Available on the CERN CDS information server CMS PAS SUS-14-017

CMS Physics Analysis Summary

Contact: cms-pag-conveners-susy@cern.ch 2015/08/27

Search for Supersymmetry in H — <7y final states with the
razor variables at /s = 8 TeV

The CMS Collaboration

Abstract

A search for Higgs bosons in decays of supersymmetric particles is presented, using
the LHC proton-proton collision data collected by the CMS experiment at a center-of-
mass energy /s = 8 TeV and corresponding to an integrated luminosity of 19.8 fb~1.
Higgs bosons are reconstructed in diphoton final states in association with at least
one jet. The razor variables Mg and R? are used to categorize events into different
regions to improve signal-to-background discrimination. The results are interpreted
as constraints on a set of simplified SUSY benchmark models.
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1 Introduction

The discovery of the Higgs boson (H) [1-3] at the LHC was achieved through searches designed
around its predicted properties in the Standard Model (SM). There are various ways in which
new physics can manifest itself in H events. If the H couplings to the known SM particles are
modified by new physics, such as effects due to additional loop contributions from new parti-
cles , extended Higgs sectors, and Higgs compositeness, the decay modes and branching ratios
of the Higgs could deviate from SM predictions. On-shell production of new heavy states can
lead to Higgs production processes through cascade decays as discussed in searches for SM-
like H’s in several models, such as models involving extra Higgs states of the minimal super-
symmetric standard model and its extensions, or for composite Higgs models. Conversely the
discovery sensitivity for new physics through Higgs production has been studied in the con-
text of supersymmetry with a bino lightest SUSY particle (LSP), a gravitino LSP, and additional
weakly coupled LSPs, as well as in the context of vector-like heavy quarks. Higgs production in
cascade decays has also been studied as a way to probe the details of the spectra and coupling
of new particles after their discovery. In searches for new physics at the LHC, H's produced
from the cascade decays of electroweakinos [4-7] and squarks [8] have been considered.

In this paper, we present a search for excess H production [9] interpreted within a class of SUSY
models with neutralino next-to-lightest SUSY particles (NLSPs) which dominantly decay to a
Higgs boson. The interpretation of the search is given for two such benchmark electroweakino
production models with WH and HH final states. Additional benchmark models can be em-
ployed to interpret the results in ZH final states and well as models with light third generation
squark production. The analysis considers events with one H candidate, reconstructed from a
pair of photons, in association with at least one jet. Since a narrow resonance is searched for
in the diphoton mass, the backgrounds can be directly determined from the data and the ob-
servation of a peak near the H mass would strongly suggest new physics involving production
of an on-shell Higgs. The razor variables [10, 11] Mg and R? are used to discriminate SUSY
signatures from the SM backgrounds. All possible combinations of the reconstructed jets and
the Higgs candidate are clustered to form megajets [12]. The pair of resulting megajets that
minimize the scalar sum of the invariant masses of the two megajets is selected. The razor vari-
ables Mg and R® are computed from the four momenta of the two megajets and the missing

transverse momentum piniss:
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where p and p, are the momentum of a particle and its longitudinal component, respectively,
and the labels j; and j, refer to the two selected megajets. In the definition of R?, the variable
MR is defined as:

M = \/ EP(p] + pF) — P - (2 + )
= 5 .
where pr is the transverse momentum and EXS indicates the magnitude of pIss. A search
for SUSY in diphoton events also using the razor variables has been performed by CMS [13],
without requiring the photon pair to be compatible with the Higgs boson hypothesis.

®)

This paper is organized as follows: in Section 2 the main features of the CMS experimental
apparatus are highlighted. In Section 3 the data and simulated samples are described, includ-
ing a description of the benchmark signal models utilized to interpret the results. The event
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selection is discussed in Section 4 while Section 5 describes the breakdown of the selected event
sample in independent categories. The background prediction methods are discussed in Sec-
tion 6. The analysis results and interpretation are shown in Section 7 and Section 8 respectively.
A summary is given in Section 9.

