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Abstract

A search is presented for the electroweak pair production of higgsinos, both of which
decay to a Higgs boson and an almost massless, lightest supersymmetric particle
(LSP). Each Higgs boson is reconstructed in its decay to a bottom quark-antiquark
pair. The LSPs are presumed to be undetected, leading to missing transverse en-
ergy. The data sample corresponds to an integrated luminosity of 19.3 fb~! of proton-
proton collisions collected in 2012 by the CMS experiment at the LHC at a center-
of-mass energy of 8 TeV. For higgsino masses between about 270 and 350 GeV, the
expected 95% confidence-level upper limits on the cross section reach the level of the
predicted production cross section. Because of a slight excess in the observed number
of events compared to the estimated background, no exclusion is obtained for any
higgsino mass value.


http://cdsweb.cern.ch/collection/CMS%20PHYSICS%20ANALYSIS%20SUMMARIES
mailto:cms-pag-conveners-susy@cern.ch?subject=SUS-13-022




1 Introduction

Supersymmetry (SUSY) [1-8], one of the most widely considered extensions of the standard
model (SM) of particle physics, predicts unification of the strong, weak, and electromagnetic
forces, stabilizes the Higgs boson mass at the electroweak energy scale, and may provide a
dark matter candidate. SUSY postulates that each SM particle is paired with a SUSY partner
from which it differs in spin by one-half unit, with otherwise identical quantum numbers. For
example, squarks, gluinos, and higgsinos are the SUSY partners of quarks, gluons, and Higgs
bosons, respectively. In SUSY, neutral higgsinos mix with the SUSY partners of the photon
and Z boson to form neutralinos x°, while charged higgsinos mix with the SUSY partners of
the W boson to form charginos X*. In so-called natural scenarios of SUSY [9-11], top squarks,
bottom squarks, gluinos, and higgsino-enriched neutralinos and charginos are expected to be
relatively light, enhancing their production cross sections.

Extensive searches for gluinos, squarks, neutralinos, and charginos have been performed at the
Large Hadron Collider (LHC) at CERN, but without uncovering evidence for their production.
The recent discovery [12-14] of a Higgs boson with a mass around 126 GeV opens the possi-
bility for a new type of search [15-17] based on the requirement of one or more Higgs bosons
in the final state. A well-motivated possibility [18], arising in gauge-mediated-SUSY-breaking
scenarios [18, 19], concerns the electroweak pair production of the ¥, 3 or X7 particles, where
X" and X3 are the two lightest neutralinos and X is the lightest chargino. In this scenario,
all three of these particles are higgsino-enriched and are approximately mass-degenerate. We
therefore refer to the x9, X3, and x; as higgsinos, with x! the lightest higgsino. Any combina-
tion of two of these three particles can be pair-produced, except that X' x7 (x5 X3) production
is not allowed if the X? (¥3) is a pure higgsino. The ¥ and x7" higgsinos decay to the x{ hig-
gsino plus low transverse-momentum (pr) SM particles. The X9 higgsino decays according to
X — HG, with H a Higgs boson and G a gravitino. The gravitino, which is nearly massless, is
the lightest SUSY particle (LSP).

In this note, we present a search for the electroweak pair production of X higgsinos through
the above scenario. Each x{ particle is produced either directly or through the decay of a x3
or Xf higgsino. An event diagram is shown in Fig. 1. We search in the channel in which both
Higgs bosons decay to a bottom quark-antiquark (bb) pair, representing the most probable
Higgs boson decay mode [20]. (We assume the Higgs bosons to have SM properties.) The
two LSPs in an event are presumed to be weakly interacting and to escape without detection,
leading to potentially large values of missing transverse energy EMss.

The data, corresponding to an integrated luminosity of 19.3fb™! of proton-proton (pp) colli-
sions collected at /s = 8 TeV, were recorded with the Compact Muon Solenoid (CMS) detector
at the LHC in 2012. The signal consists of a final state with either exactly four or exactly five
jets, no identified T lepton, no identified isolated electron, muon, or charged track, and large
values of the EIT“iSS-signiﬁcance variable Syigr [21], where Syt represents a x? difference be-
tween the observed result for EMsS and the EMsS = 0 hypothesis. Because it accounts for finite
jet resolution on an event-by-event basis, Svigr provides better discrimination between signal
and background events than does ERss itself, especially for background events that contain
large values of EX'*S as a consequence of detector mismeasurements. We attempt to reconstruct
the two H — bb candidate decays using the four jets most consistent with the bottom-quark jet
(b jet) hypothesis.

