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1 Introduction

The electroweak symmetry breaking mechanism of the Standard Model (SM) predicts the ex-
istence of a neutral scalar boson, the Higgs particle, currently constrained by experimental ob-
servations to be in the mass range 115 — 128 GeV/c? [1, 2]. In the SM framework the calculation
of the mass of the Higgs boson diverges due to radiative corrections at high energies. Super-
symmetry provides a solution to this problem, by introducing Super-partners of SM particles
that cause suitable cancellations of divergent contributions.

In the Minimal Supersymmetric Standard Model (MSSM) [3] there are two Higgs doublets,
which lead to five physical Higgs states: two neutral CP-even particles (h,H), one neutral
pseudo-scalar (A) and a pair of charged states (H*). Recent CMS results in h/A — 7T de-
cay mode [4] put severe constraints on the mass of the neutral states, significantly improving
previous results by LEP [5] and Tevatron [6] experiments. Higgs particles decay mainly to pairs
of b-quarks in the SM and for a large range of MSSM parameter space. However, huge QCD
backgrounds make this mode particularly difficult for the SM searches. For the MSSM searches
the possibility exists of observing the additional b-quarks produced in association with the
MSSM Higgs, which allow to reduce the QCD background significantly as shown by recent
publications by CDF and DO [7, 8].

This PAS note introduces a search for MSSM neutral Higgs states decaying into a pair of b-
quarks, performed on the data collected in 2011 by CMS using dedicated triggers based on
the detection of moderately high transverse momentum pr, non-isolated muons and two jets
with on-line b-tagging. The use of a muon and jet triggered dataset allows us to tag the semi-
muonic decay of one of the b-quarks. A dataset with a muon in the trigger can also tolerate
lower energy thresholds on jets in the trigger, improving the overall sensitivity. A parallel
analysis, using a full hadronic trigger, has also been presented by CMS [9].

2 Detector description and reconstruction

The data sample used in this search corresponds to an integrated luminosity of 4.8 fb~! recorded
in 2011 with the CMS detector at the LHC, running at a center-of-mass energy of 7 TeV.

The central feature of the Compact Muon Solenoid (CMS) apparatus is a superconducting
solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. Within the field vol-
ume, the inner tracker is formed by a silicon pixel and strip tracker. It measures charged parti-
cles within the pseudorapidity range || < 2.5. It provides an impact parameter resolution of
~15 um and a p resolution of about 1.5% for 100 GeV/c particles. Still inside the field volume
are a crystal electromagnetic calorimeter (ECAL) and a brass/scintillator hadron calorimeter
(HCAL). Muons are measured in gas-ionization detectors embedded in the steel return yoke.
Muons are measured in the pseudorapidity range |#| < 2.4, with detection planes made using
three technologies: drift tubes, cathode strip chambers, and resistive plate chambers. Matching
muons to tracks measured in the silicon tracker (global muons) results in a transverse momen-
tum resolution between 1 and 5%, for pr values up to 1TeV/c. Extensive forward calorimetry
complements the coverage provided by the barrel and endcap detectors.

A more detailed description of the CMS detector can be found in Ref. [10].

In this analysis, a particle-flow (PF) event reconstruction [11] is used. It reconstructs and iden-
tifies each particle with an optimised combination of all subdetector information. Photons and
electrons are reconstructed using ECAL and inner tracker. The energy of muons is obtained
from the corresponding track momentum. The energy of charged hadrons is determined from
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a combination of the track momentum and the corresponding ECAL and HCAL energy, cor-
rected for zero-suppression effects, and calibrated for the nonlinear response of the calorime-
ters. Finally the energy of neutral hadrons is obtained from the corresponding calibrated ECAL
and HCAL energy.

Jets are reconstructed offline from the reconstructed particles, clustered by the anti-k; algo-
rithm [12] with a size parameter of 0.5. Jet momentum is determined as the vector sum of
all particle momenta in the jet, and is found by simulation to be on average within 5% to
10% of the true momentum over the whole pt spectrum and detector acceptance. An offset
correction is applied to take into account the extra energy clustered in jets due to additional
proton-proton interactions within the same bunch crossing. Jet energy corrections are derived
from the simulation, and are confirmed with in situ measurements with the energy balance
of dijet and photon+jet events. The jet b-tagging algorithm used is the Combined Secondary
Vertex (CSV) [13], which combines in a likelihood ratio information about impact parameter
significance, the secondary vertex and jet kinematics.

