) for electrons from W or Z boson decays [35]. The training
of the multivariate electron reconstruction is performed using simulated events, while the
performance is validated using data.

In the interest of distinguishing between prompt and nonprompt lepton candidates
(predominantly arising from decays of b hadrons), a relative isolation is defined for each
lepton candidate. The muon isolation variable is computed as the sum of the transverse
momenta of the charged particles inside a cone of radius AR = vV (An)? + (A¢)? = 0.3
around the lepton direction divided by the muon pr. The isolation is required to be
smaller than 0.1. If the signal muons are within a distance of AR < 0.3 of each other the
pr of one lepton is subtracted from the isolation value of the other lepton.

The anti-k7 clustering algorithm [36, 37] with a distance parameter of 0.5 is used for
jet reconstruction.

Two types of jets are used in the analysis, “jet-plus-track” (JPT) [38] and particle-
flow (PF) [39] jets. The two algorithms combine the information from all subdetectors.
However, the PF algorithm separates deposits in the calorimeter into clusters and matches
clusters with reconstructed tracks (PF candidates), while the JPT algorithm does not re-
quire cluster separation as it starts from the reconstructed calorimeter jets (calojet) and
track matching is done with respect to the calojet area at the surface of the calorimeter.
Also the algorithms have a different approach to the calibration of the constituents: cluster
calibration from simulation in the case of the PF algorithm; and corrections due to cal-
orimeter thresholds and tracking inefficiency in the case of the JPT algorithm. These jet
reconstruction algorithms are affected differently by detector effects, like tracker misalign-
ment or the calibration of the calorimeter, and thus serve as an important cross-check of
each other. The two types of jet, JPT and PF, provide similar jet energy resolution. The
final results are presented with PF jets.

Jets with a significant fraction of energy coming from pileup interactions or not asso-
ciated with the primary vertex are rejected [38, 40]. The remaining pileup energy in jets is
subtracted using a technique that relies on information about the jet area [37, 41, 42]. Jets
are required to satisfy identification criteria that remove jets originating from noisy chan-
nels in the calorimeters [43, 44]. Calibrated jets [32, 45] are required to have pp > 20 GeV,
In| < 4.7 and to be separated by at least 0.5 in AR from muons passing the selection
requirements described above.

The missing transverse momentum (pii) is defined as the modulus of the vector sum
of the transverse momenta of all reconstructed PF candidates in the event. The calibrations
applied to jets are propagated to the prT“iSS.

Jets originating from the hadronization of b (or ¢) quarks are identified by a multivari-
ate analysis [46] based on a secondary vertex b tagging algorithm described in refs. [33, 47].
The algorithm combines information on track impact parameter significance, secondary
vertices, and jet kinematics. Several working points are available; these are designed to
yield successively higher purity at the cost of reduced efficiency for identifying b jets. The
working point used in this analysis corresponds to a b tagging identification efficiency of



45% and a misidentification rate of 0.05% for light-flavor (u, d, s, g) jets with pt > 30 GeV.
The misidentification rate for ¢ jets is ~6%.

Selections are optimized using simulated events for the signal model pp — bbA, A —
pie with ma = 30 GeV and simulated backgrounds. The threshold on the leading muon pf!
is fixed to 25 GeV. This choice is determined by the single-muon trigger pr threshold of
24 GeV. The rapidity requirements on the muons and b jets are driven by the trigger and
particle identification conditions. The optimization procedure selects the thresholds on the
subleading pr muon (pf’), the leading b jet pr (pl%jet), and piss, where an approximate
estimate of signal significance, defined as Z = 2(v/S + B — v/B) [48] reaches its maximal
value. The p%iss requirement is used to suppress the tt background. The presence of a
second jet (b tagged or not) is not required since in the bbA production process the second
b jet is often at high n or has too low pr.

Optimization in this way gives rise to:
o P! > 25GeV, |n,, | < 2.1;

o Pl >5GeV, |nu,| < 2.4;

. p]%jet > 20 GeV and |n| < 2.4;

o PSS < 40 GeV.

The optimization of the selections was repeated for an A boson mass of 60 GeV and
similar values were obtained. The signal selection efficiency is 0.013 for ma = 30 GeV.

5 Results and systematic uncertainties

Figure 1 shows the transverse momentum of the leading (left) and subleading (right) muons,
and figure 2 shows the pr of the leading b jet (left) and the pi* (right) for the events pass-
ing the selection requirements for the other variables. The histogram labeled as MC(Top)
shows the sum of the single top and top quark pair production processes.