The background from SM processes is estimated using data control samples. The dominant
background arises from top-quark-antiquark-pair (tt) events, especially tt events in which one
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Figure 1: Event diagram for the SUSY scenario considered in this analysis, with x? the lightest
higgsino and G a gravitino. Each Higgs boson H decays to a bb pair.

top quark decays hadronically while the other decays semileptonically, where the lepton is not
identified and the neutrino is a source of genuine EXsS. Other backgrounds arise from the
production of events with a single-top quark, a W boson in association with jets (W+jets), a Z
boson in association with jets (Z +jets), multiple jets produced through the strong interaction
(QCD multijet), and rare processes such as ttV, VV, WH, ZH, and ttH combinations, with V a
W or Z boson. The QCD multijet category excludes events in the other categories. For events
with a top quark or W boson, significant ET* can arise if a W boson decays into a neutrino
and an unidentified charged lepton. For events with a Z boson, significant ET"** can arise if the
Z boson decays to two neutrinos. For QCD multijet and all-hadronic tt events, significant E}"$
can arise if a charm or bottom quark undergoes semileptonic decay, but the principal source of
E™MisS js the mismeasurement of jet transverse momentum.

2 Detector and trigger

A detailed description of the CMS detector is given elsewhere [22]. The CMS coordinate sys-
tem is defined with the origin at the center of the detector and the z axis along the direction of
the counterclockwise beam. The transverse plane is perpendicular to the beam axis, with ¢ the
azimuthal angle (measured in radians), 6 the polar angle, and # = — In[tan(6/2)] the pseudo-
rapidity. A superconducting solenoid provides an axial magnetic field of 3.8 T. Within the field
volume are a silicon pixel and strip tracker, a crystal electromagnetic calorimeter, and a brass-
scintillator hadron calorimeter. The tracking system is completed with muon detectors based
on gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid. The
tracking system extends to || < 2.5 and the calorimeters to |y| < 3.0. Steel-and-quartz-fiber
forward calorimeters cover 3 < || < 5. The near-hermeticity of the detector permits accurate
measurements of energy balance in the transverse plane.

Events are selected using the logical “OR” of several trigger conditions. One trigger requires
the presence of at least two jets and at least one tagged b jet, with a minimum threshold
for EMisS. Another trigger is based on EXS only, but with a higher threshold. The trigger
efficiency, determined from data, is the probability for a signal event to satisfy the trigger con-
ditions. In our analysis, the data are examined in exclusive intervals of the Syigr variable. We
find that the trigger efficiency rises from around 55% for Syer ~ 30, which is the lowest Spet
value considered in the analysis, to a plateau of around 95% for Syer 2, 100. The trigger is fully
efficient with respect to the jet-pt and b-jet-tagging requirements of the analysis. Corrections
are applied to account for the trigger efficiencies and their corresponding uncertainties.



3 Baseline event selection

Physics objects are defined with the particle flow (PF) method [23], which is used to reconstruct
and identify charged and neutral hadrons, electrons (with associated bremsstrahlung photons),
muons, and photons, using an optimized combination of information from CMS subdetectors.
Hadronically decaying T leptons are reconstructed using PF objects (we use the HPS 7-lepton
reconstruction algorithm [24] with “loose” identification requirements). The event primary
vertex is taken to be the reconstructed vertex with the largest sum of charged-track p3 values.
The primary vertex is required to contain at least four charged tracks and to lie within 24 cm of
the origin in the direction along the beam axis and 2 cm in the perpendicular direction. Charged
particles emanating from a vertex other than the primary vertex are not considered. In this
way, charged particles associated with extraneous pp interactions within the same or a nearby
bunch crossing (“pileup”) are disregarded. The PF objects serve as input for jet reconstruction,
based on the anti-kt algorithm [25] with a distance parameter of 0.5. Jet corrections are applied
as a function of pr and # to account for residual effects of non-uniform detector response.
Contributions to an individual jet’s pt from pileup, due, e.g., to neutral particles, are subtracted
using the jet area method described in Ref. [26]. Jets from pileup interactions are suppressed
through requirements on the compatibility of the jet’s charged particle constituents with the
primary vertex. Jets are required to satisfy basic quality criteria (jet ID) and to lie within the
fiducial region defined by pr > 20GeV and |77| < 2.4.

The missing transverse energy ETS is defined as the modulus of the vector sum of the trans-
verse momenta of all PF objects. The ET"*® vector is the negative of that same vector sum.