2 CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass/scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. Muons are measured in gas-ionization detectors embedded in the steel flux-return
yoke outside the solenoid. Extensive forward calorimetry complements the coverage provided
by the barrel and endcap detectors. A more detailed description of the CMS detector, together
with a definition of the coordinate system used and the basic kinematic variables, can be found
in Ref. [14].

The energy resolution for photons with Er ~ 60 GeV varies between 1.1% and 2.6% over the
solid angle of the ECAL barrel, and from 2.2% to 5% in the endcaps. The HCAL, when com-
bined with the ECAL, measures jets with a resolution AE/E ~ 100%/+/E [GeV] & 5% [15].

The first level (L1) of the CMS trigger system, composed of custom hardware processors, uses
information from the calorimeters and muon detectors to select the most interesting events
in a fixed time interval of less than 4 us. The high level trigger (HLT) processor farm further
decreases the event rate from around 100 kHz to around 400 Hz, before data storage.

3 Datasets

The analysis uses data collected by the CMS experiment in 2012. Events used in the analysis
are collected by a set of diphoton trigger algorithms implemented for the H discovery [16].
The highest-p photon is required to have pr > 36 GeV and the next highest pr photon must
have pr > 22 GeV. The trigger selection imposes relaxed identification and isolation criteria
on the photons achieving a high efficiency for selecting two real photons. The efficiency of the
online selection is found to be (81 & 5)% for events selected with the analysis criteria used and
is independent of the kinematic properties of the events.

3.1 Background samples

There are two types of background that are relevant for this search: non-resonant backgrounds
from QCD processes, and resonant background from Standard Model Higgs production. The
main background contribution in the analysis is a mixture of QCD single- and double-photon
production in association with jets, as well as dijet production where both jets are mis-identified
as photons. We predict the QCD background based on data-driven methods. The PYTHIA
V6.4.26 [17] and SHERPA 1.4.0 [18-21] Monte Carlo (MC) event generators are used to simulate
data samples of these backgrounds.

The production of the SM Higgs boson in the four leading production modes is summarized
in table 1. For this background the H mass is assumed to be my = 125 GeV and the branching
ratio for the diphoton decay is fixed to Br(H — y7) = 2.28 x 1073, as predicted by the SM [22].
Gluon-fusion and vector-boson-fusion production modes are simulated with POWHEG [23,
24], and matched to PYTHIA for parton showering. PYTHIA is used to simulate associated WH
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and ZH as well as ttH production. All simulated samples are processed through a GEANT4-
based [25] simulation of the CMS detector.

Table 1: The SM Higgs production mechanisms considered as background to this analysis. The
cross-section values correspond to 8 TeV pp collisions with mpy = 125 GeV [22].

Process Name Process | Cross-section (pb) | Expected Events in 19.8 fb~!
Gluon Fusion pp — H 19.3 870
Vector Boson Fusion pp — qqH 1.6 71
Associated Production pp — VH 1.1 51
Top Associated Production | pp — ttH 0.13 5.8
Total 22 998

3.2 Benchmark signal samples

Two SUSY simplified models (SMS) [26-30] are considered for the interpretation of the search
results. The first is based on an R-parity-conserving gauge-mediated SUSY-breaking (GMSB)
model [31, 32] in which the two lightest neutralinos ¥3 and{? and the lightest chargino ¥i are
higgsinos and are approximately mass degenerate. The LSP is the gravitino G [33], the SUSY
partner of the graviton, and its mass is assumed to be 1 GeV. The §) higgsino, which is the
NLSP, undergoes a two-body decay to either an H boson and G or to a Z boson and G, where
G is stable, and weakly interacting. The pair production of any of the combinations Xg X(l] Xg )Ef,
X?Xli or )ﬁ X{‘L is allowed [31], enhancing the effective production cross section for the X(l) X?
di-higgsino state and thus for HH and ZH production.