3 Signal characterization

Simulations of neutral MSSM Higgs decaying to b-quarks show that the highest energy b-
jets in the events originate from the Higgs decay. This happens for 80% of the events at
my = 120GeV/c?. For 67% of these decays Higgs decays, the PF algorithm successfully re-
constructs two jets with pr > 30 GeV/c. These numbers increase for higher Higgs mass values.
The dynamic of the production is such that quite frequently the fourth b-quark jet is outside
the central region (|| < 2.5) and often is so far forward that it escapes detection altogether.
The b-jets not originating from the Higgs decay have a considerably softer pr spectrum. In ad-
dition, the muons originating from these spectator b-quark decay are softer than muons from
the Higgs decay chain. For a signal sample of my = 120 GeV/c?, 20% of the events contain a
reconstructed muon with pr > 5GeV/c. With a harder muon, at pr > 12, 15 or 17 GeV/c, the
fraction of events that satisfies the requirement falls to 7%, 4.5% or 3.5% respectively.

After the trigger selection requirements (described in more detail below), the overall efficiency
on the signal including the semileptonic branching fraction of the b decay is approximately 2%
for my = 120GeV/c?, increasing to 9% for my = 250 GeV/ c2. These values differ slightly for
the different data taking periods in which different High Level Triggers (HLT) paths were used.
The typical mass resolution on the reconstructed Higgs invariant mass is about 15% .

4 Trigger and event selection

The data used in the analysis have been collected during 2011, using five different HLT trigger
paths. All the triggers required a muon above pr = 12 GeV/c threshold and the presence of one
or two central jets (|| < 2.6 ) with transverse energy above a given threshold (20 or 30 GeV/c,
depending on the data taking period), with at least one or two on-line b-tagged jets.

The offline analysis requirements at pre-selection stage are the following:

e One good primary vertex;
e A global muon with pr > 15GeV/c, no explicit isolation required;

o At least three jets within |77 < 2.6 and with transverse energy Er > 30 GeV for the
first two and E1 > 20 GeV for the third and following ones;

e The separation between any pair of jets has to be AR;; > 1 in order to avoid any



ambiguities in b-tagging;
o The first two jets, ordered in Et, have to have CSV b-tag discriminator value CSV >
0.8;

e The global muon has to be used in the reconstruction of one of the two leading jets.

The final selection for the signal search adds the requirement for the third jet to have a CSV
b-tag value greater than 0.7.

The data reduction after each cut, as well as the total integrated luminosity collected with all
relevant triggers, is shown in Tab. 1,

Table 1: Data reduction after each selection cut.

Cut \ Events

All | 16732273

pi > 15GeV/c | 9739139

#jets >=3 | 4511327

AR; >=1| 3505584

CSV(1% —jet) > 0.8 | 1932135
CSV(2™ —jet) > 0.8 | 813685
pin 1% or 2™ jet | 785940
CSV (3 — jet) > 0.7 60195
[ Ldt [pb ] 4805.7

The relative efficiency of the muon triggers with respect to the off-line selection criteria were
measured using pre-scaled low threshold single muon triggers. A value of about 45 — 60% was
found, depending to the Higgs mass.

5 Background determination

The relevant background processes for this analysis are studied using simulated events, pro-
duced for tf by the MADGRAPH [14] Monte Carlo (MC) generator and with PYTHIA [15] for
the other processes. The Z — bb yield is rescaled to match the MADGRAPH jets multiplicity.
All simulated datasets are then processed using GEANT4 [16] with a detailed CMS detector
simulation, including the PileUp events as observed during 2011 data taking, and finally re-
constructed with the same reconstruction program used for data. The expected events for each
process are shown in Tab. 2: each process is normalized using the measured cross section to the
total integrated luminosity used, with the exception of multijet QCD background, for which
the nominal PYTHIA cross section has been used.