The upper limits on the signal contribution in the mass range of 25 < m,, < 60 GeV
have been extracted using a fit of the binned background and signal templates to the
dimuon mass distribution in the region 12 < m,, < 70 GeV. The mass intervals of [12-25]
and [60-70] GeV have been used for a verification of the background expectation obtained
from the simulation.

The signal and background templates are obtained from simulation rescaled and cor-
rected using information from data. To obtain signal mass shapes in 1 GeV steps we perform
a linear interpolation between histograms as a function of the mass using the algorithm
described in ref. [49] and implemented in the ROOT package [50]. The W+jets and VV
background event yields are found to be negligible. The predicted yields for the back-
ground processes take into account the following sources of systematic uncertainty, where
the range of variations of each source was determined in dedicated studies with appropriate
data control samples or, if relevant, from the theory uncertainty affecting the prediction:

e luminosity uncertainty, 2.6% [51];
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Figure 1. The transverse momentum of the leading (left) and the subleading (right) muon for
data (dots) and simulation (histograms). The histograms for simulated backgrounds are stacked.
The histogram labeled as MC(Top) shows the sum of the single top and top quark pair production
processes. The expected signal is shown assuming a signal cross section times branching fraction
of 350 fb. The background is normalized to the number of events expected from simulation. In the
lower panel, the ratio of the number of events in data and background simulation is shown.
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e muon identification and isolation efficiency uncertainty, 3%;
e top quark background normalization uncertainty, 7%:;
e jet energy scale uncertainty, 3% for the DY +jets and 0.2% for top quark backgrounds;

e jet energy resolution uncertainty, 0.3% for DY+jet and 0.1% for top quark back-
grounds;

e pileup modeling uncertainty, 2% for DY +jets and 1% for top quark backgrounds;
e EMisS measurement uncertainty, 2% for DY+jets and 4% for top quark backgrounds.

While the above uncertainties only affect the expected total event yield, others can
have an impact both on the total event yield and on the shape of the predicted my,
distribution. The following set of systematic uncertainties in the m,, background shape
and the normalization have been taken into account:

e b tagging scaling factor uncertainty [47];
e renormalization and factorization scale, and PDF uncertainties;

The renormalization and factorization scale uncertainties are particularly important
for the modeling of the shape of the DY +jets background, which after the final selections is
dominated by the pubb process. The scale uncertainty in the pubb prediction, taken from
simulation, has been evaluated as a function of the dimuon mass using the pp — puubb
process implemented in MADGRAPH5_aMC@NLO v2.3.0 in a four-flavor production scheme
with massive b quarks [52]. The renormalization and factorization scales (ur and pp) have
been varied simultaneously by factors of 0.5 and 2.0. The uncertainty on the differential
cross-section as a function of the dimuon mass varies from 20 to 15% in the dimuon mass
region of 12 < my, < 70GeV. It is applied to the total DY +jets background, motivated
by the fact the DY plus light-flavor jets background after the b tagging requirement is
much smaller than the pubb background, and the scale uncertainty for the juuce process is
expected to be similar to that for the pubb process.

Uncertainties related to the imprecision in our knowledge of the PDF's are also evalu-
ated. The uncertainty in the gluon-gluon luminosity is considered, since in the four-flavor
scheme the dominant LO production process is gg — pubb. The qq — pubb process repre-
sents only ~15% of the total cross-section. The gluon-gluon luminosity uncertainty is com-
pared for three PDF sets, CT10NLO [53], MSTW2008NLO [54], and NNPDF2.3NLO [55].
In the mass region of ~30-70 GeV the CT10NLO uncertainty envelope covers the uncertain-
ties of the other two PDF sets, therefore the CT10NLO gluon-gluon luminosity uncertainty
is used in the analysis. This PDF uncertainty is applied as a function of the dimuon mass
to the total DY +jets background after b tagging has been applied. It is motivated by the
fact that the puucc and puubb processes are both initiated by gluon-gluon interactions in
the four-flavor scheme at LO.

The dimuon mass spectrum, the expected background, and its uncertainty are pre-
sented in figure 3 (left) together with the expected signal for ma = 30 GeV assuming a
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Figure 3. Left: the dimuon mass distribution with the pre-fit expected background event yield
and its uncertainty, and the expected signal for ma = 30 GeV assuming a signal cross section times
branching fraction of 350 fb. Right: cross-check with the eTe™ final state showing the dielectron
mass spectrum with the expected background event yield and its uncertainty.

signal cross section times branching fraction of 350 fb. The PF jet reconstruction algorithm
is used. There is a fair agreement between data and background.