The second example of a SUSY scenario with Higgs bosons considered for interpretation of the
search results is the R-parity-conserving chargino-neutralino 3f;" electroweak pair production
process in which the chargino ;" is wino-like and the ¥ neutralino is a massive, stable, weakly
interacting bino-like LSP, where the wino and bino are the SUSY partners of the W and B gauge
bosons respectively. This scenario represents the SUSY process with the largest electroweak
cross section [34]. It leads to the WH topology, with missing energy present due to the presence
of the two LSP’s. Only H — <y decays are considered.

Events are generated with MADGRAPH V5 [35, 36], where the SUSY particles are produced in
association with up to two additional partons from initial-state radiation. PYTHIA is used for
parton showering and hadronization, as well as for the decay of SUSY particles . The matching
between MADGRAPH and PYTHIA is performed according to the MLM algorithm [37]. Events
are processed through the full GEANT4-based [25] simulation of the CMS detector. Production
cross sections are calculated at the next-to-leading order (NLO) plus next-to-leading-logarithm
(NLL) accuracy, using the RESUMMINO calculation [38, 39]. The electroweakino production
benchmark models used in this analysis are also used in [40].

4 Event selection

Events are selected with at least one good primary vertex. If more than one vertex is found,
the one with the highest pZ sum of associated tracks is chosen as the interaction point for event
reconstruction.

Photon candidates are selected with pt > 25 GeV and || < 1.44, satisfying requirements
based on cluster shape and isolation [16]. Photon candidates in the endcap are not consid-
ered as they suffer from worse signal-to-background ratio and have worse energy resolution.
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Pairs of selected photons are considered as H candidates if at least one of the two photons has
pr > 40 GeV and the diphoton mass satisfies 11, > 100 GeV. If more than one H candidate is
found, the candidate with the highest scalar sum pt of the two photons is selected. The event
is rejected if no H candidate with pr > 20 GeV is found. Using simulated events, this selec-
tion is proven to minimize the probability of selecting the wrong photon pair in events with a
produced H while not biasing the ., distribution from randomly paired photons.

Jets are reconstructed using a global event description based on the CMS particle flow (PF)
algorithm [41, 42]. Individual particles (PF candidates) are reconstructed by combining the
information from the inner tracker, the calorimeters, and the muon system. These particles are
then clustered into jets, using the FASTJET [43] implementation of the anti-kt [44] algorithm
with the distance parameter R = 0.5. Events with at least one jet with pr > 30 GeV and
pseudorapidity || < 3.0 are considered. The jet is required not to overlap with the two photons
from the H candidate, imposing a separation AR = +/(An)? + (A¢)? > 0.5. The vectorial sum
of the reconstructed pr of the PF particles is used to quantify the pI*® in the event. Events with
detector- and beam-related noise that can mimic event topologies with high energy and large
EMiss are filtered using dedicated noise reduction algorithms [45-47].

The combined secondary vertex (CSV) tagging algorithm [48] is used to identify jets originating
from the showering and hadronization of b quarks. Jet pairs are identified as bb candidates if
both jets satisfy the loose requirement that the CSV discriminator be larger than 0.244, and
one of the jets also satisfies the medium requirement that the CSV discriminator be larger than
0.679. Among all the jet pairs selected by these criteria, the pair with mass closest to 125 GeV
or 91.2 GeV is chosen as the H — bb or Z — bb candidate, respectively. This information is
used in Sec. 5 to classify the events in disjoint signal region event categories.