The principal visible objects in signal events are the four b jets from the decay of the two Higgs
bosons (Fig. 1). Additional jets may arise from initial-state radiation, final-state radiation, or
pileup interactions. To select events, we require:

e exactly four or exactly five jets, where the two highest pr jets satisfy pr > 50 GeV;
o EMiss significance [21] Smer > 30;

e no identified, isolated electron or muon candidate with pr > 10 GeV; electron can-
didates are restricted to || < 2.5 and muon candidates to |1| < 2.4;

e no hadronically decaying 7 lepton candidate with pr > 20GeV and |77| < 2.4;
e no isolated charged-particle track with pr > 10GeV and |17| < 2.4;

® A¢min > 0.5 for events with 30 < Smer < 50 and A¢pmin > 0.3 for Smer > 50,
where A¢min is the smallest difference in ¢ between the E%‘iss vector and any jet in
the event; for the A¢min calculation we use less restrictive criteria for jets compared
with the standard criteria: || < 5.0, no rejection of jets from pileup interactions, and
no jet ID requirements, with all other conditions unchanged.

The isolated-track requirement eliminates events with a single-prong 7 lepton or an isolated
electron or muon in cases where the lepton is not identified. Electrons, muons, and tracks are
considered isolated if the scalar sum of the py values of charged hadrons (for electrons and
muons, also photons and neutral hadrons) surrounding the lepton or track within a cone of
radius /(An)? + (A¢)? = 0.3 (0.4 for muons), divided by the lepton or track pr value itself, is
less than 0.15, 0.20, and 0.10, respectively. The A¢min restriction eliminates QCD multijet and
all-hadronic tt events, whose contribution is expected to be large at small values of Sygr. The
use of less restrictive jet requirements for the A¢nin calculation yields more efficient rejection
of these backgrounds.
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4 Tagging of b jets and b-jet samples

The identification of b jets is performed using the combined secondary vertex (CSV) algo-
rithm [27, 28], which computes a discriminating variable for each jet based on quantities that
are sensitive to b-jet production such as displaced secondary vertices, tracks with large impact
parameters, and kinematical variables like jet mass. We make use of three operating points for
the algorithm, denoted loose, medium, and tight. These three working points yield misidenti-
fication probabilities for light-parton jets of approximately 10%, 1%, and 0.1%, respectively, for
jet pr values around 80 GeV, as determined from samples of multijet and tt events [28].

Three mutually exclusive samples of events with tagged b jets are defined:

e 2bsample: Events in this sample must contain exactly two tight b jets and no medium
b jets;

e 3b sample: Events in this sample must contain two jets that are tight b jets, a third
jet that is either a tight or a medium b jet, and no other tight, medium, or loose b jet;

e 4b sample: Events in this sample must contain two jets that are tight b jets, a third jet
that is either a tight or medium b jet, and a fourth jet that is either a tight, medium,
or loose b jet.

The sample most sensitive to signal events is the 4b sample. The 3b sample is included to im-
prove signal efficiency. The 2b sample is depleted in signal events and is used to help evaluate
the background as described in Section 8.

5 Event simulation

Monte Carlo (MC) simulations of signal and background events are used to optimize selection
criteria, validate analysis assumptions and performance, determine signal efficiency, evaluate
systematic uncertainties, and conduct closure tests. In a closure test, the background evaluation
procedures (Section 8) are applied to MC samples in order to demonstrate the ability of the
procedures to correctly determine the known (MC) number of background events. Note that
the background evaluation procedures themselves do not rely on simulation.

The principal classes of SM background events are described in the Introduction. Of these
processes, all are simulated with the MADGRAPH 5.1.3.30 [29] event generator except for single-
top-quark, WH, and ZH events, which are described using the POWHEG 301 [30] generator, and
VV (diboson) and ttH events, which are described using the PYTHIA 6.4.22 [31] generator. The
SM processes are normalized to cross section calculations valid to the next-to-leading (NLO)
or next-to-next-to-leading order [32-38], depending on availability, and otherwise to leading
order.

For signal events, we assume that the )f(l), )fg, and Xf states are pure higgsinos, and that any
soft SM particles arising from the decays of the X3 and x;" states to the x! state are too soft to

be detected. For the purposes of event generation, we therefore take the )Ei and X3 higgsinos

to be mass-degenerate, consider 5(? )Eg production only, and account for X{l) X1/ Xg }ff, and )fli Xli
production through normalization of the cross section. Signal MC samples are generated for

a range of higgsino mass values mz using the MADGRAPH 5.1.5.4 generator, taking the LSP
(gravitino) mass to be 1GeV (i.e., effectively zero). The Higgs boson mass is set to 126 GeV.
Up to two partons from initial-state radiation can be present, in addition to the higgsino pair.
The decays of the x? higgsinos are described using a pure phase-space matrix element. The
signal event rates are normalized to the NLO cross section calculated with the PROSPINO2 pro-



gram [39].