The major background for the Higgs decaying to b-quarks comes from multijet events from
hard scattering QCD processes. For these process, MC simulation is not feasible due to the
uncertainties of multiple b-jet production in gluon splitting, as well as the lack of NLO/NNLO
cross section. Other background processes such as tf + jets, Z — bb + jets, are predicted to be
at the percent level or less of the total background by the MC simulation. These backgrounds
are minor compared to the overwhelming multijet QCD background, and that are taken into
account in a data-driven background evaluation procedure described below.

Two independent methods were developed to predict the expected background. The first is a
data-driven method based on the computation of b-tagging matrices using templates, and the



5 Background determination

Table 2: Events passing all analysis cuts for MC
errors are statistical only.

simulated background samples. The quoted

Process \ events
Multijet QCD | 72043£747
tt + jets 30345.8

Z — bb 540470

77 1.84+0.07
WZ 0.4440.05
WW 0.03+0.03

second one is based on a nearest-neighbor in parameter-space technique called Hyperball. The
former is used for the predicted background, and the latter to assess the systematics uncertain-
ties in this prediction.

In order to find a background-enhanced, signal-depleted control region, a likelihood discrim-
inating variable is constructed (Discr) with various kinematic inputs (such as pt of the b-jets,
separation in ¢ and 7 of the b-jets, separation in ¢, 7 between the third jet and the combi-
nation of the two leading, b-jet multiplicity). Two versions of this discriminator are used:
one for the low mass Higgs region (my < 180GeV/c?) and another for the high mass Higgs
(my > 180GeV/c?). The distributions of Discr as defined for the low mass Higgs is shown for
the MC multijet QCD background and for the Higgs signal in Fig. 1 as well as for other elec-
troweak backgrounds: tf — WTbW~b and Z — bb. For both discriminators, the control region
is defined as the sample of events having a value Discr < 0.4.
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Figure 1: Distribution of the discriminating variable used for My < 180 GeV/c? as defined in
the text for multijet QCD background events (black), t (blue), Z — bb (green) and SUSY Higgs
signal for my = 120GeV/c? (red). All distributions are normalized to unity. In the analysis,
the multijet QCD background is the largest one by far, and t# — WTbW~b and Z — bb are
expected to be small, as shown in Tab. 2.

The Discr variable can be calculated for single b-jet (bjj) and double b-jet (bbj) events. Fig-
ure 1 includes the two most important electroweak backgrounds tf+jets and Z — bb+jets. In
particular, the Z — bb resonant process has a Discr distribution different from signal.

The Discr distribution shows multijet QCD MC simulation, which as noted above is not ex-
pected to mimic the data faithfully. Therefore, it is not used to test the presence of a signal, but
only to find a region of phase space where the multijet background is high compared to signal



in events with three b-tag.

The method based on the b-tagging matrices is described below: for any observable x, the
prediction of its distribution F(x; bbb) in the 3 b-jet sample can be computed as follows:

F(x;bbb) = F(x; bbj) x Py (j) @

where Pgidt;gj (j) is the probability of the third jet to be b-tagged, according to the b-tagging
algorithm and threshold used for the third jet. F(x;bbj) is the observed distribution for the
same observable x in the sample with three jets, where only the two highest Er jets are b-
tagged.

Taking into account the contribution of b, ¢, and light (uds-quarks plus gluon) jets Pgidt;é{ (j)
expands as follows:

PG =€ fotec foteng (1— fy— fo) @)

where €, € and €4 are the probabilities for a b, ¢, or light jet to be b-tagged, respectively (or
efficiency). The f . are the fractions of the corresponding quarks for the third jet in the events.

Efficiencies and quark fractions depend on the third jet kinematics as well as other event char-
acteristics. The efficiencies are parametrized as a function of E7, || and charge multiplicity of
the third jet. An additional two parameter function parametrizes the heavy flavour fraction:

rd ie rd g,
fo, ¢, tight = f1 (Et(“o’ ) g3 t)!) X f2 (AR12,ARp3) 3)

where the first term f; uses the same variables as the efficiency, and the second term f, uses
two variables that describe the event topology: the angular separation between the first and
the second b-jet AR > and the angular separation between the third jet and the object resulting
from the combination of the first and second jet (the Higgs candidate, denoted as H in the
subscript). The second factor is used only for the shape of the distribution, it is normalized to
unity, taking into account the event distribution in the (AR, ARy 3) plane.