5 Search Region Categories

Selected events are divided into the following categories: the HighPt category contains all the
events with p1” > 110 GeV; the Hbb category, comprises the remaining events with a H — bb
candidate with mass 110 < m; < 140 GeV; the Zbb category, includes the remaining events
with a Z — bb candidate with mass 76 < my; < 106 GeV; the HighRes category, contains
all the other events with both photons satisfying cg/E < 0.015, where o /E is the relative
energy resolution for the identified photons. Finally the LowRes category is composed of the
remaining events. A schematic showing the hierarchy of the event categories is presented in
Fig. 1. The motivation for the first three categories is based on the kinematics of the considered
SMSs. For events where there is a large mass splitting between the pair-produced particle
and the LSP, the H is produced with large momentum, and hence preferentially populates the
HighPt category. We expect this category to have low background, as combinatorial QCD
backgrounds are less likely to produce a di-photon pair that is both high mass and highly
boosted. For cases where a second H is produced, the majority of such events contain a bb
pair peaking at the H mass. Similarly, if a Z boson is produced, a bb pair near the Z mass
can be observed. The final two categories are used to capture signal events in a less model-
dependent way. By selecting high resolution photons in the HighRes category we suppress
the contamination of hadrons misidentified as photons, which typically have wide clusters and
thus worse resolutions, and enhance the best measured real photons. To avoid bias from the
observed data, these selection criteria were established without considering data in the signal
regions [49, 50].
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Figure 1: Hierarchy of event categories.

6 Background prediction

Two classes of background events also pass the selection criteria described in Sec. 4: the Stan-
dard Model Higgs background, represented by events with a Higgs boson decaying to two
photons in the final state, and a combinatorial background dominated by QCD processes, in
which two real or fake photons are combined to form a Higgs boson candidate. The Standard
Model Higgs background is estimated from the Monte Carlo simulation, while the combinato-
rial background is predicted from a data control sample.

In each category, the events are divided into the Higgs search region and the upper and lower
sidebands, based on the value of 71,,. The search region is defined according to 0, ¢, a measure
of the diphoton mass resolution. ¢ is defined such that 68.2% of Higgs boson events fall in an
interval of +0,¢; around the nominal mp value. An estimate of 0,f is derived from simulated
events. The 0,¢r is 1.46 GeV in the HighRes category, 2.50 GeV in the LowRes category, and
1.56 GeV in the HighPt category. For the Hbb and Zbb categories, the simulation sample is
not sufficiently large to obtain an accurate estimate, and therefore we use the overall average
value of 2 GeV for o,¢r. In order to accomodate the uncertainty in the Higgs mass and to
absorb potentially larger tails in the m.., distribution, we define the search region as the interval
(125 — 20,¢7,126 + 20,¢f) in each event category.

The combinatorial background in the (Mg,R?) plane in the search region around the my peak is
estimated using a data-driven technique based on the observed yields in the upper and lower
m., sidebands, defined as 131 < m., < 160 GeV and 103 < m,, < 120 GeV, respectively. We
observe from the Monte Carlo simulation as well as a data control sample enriched in multijet
events that the shape of the m.,., distribution is independent of Mg and R?. Therefore, we fit
the m.., sideband distribution in each category using the sum of two independent exponential
functions, inclusive in Mg and R?, to obtain a model for the m., shape. Based on this shape
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model, we obtain transfer factors that predict the background yield in the search region given
the observed yield in the sideband region. Alternative fit functions are considered and the
differences in the predicted shapes are used to define a systematic uncertainty. The transfer
factors, defined as the ratio of the integral of the best-fit function over the search region to the
integral of the best-fit function over the sideband regions, for the various event categories are
summarized in Table 2.

Table 2: Transfer factors derived from the fits to the m,., upper and lower sideband. The quoted
uncertainties account for the statistical uncertainty in the fit and the choice of the functional
form. An additional systematic uncertainty accounting for shape uncertainty is included when
the transfer factors are used to predict the background, and is described in greater detail in
Section 6.1.