To cross-check the background estimation technique that relies on the accuracy of the
simulation for the background, we consider data where instead of requiring the presence of
two muons, we require two opposite-sign electrons. Since the dielectron final state would
be suppressed by (me/m,)? in the pseudoscalar Higgs decay, we do not consider it for
our search. Kinematic thresholds and all other requirements are kept exactly the same
as in the main analysis, except the threshold on the second leading pr electron, which
is taken higher than in the dimuon analysis (p7? > 10GeV) to reduce the QCD multijet
background. The data are found to be in good agreement with the background model
prediction, as illustrated in figure 3 (right).

To cross-check the effect of event migration on the exclusion limits due to the choice of
jet reconstruction algorithm we use the JPT algorithm as an alternative and repeat the full
analysis chain. Figure 4 shows the dimuon mass spectrum for events selected by both the
main (PF) and alternative (JPT) jet reconstruction methods as well as for events selected
by only the JPT algorithm. The two reconstruction methods select slightly different events.
The fraction of migrated events due to the choice of jet algorithm is of the order of 20% and
almost independent of the dimuon mass. The expected and observed upper limits obtained
using PF or JPT jets are very similar. The final results presented use PF jets.

The experimental uncertainties considered above for the background are also taken
into account for the signal. In addition, the uncertainty in the signal acceptance due to
the signal modeling is evaluated using a MADGRAPH5_aMC@NLO+PYTHIA 8 particle level
simulation of the pp — bbA, A — uu process in the four-flavor production scheme [56-58].
It includes the uncertainty in the shower scale parameter, a (an upper scale allowed for
the shower in PYTHIA) [13] , the renormalization and factorization scales, and the PDFs.
In the evaluation of the uncertainties we follow the recommendations of LHC Higgs Cross
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Figure 4. The dimuon mass distribution with the pre-fit expected background event yield for
events selected by both the main (PF) and alternative (JPT) jet reconstruction methods as well as
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section Working Group [59]. The renormalization and factorization scales are varied with
two constraints such that 0.5u9 < pr, pr < 20 varies while requiring 0.5 < pg/pur < 2
(po is the recommended central scale value [59]); the shower scale parameter is varied as
a € [1/(4v/2),v/2/4]. The PDF uncertainty is obtained with the PDFALHC15 nlo_nf4_30
set [60-63]. The total theoretical uncertainty on the signal acceptance, taken as the linear
sum of the shower scale, the renormalization and factorization scale, and the PDF uncer-
tainties, varies from —16% to +18%. The difference in the signal acceptance between the
PYTHIA 6 and MADGRAPH5_aMC@QNLO+PYTHIA 8 particle level simulation is less than the
total theoretical uncertainty discussed above.

The dimuon mass distribution in figure 3 (left) is used in the evaluation of the limits on
the cross section times branching fraction, o(pp — bbA) B(A — uu). The limits have been
extracted using a test statistic based on the profile likelihood ratio and asymptotic formulae,
along with the constraint of a positive signal, as proposed in refs. [64, 65]. Systematic
uncertainties are included in the form of nuisance parameters. The dimuon mass spectrum
and the post-fit background event yield and its uncertainty given by the fit is presented
in figure 5 (left), along with the expected signal for ma = 30 GeV assuming a signal cross
section times branching fraction of 350 fb.

We scan over A masses from 25 to 60 GeV. The expected and observed upper limits at
95% confidence level (CL) on o(pp — bbA) B(A — upu) are shown in figure 5 (right). Due
to the good agreement between the data and the expected background before and after the
fit the limits for all mass points in the mass interval of 25 < m,, < 60 GeV are within two
standard deviations of the expected limit.

In the 2HDM, the B(A — pup) and B(A — 77) are related through the ratio of the
Yukawa couplings, and thus are proportional to the square of the lepton masses, i.e.

i~ ()

My

(5.1)

The open circles in figure 5 show the upper limits on o(pp — bbA) B(A — pupu) obtained
from the limits on o(pp — bbA) B(A — 77) evaluated in the CMS analysis of the A — 77
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using eq. (5.1).

final state [8]. One can see that upper limits evaluated from the direct search for the
A — pp decay in bbA associated production are comparable with those from the A — 77
search using the same production process.

6 Summary

A light pseudoscalar Higgs boson, produced in association with a pair of b jets and decaying
into two muons, has been searched for in pp collisions at /s = 8 TeV with an integrated
luminosity of 19.7fb~1. This is the first time associated production with b quarks in the
dimuon decay channel has been looked for in the low dimuon mass range. No signal has
been observed in the dimuon mass range from 25 to 60 GeV. Upper limits on the cross
section times branching fraction, o(pp — bbA)B(A — uu), have been set. Despite the
significantly lower branching fraction, the limits evaluated from the direct search for the
A — pp decay in bbA associated production are comparable with those from the A — 77
search using the same production process.
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