The €, €c and €;qy,; efficiencies are taken from the MC simulation. A detailed study of the b-
tagging efficiency described in [13] using several data driven methods, provides a scale factor
for the efficiency as found from the MC with respect to data. For the CSV working point used
for the third jet, the scale factor is 0.95 + 0.04, and it is fairly independent on the b-jet pr for the
range considered in the present analysis. This scale factor is applied to the b-tagging efficiency.
No additional bias has been observed for the particular cuts of this analysis.

The heavy flavour fractions are obtained from the data for each bin of the aforementioned
parametrization planes. The observables used to fit the data are the invariant mass associated
with the secondary vertex (TagMass), and the negative logarithm of the confidence level of the
four most displaced tracks in the jet being consistent with originating from the primary vertex
(JetBProbability). The fit is performed using templates built from simulated events for b, ¢ and
light quarks. If a secondary vertex is reconstructed, both TagMass and JetBProbability are fit
simultaneously, otherwise only JetBProbability was used. An example of fit in the data control
region, for a typically populated bin, is shown in Fig. 2, with the b, c and light quark content of
the third jet.
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Figure 2: Example of a fit for one bin of the Et, || parametrization. The red, blue, and green
histograms are respectively the templates for b, ¢, and light quarks. Dots represent data. Left
and center: two-dimensional fit to Tag Mass and JetBProbability. Right: fit to JetBProbability only
when the Tag Mass is not defined.

The results for the background prediction of the invariant mass distribution of the two leading
jets is shown in Fig. 3, comparing the actual distribution in events with three b-tagged jets and
the prediction. The plots are shown for the case of the low Higgs mass discriminator. The
predictions are normalized to the number of events seen, and the original ratio of seen over
predicted events is also shown, together with the result of a Kolmogorov-Smirnov test. The
results are presented for data as well as for multijet MC simulation, as a closure test, for both
control and signal region. The absolute normalization in the signal region will be described
below.

An alternative data-driven method to estimate the background distribution makes use of a
specialization of the generic type of algorithm called “nearest neighbor”. In the case at hand,
the scalar field to be estimated is the probability that an event pass the three b-tag selection.
This is done by looking at the probability for events with similar kinematics in suitably-shaped
hyperellipsoids in the multi-dimensional space of event and jet observables.

The method gives an independent prediction of the background shape and normalization in
the signal region, and is used to get the systematics uncertainties for the predicted shape.

The test-events used are those passing all the preselection described above but with just the first
jet b-tagged (bjj sample). The invariant-mass distribution for events passing the final selection
is predicted starting from the sample of test-events failing the final selection and applying to
each of them a weight accounting for the probability that all the 3 jets are b-tagged in the same
event.

Among the test-events, Nt events with Discr < 0.4 are selected and used as a training sample.
The probability for a test-event to pass the final selection is built by selecting a sample of Ny =
100 training events which are found the most similar (in the multi-dimensional sense discussed
below) to the tested event, and computing the ratio of bbb and bjj event numbers inside that
training sample.

The most similar events are chosen as the ones having the smallest multi-dimensional distance

Z w ym 4)

where x; are the ny variables defining the test event and y,; are the corresponding variables
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Figure 3: Invariant mass of the two leading jets, for MC and Data and for control and signal re-
gions. Prediction (blue histogram), data (red dots) are overlaid. The prediction is normalized to
data, and the normalization scale factor is also shown for each plot (Seen/Pred). Also a hypoth-
esis for a SUSY higgs signal at M;, = 120 GeV/c? with a production cross section corresponding
to tan B = 30 (green histogram) is overlaid.

in the training event a. The weights w; account for the different dispersions of the variables
and the different dependence of the b-tag probability on them. A numerical derivative of the
probability for a test event to pass the final selection as a function of the variable x; was taken
as weight w;.

The events having the transverse energies and pseudo-rapidities of the three leading jets near to
the corresponding thresholds are handled in a special way. Those events are not centered in the
hyper-ellipsoid, and the fraction of bbb events in the hyper-ellipsoid itself is not a good estima-
tion of the probability for the test event to have all three jets b-tagged. This bias is cured by look-
ing, for each test event, which variables among the transverse energies and pseudo-rapidities
are near to the corresponding thresholds; a linear interpolation of the selection probability with
those variables is performed and the result used to extrapolate the selection probability itself
to the test event.