| Event Category | Background Prediction Transfer Factor |

HighPt 0.162 + 0.004
Hbb 0.212 + 0.049
Zbb 0.204 + 0.032

HighRes 0.162 =+ 0.002

LowRes 0.259 + 0.002

In order to reduce the background contamination, Mg > 150 GeV is required in each event
category. The selected portion of the (Mg,R?) plane is binned, and the background in each bin is
predicted as follows: the combinatorial background is predicted measuring the m,,, sideband
yield in the same (Mg,R?) bin and multiplying it by the corresponding transfer factor from
Table 2; the Standard Model Higgs background is predicted from simulated events, normalized
to an integrated luminosity of 19.8 fb~!. Table 3 shows the expected event yields in each event
category, integrated over the (Mg,R?) bins for the baseline selection with Mg > 150 GeV. For
completeness, Table 4 provides the corresponding values for the benchmark signal models and
the total uncertainty. The background estimate uncertainty is dominated by the limited event
yield in the m.., sideband and the background shape uncertainty, described in greater detail
in Section 6.1. The signal uncertainty is dominated by the size of the simulated benchmark
samples and the theoretical uncertainty on the signal production cross section.

Table 3: Event yields for the QCD combinatorial, the SM Higgs, and the total background in
each event category for the baseline selection with Mg > 150 GeV, are shown along with the
event yields observed in data.

Event Category | Combinatorial | SM Higgs Total Observed
background | background | background Data
HighPt 353 +41 20£2 373 £ 41 377
Hbb 49+40 0.12+0.02 50+4.0 1
Zbb 6.7+ 44 0.11+0.04 69+44 3
HighRes 833 £82 33+3 866 £ 82 909
LowRes 1630 + 109 13+1 1643 £+ 109 1640

6.1

The systematic uncertainties fall into three broad categories: those affecting the normalization
of the signal and background Monte Carlo simulation, those affecting the object selection in
the simulation, and those describing the uncertainty on the background prediction. Each sys-
tematic uncertainty is evaluated separately for each region of the (Mg,R?) plane in each event

Systematic uncertainties
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Table 4: Event yields and efficiency € for the two signal benchmark models and for the baseline
selection with Mg > 150 GeV.

X? )E(f production Xg Xli production
Event Category | mg =130GeV | meo =175GeV [ mg =130 GeV | my =175 GeV
1 1 2 2

€ (%) Yield € (%) Yield | € (%) Yield € (%) Yield
HighPt 8.638):% 12.6;0832; 11.1;03; 5.1%% 8.970¢ | 16.67 170 | 107702 | 6.4703

Hbb 1.8_0:l 26755 1.8_0:l 0.8_0:1 — — — —

Zbb 06709 | 09707 | 07101 | 03700 | — - - -
HighRes 471021 69703 | 53703 | 25701 | 5.2703 | 9.770¢ | 65703 | 3.9702
LowRes 19101 | 28755 | 22707 | 1.0M07 | 22707 | 41753 | 2.670; | 16707

category. The individual sources of background systematic uncertainty are assumed to be un-
correlated.

The simulation normalization systematic uncertainties are listed in Table 5. The luminosity
systematic uncertainty is the measurement uncertainty of the delivered luminosity, which af-
fects the normalization of the Monte Carlo simulation predictions and is assumed to be fully
correlated across all event categories. The simulation is normalized to take into account the
total trigger efficiency and so the uncertainty is added as a systematic uncertainty on this nor-
malization.

The theory uncertainties on the Standard Model Higgs background are per-process uncertain-
ties on the production cross-section taken from [22]. These uncertainties arise from higher-
order electroweak and QCD radiative corrections and uncertainties on the parton distribution
functions (PDF’s). The SMS signal theory uncertainties affect the normalization of the bench-
mark signal models. They are described in [51] and reflect similar normalization uncertainties.

Systematic uncertainties related to object reconstruction performance in the Monte Carlo sim-
ulation are also summarized in Table 5. These systematic effects are treated by varying the
nuisance parameter corresponding to each effect up and down by the size of the correspond-
ing uncertainty and re-computing the expected Standard Model Higgs background yields. The
difference with respect to the nominal values is taken as the +1c¢ size of the resultant uncer-
tainty. Apart from the b-tagging uncertainty, these systematic uncertainties affect the selection
efficiency and the normalization. The b-tagging systematic is measured as the difference in the
efficiency to tag b quarks in data versus that in corrected MC in the analysis. This correction is
done by weighting events based on the number and p of the b-tagged jets versus non-btagged
jets in the event, and the uncertainty on this correction is taken as a systematic. The size of the
uncertainty varies as a function of the number and pr of the jets in the event, and is computed
event-by-event.

The final set of systematic uncertainties are those that arise from limited size of the Monte Carlo
simulation samples as well as the sideband regions, and are summarized in table 5. These are
by far the largest systematic uncertainties and the only ones that affect the sideband prediction.
A shape uncertainty on the data-driven QCD background prediction is included, which reflects
a possible variation in the shape of the 11, distribution across the different bins in the (Mg, R?)
plane. Based on sideband fits to the data, we obtain separate transfer factors that predict the
non-resonant background yield in the search regions based on the upper or lower sidebands
alone. The difference between these predictions and the nominal prediction is taken as the
systematic uncertainty on the background shape.
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Table 5: Systematic uncertainties.
MC normalization systematic uncertainties
Source value target
luminosity 2.5% Signal Models, SM Higgs boson MC
trigger efficiency 5% Signal Models, SM Higgs boson MC
Higgs boson theory 2% — 8% SM Higgs boson MC
signal theory x-sec uncertainty ~ 13%
Object-level systematic uncertainties
jet energy scale shape (3%) Signal Models, SM Higgs boson MC
photon energy and resolution shape (1%) Signal Models, SM Higgs boson MC
b-tagging ID shape (0 — 4%) Signal Models, SM Higgs boson MC
oe/ E uncertainty shape Signal Models, SM Higgs boson MC
Normalization & shape systematic uncertainties
background prediction uncertainty 1% — 50% background shape
sideband yields 1 —100% low event yields in the data sidebands
fit choice ~ 1% background normalization
MC statistics varies statistics in SM Higgs boson and SMS MC

7 Results

The background predictions are compared to the observed yields in order to test for the pres-
ence of a signal. Figure 2 shows the m,,, distributions in the five event categories. The fits over
the entire (Mg, R?) plane describe the observed data without any significant deviations.
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Figure 2: The fits to the m.., distribution in the HighPt (top left), Hbb (top middle), Zbb (top
right), HighRes (bottom left), and LowRes (bottom right) categories integrated over the entire
(MR,R?) plane. The fits are shown with their +10 (yellow) and +20 (green) uncertainty bands.

Tables 6-10 show the observed event yield in each of the defined (Mg, Rz) bins, as well as the
expected yield from the predicted backgrounds and their systematic uncertainties. The p-value
of the observation compared to the expectation and the associated significance are also quoted.
The p-value is computed using pseudo-experiments by sampling the predicted background for
each pseudo-experiment from the sum of independent Gaussian functions for each systematic




Table 6: Number of Events observed in the signal region compared to expected background in
the HighPt category.

Mpg region  R? region | observed events | expected background | p-value significance (¢)
150-200  0.00 - 0.05 4 3.2 (syst.) 0.31 0.5
150-200  0.05-0.10 3 3.370~ (syst.) 0.45 -0.1
150-200 0.10-0.15 1 0.8703(syst.) 0.41 0.2
150-200  0.15-0.20 0 0.2757 (syst.) 0.50 0.0
150-200  0.20 - 1.00 0 0.3707 (syst.) 0.50 0.0
200-300  0.00-0.05 89 69.71 31 (syst.) 0.028 1.9
200-300  0.05-0.10 42 33.0137 (syst.) 0.095 13
200-300 0.10-0.15 8 6.4775(syst.) 0.28 0.6
200-300 0.15-1.00 1 1.370Z(syst.) 0.44 -0.1
300-500  0.00 - 0.05 119 136.2773(syst.) 0.099 -1.3
300-500 0.05-0.10 21 20.1733(syst.) 0.42 0.2
300-500  0.10-1.00 3 2.5107 (syst.) 0.39 0.3

500 - 1600  0.00 - 0.05 84 91.8727 (syst.) 0.24 -0.7

500 - 1600  0.05 - 1.00 0 15704 (syst.) 0.25 -0.7

1600 - 3000  0.00 - 1.00 2 2,510 (syst.) 0.42 -0.2

Table 7: Number of Events observed in the signal region compared to expected background in

the Hbb category.