When all the energies and pseudo-rapidities in the tested event are not close to the above de-
fined thresholds, the 3 b-tag probability for the test event was computed by a weighted ratio:

% 1/D3
_ =P
o bjj ®)
Y..1/D;
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where in the numerator the sum runs over bbb events and in the denominator it runs over bjj
events; D is the distance between the test event and the training event as defined in Eq. 4.

The results for the prediction of the invariant mass distribution of the two leading b-jets from
the Hyperball and from the b-tagging matrix methods are compared in Fig. 4.
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Figure 4: Background predictions from the B-matrix and the Hyperball method compared for
low mass region My < 180 GeV/c? (a) and high mass region My > 180 GeV/c? (b).

In the following of the analysis, the background prediction is taken from the b-tagging ma-
trix method. The statistical uncertainty of the prediction is rescaled to take into account the
difference observed between the two methods, which acts as a shape systematics.

6 Systematic uncertainties

Systematic uncertainties for this analysis can be separated in two categories: those affecting the
signal yield and those related to the background prediction.

The main source of systematics of the event yield comes from uncertainties related to jets re-
construction and b-tagging. The second source is the trigger turn-on efficiency, given the rather
low thresholds used in the event selection. Other sources include uncertainties on integrated
luminosity, PDF modeling, and lepton-identification related ones.

The following uncertainties for the signal event yield are considered:

o Trigger systematics: the trigger turn-on applied to the signal is derived from data,
along with its uncertainties which is mostly coming from the limited statistics of
the pre-scaled trigger used as reference sample. This uncertainty is estimated to be
5 — 3%, depending to the Higgs mass;

e b-tagging efficiency: this contribution is studied in detail in a dedicated note [13]
using a b-enriched sample from top decay as well as soft muon tag. The scale factor
between MC and Data is included in the efficiency estimated from the MC and its
error is used as a systematic uncertainty: 4% per jet, leading to 12% for three jets.



o Jet Energy Scale: the uncertainty in the Jet Energy Correction (JEC) is estimated by
a standard procedure of scaling up and down the energy of all the jets in each event.
Relative change in the amount of the events passing our offline selections is 737%

e Jet Energy Resolution: to estimate the uncertainty from the Jet Energy Resolution
(JER), the momenta of each generated jet is randomly adjusted according to a cor-
responding probability distribution for given pr and 7 of the jet. An uncertainty of
+1.9% is associated to JER.

e Muon momentum scale and resolution: 0.2% and 0.6%;

e pdf uncertainties: estimated by reweighing signal MC by the uncertainties of the
eigenvectors of covariance matrix of the original pdf. For My = 120 GeV/c%: "35%;
for My = 250GeV/c?: 1%

o Integrated luminosity: 2.2% [11]

The background prediction is affected by two sources of systematic uncertainties: the shape of
the prediction and its absolute normalization. As discussed in the previous section, the first is
inferred by the comparison of the background predictions obtained with the b-tagging matrix
and that obtained with the Hyperball method. The corresponding error scaling is included on
bin-by-bin basis in the binned maximum likelihood fit to the distribution of the final observable
(the invariant mass of the two leading b-tagged jets) discussed in next section.

The background normalization uncertainty has two components: the first is related to the level
of agreement between the prediction and the actual bbb distribution in the data control region
and the second is related to the extrapolation of this prediction from the control region to signal
region. As seen in Fig. 3, the ratio between the prediction and the actual bbb distribution in the
control region is fairly constant across the mass spectrum. Distributions for other kinematic
variables not shown here display similar agreement. The normalization in the control region
is 0.877 4= 0.007 for low mass and 0.885 & 0.006 for high mass region. These numbers are used
respectively as normalization factor for the prediction in the signal region and as systematic
error on the background prediction (0.8 — 0.7%). For the extrapolation from the control to
the signal region, the MC simulation shown in Fig. 3 predicts a constant ratio between the
prediction and data for the three b-jet event rate in the signal region. We compare the number
of events in data over predicted in the signal and control region respectively: the ratio is 1.01 &
0.042 and 1.02 £ 0.05 for low and high mass regions respectively. These values are used as a
further correction to the normalization and set the uncertainty in the extrapolation from control
and signal region.