Mg region R? region | observed events | expected background | p-value significance ()
150-300 0.00 - 0.05 0 1.9 2(syst.) 0.22 0.8
150-300  0.05-1.00 0 13407 (syst.) 0.32 -0.5

300 - 3000  0.00 - 1.00 1 1.87 1 (syst.) 0.33 -0.4

effect and generating yields from Poisson functions with expectation values set equal to the

Gaussian-samples values.

We observe no significant deviation between observation and expectation in all but one bin in
the HighRes category. In the bin 400 GeV < My < 1400 GeV 0.05 < R? < 1.00 in the Hi ghRes

category, we observe 5 events in the m,., signal region and predict 0.

5+0.4

02, Which corresponds
to a local significance of 2.9¢. Taking into account the possibility that the background fluctu-
ates this high in any of the 46 analysis bins, the corresponding global significance of 1.60. An
alternative version of the analysis was also considered where simple cuts in the (Mg-R?) plane
were used to avoid the presence of multiple signal regions thus reducing the look elsewhere
effect. The significance of the deviation is confirmed with this approach.

Table 8: Number of Events observed in the signal region compared to expected background in

the Zbb category.

Mg region RZregion | observed events | expected background | p-value significance (¢)
150-450  0.00 - 0.05 1 20759 0.44 0.2
150-450  0.05 - 1.00 1 0.8%04 0.42 0.2

450 -3000  0.00 - 1.00 1 40116 0.15 -1.1
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Table 9: Number of Events observed in the signal region compared to expected background in
the HighRes category.

Mpg region  R? region | observed events | expected background | p-value significance (¢)
150-250  0.00 - 0.05 363 357.61 5 (syst.) 0.40 0.3
150-250  0.05-0.10 149 139.472(syst.) 0.23 0.7
150-250  0.10-0.15 35 32,5734 (syst.) 0.34 0.4
150-250  0.15-1.00 7 8.0117 (syst.) 0.40 -0.3
250-400  0.00 - 0.05 218 2079779 (syst.) 0.27 0.6
250-400  0.05-0.10 20 14.733 (syst.) 0.13 1.1
250-400  0.10 - 1.00 3 2.7108 (syst.) 0.43 0.2

400-1400 0.00-0.05 109 101.65 9 (syst.) 0.26 0.7

400 -1400  0.05-1.00 5 0.5 (syst.) 0.002 2.9

1400 - 3000  0.00 - 1.00 0 0.9703(syst.) 0.44 -0.1

Table 10: Number of Events observed in the signal region compared to expected background
in the LowRes category.

Mg region R” region | observed events | expected background | p-value significance (o)
150-200  0.00-0.05 407 386.2 g5 (syst.) 0.22 0.8
150-200  0.05-0.10 201 195.471%4 (syst.) 0.37 0.3
150-200 0.10-0.15 54 47.8737(syst.) 0.22 0.8
150-200  0.15-0.20 13 8.6% 1% (syst.) 0.12 1.2
150-200  0.20 - 1.00 5 5.2117 (syst.) 0.48 0.0
200-250  0.00 - 0.05 297 291.8 735! (syst.) 0.40 0.3
200-250  0.05-0.10 78 71.672% (syst.) 0.26 0.6
200-250  0.10-0.15 7 10.2112(syst.) 0.18 -0.9
200-250  0.15-1.00 1 2.6 03 (syst.) 0.34 0.4
250-400  0.00 - 0.05 386 400.0* 132 (syst.) 0.29 -0.6
250-400  0.05-0.10 21 29.2732(syst.) 0.10 -1.3
250-400  0.10 - 1.00 4 3.4 (syst.) 0.30 0.5