7 Results and interpretation

In order to extract the possible contribution of a MSSM Higgs a binned likelihood fit to the
invariant mass distribution of the leading two jets in the event is performed. Signal MC simu-
lation predicts a peaked structure at a mass value around the Higgs mass.

Since there are two different discriminants, there are correspondingly two signal samples and
two different background predictions. The predicted background is shown in Fig. 5 and 6 for
the two mass ranges, respectively, together with the expected signal for different Higgs boson
masses for tan f = 30.

Throughout the analysis, the signal region corresponding to Discr > 0.4 was not studied. The
efficiencies and background predictions are developed in an entirely blind way.
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2500

ev/10 GeV

2000

1500

1000

500

e Data
: : : : : —— Background
b i i i ) SUSY 90
o) ¢ ¢ [CJsusyio0
[Jsusy 120
i [Jsusy 130
- [ SUSY 140
[ susy 160
[ Jsusy 180

CMSpreliminary 2011
\s =7 TeV
ILdt = 4.81b™

ev/10 GeV

?ac:kgr.p.und.....g.......é ....... .

50 100 150 200 250 300 350 400 450 500
M, [GeV]

e Data

.~ =—— Background

[Jsusy 9
[Jsusy 100
‘[Jsusv 120
[Jsusyizo

102

10

50 100 150 200 250 300 350 400 450 500
M,, [GeV]

Figure 5: Data (red) and predicted background (blue) in the signal region, for low mass range
(Mp < 180GeV/c?); the expected signal for different My and for tan B = 30 is also plotted.
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background is also shown.
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The CL; criterion is used to determine the 95% confidence-level limit on the signal contribution
in the data, using the RooStats [17] package. Results are shown graphically in Fig. 7 in terms
of cross section times branching ratio.

Figure 8 presents the results in the MSSM framework as a function of MSSM parameters (M4, tan 8),
in the m}"* scenario [18, 19], including all the statistical and systematical uncertainties.

In the MSSM m'** benchmark scenario, the definition of theory parameters are the following:
Msysy = 1TeV/c?; Xy = 2Msysy; = 200GeV/c?; Mz = 800 GeV/c?; My = 200 GeV/c?; and
Ay, = Ai; M3 = 800GeV/c?. Here, Msysy denotes the common soft-SUSY-breaking squark
mass of the third generation; X; = A; — u/ tan p? is the stop mixing parameter; A; and A, are
the stop and sbottom trilinear couplings, respectively; y is the Higgsino mass parameter; Mg is
the gluino mass; and M, is the SU(2)-gaugino mass parameter. The value of M; is fixed via the
unification relation M; = (5/3) M, sin 6y / cos Byy. Finally, the 5 flavour schema is used.

The expected cross-section and branching ratio, in the MSSM framework, as calculated by
bbh@nnlo [20] and FeynHiggs [21-24], respectively, are considered.
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Figure 7: Observed and expected upper limit for the cross section times branching ratio for

95% confidence level, with linear and logaritmic scale, with the inclusion of statistical and
systematic uncertainties. The low and high mass regions are shown separately.

8 Conclusion

A search of neutral supersymmetric Higgs particles decaying into pairs of b-quarks, and pro-
duced in association with two further b-quarks, has been presented. The data were collected
during 2011 by the CMS experiment at the LHC, corresponding to a total integrated luminosity
of 4.8 fb~!, with the use of a semileptonic trigger. Two data driven predictions of the large and
dominating multijet QCD background have been developed.
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Figure 8: Observed and expected upper limit with 90% confidence level in the MSSM plane
(tan B, M), including the statistical and systematical uncertainties, in the m)"** benchmark
scenario as defined in the text. The low and high mass regions are shown separately.

The data shows no significant excess with respect to the expected SM background, and a limit
for Higgs cross section times branching ratio as a function of M, is determined. These results
are also interpreted in the framework of MSSM as a function of (M4, tan ), in the my'** 18, 19]
scenario, excluding a region of phase space previously unexplored for this final state.
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