400-1200 0.00 - 0.05 159 185.373%! (syst.) 0.054 -1.6

400-1200 0.05 - 1.00 4 2.1707 (syst.) 0.15 1.0

1200 - 3000  0.00 - 1.00 3 40718 (syst.) 0.37 -0.3

8 Interpretation

Using the yields and uncertainties shown in Tables 6-10, we proceed to set limits on the produc-
tion cross-sections of the SMS considered in the analysis. Since the distributions in the (Mg,R?)
plane for each signal model depend on the mass spectrum of the neutralino, we set these limits
as a function of the mass of the produced neutralino. In the asymmetric case the mass of the
chargino is set to be equal to the mass of the neutralino.

The branching ratios are assumed to be B(x2 — Hyo) = 100% and B(x{ — W¥x,) = 100%. In
the case of x2x; production (left in Figure 3) cross sections between 1.5 and 3.0 pb are excluded
in the range 130 < m,, = Myt < 200 GeV. For the case of symmetric x2x2 production in the HH
final state cross sections between 1.7 and 3.9 pb are excluded in the range 130 < m,, < 200 GeV.

Figure 4 shows the observed and expected limit divided by the theoretical cross section at each
mass. For the models with x» X1i — HW%xox0 and x1x1 — HHGG, the 95% confidence level
cross section upper limit are within twice the theory cross-section for the entire mass range



11

, 19.8 fb* (8TeV) , 19.8 fb* (8TeV
S F expected o W0E expected
= E g”é’l!iin‘ar [ expected +1o 2 F EMS [ expected 16
= L 4 [ expected +20 = I i [ expected +20
é 10 I theoretical g 10 I theoretical
= E —— observed — E —— observed
[¢5] E ] E
Q =3 'f””\
s F s F
o 1E o 1E
- E - E
O C ] C
S r L F
& 101k & 101k
e ] T N N VAN SRV A AN A eI AP N AN N STV ARVEVFIN SIS S S
130 140 150 160 170 180 190 200 130 140 150 160 170 180 190 200
mchargmo (GEV) mneutrahno (GeV)

Figure 3: The observed cross-section upper limit for the xox;- — HW*xoxo (left) and x1x1 —
HHGG (right) SMSs as a function of the mass of the neutralino (set equal to the mass of the
chargino in the left plot) with the mass of the LSP set m;sp = 1 GeV. The expected limit,
is shown as a dashed line, while the observed limit from the observed data is shown as the
solid line. The expected theoretical cross section is shown as the dotted line with the theory
uncertainty in blue.

130 < my, = Myt < 200 GeV. We are able to exclude models with szf — HW*xoxo for
My, = My < 150 GeV.
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Figure 4: The ratio of the observed cross-section upper limit for the x» )(f — HW=xoxo (left)
and y1x1 -+ HH GG (right) SMSs to the theoretical cross section is shown as a function of the
mass of the neutralino (set equal to the mass of the chargino in the left) with the mass of the
LSP set mpsp = 1 GeV. The theory uncertainty is added in quadrature to the experimental
uncertainty, though the experimental uncertainty dominates everywhere.

9 Summary

A search for Higgs bosons in decays of supersymmetic particles is performed on the data col-
lected by the CMS experiment at the CERN LHC. Proton collisions collected at a center-of-
mass energy /s = 8 TeV are considered, corresponding to an integrated luminosity of about
19.8fb~'. Higgs boson candidates are reconstructed from pairs of photons in the central part
of the detector. The razor variables Mg and R? are used to suppress the SM Higgs boson pro-
duction and other SM processes. The majority of the background originates from random pairs
of reconstructed photons. The background is constrained using the sidebands of the diphoton
mass distribution. The background prediction is found to be compatible with the data obser-
vations in the signal search regions and the results are interpreted in terms of models beyond
the SM, in which Higgs bosons are produced from the decay of new heavy states. Simplified



12 9 Summary

models of charginos and neutralinos in SUSY with final states that include WH are excluded
for chargino x;~ masses below 150 GeV.
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