For both signal and SM simulated events, the GEANT4 [40] package is used to model the de-
tector and detector response. All MC samples incorporate the CTEQ6L1 or CTEQ6M [41, 42]
parton distribution functions, with PYTHIA used to describe parton showering and hadroniza-
tion. The MC distributions are corrected to account for pileup interactions, as observed in data.
In addition, we correct the simulation so that the b-tagging and misidentification efficiencies
match those determined from control samples in the data. The b-tagging efficiency correction
factor depends slightly on jet pr and has a typical value of 0.95 [27]. Corrections are applied to
the signal samples so that the jet energy resolution matches that in data. A further correction,
implemented as described in Appendix B of Ref. [43], accounts for mismodeling of initial-state
radiation (ISR) in signal events.

6 Double-Higgs-boson selection

To reconstruct the two Higgs boson candidates in an event, we choose the four most b-quark-
like jets based on the value of the CSV discriminating variable. These four jets can be grouped
into three different pairs of Higgs boson candidates. Of the three possibilities, we choose the
one with the smallest difference |Am;;| = |mj;; — mj;»| between the two candidate masses.
Methods that use the known mass itself to select the best candidate tend to create an artificial
peak in the background.

After choosing the two Higgs boson candidates, we calculate the distance AR = /(A¢)? + (Ay)?
between the two jets for each H — bb candidate decay. We call the larger of these two values
ARmax. Higgs bosons in signal events generally exhibit a non-zero transverse boost, causing
the two jets from the Higgs boson decay to have similar directions in the laboratory frame. As
a consequence, both AR values and thus ARmax tend to be small. In contrast, for semileptonic
tt events, which represent the dominant background class in this analysis as mentioned above,
three of the jets arise from a top quark that decays to three quarks via a hadronically decay-
ing W boson while the fourth jet arises from a b quark from the semileptonic top-quark decay.
Therefore three of the jets generally lie within the same hemisphere while the fourth jet lies
in the opposite hemisphere. Thus one of the Higgs boson candidates is formed through the
combination of jets from different hemispheres, making ARmax relatively large.

Double-Higgs-boson event candidates are selected using the variables |Amjj|, ARmax, and the
average of the two Higgs boson candidate mass values (mj;) = (m;;1 + mjj2)/2. Specifically,
we require |Am;;| < 20GeV, ARmax < 2.2,and 100 < (m;;) < 140GeV. The performance of the
double-Higgs-boson reconstruction procedure for signal events is illustrated in Fig. 2.

The distributions of |Am;j;|, ARmax, (mj;), and Syt for events in the 4b event sample, after
application of the above requirements (except for that on the displayed variable), are shown in
Fig. 3.

7 Studies with background-enhanced data samples

This analysis marks the first time that the Syigr variable has been used in a CMS SUSY study.
To establish that the Sypr variable does not exhibit unexpected features, we select two special
samples, one enhanced in tt background events and the other in QCD multijet background
events, and compare the observed and predicted Sypr distributions. Signal events contribute
minimally to these two samples.
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Figure 2: Distributions of reconstructed average mass (r;;) for signal MC events in the 4b event
sample for a (top row) 200 GeV and (bottom row) 400 GeV higgsino. Separate distributions are
shown for the cases where zero, one, or two of the generator-level Higgs bosons are recon-
structed correctly. The distributions are shown after all signal-region requirements are applied
except for that on (m;j;). The left plots show the results for all signal MC events, while the
right plots show the results for events in which each of the four generator-level quarks from
the Higgs boson decays is matched with a reconstructed jet with pr > 20 GeV (in other words,
for events where a correct double-Higgs-boson reconstruction is possible in this analysis).

The tt-background-enriched sample, referred to as the tt-BG sample, is selected by imposing the
criteria of Section 3 except with an inversion of the electron or muon veto. Events in this sample
are required to contain exactly one isolated electron or muon and at least two tight-tagged b jets.
This sample allows us to study the Syt distribution of tt events using selection criteria similar
to those of the standard analysis. The QCD-background-enriched sample, referred to as the
QCD-BG sample, is selected by imposing the criteria of Section 3 except without a requirement
on A¢min. Events in this sample must contain at least two tight-tagged b jets.

Figure 4 presents the resulting distributions of Syigr. It is seen that the SM simulation describes
the data reasonably well for both samples, with no evidence for an anomaly.

The EXss distribution of events in the QCD-BG sample is shown in Fig. 5. Comparing this
distribution to the corresponding result for Syer [Fig. 4 (right)], it is seen that Syet is more
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Figure 3: Distributions of events in the 4b sample, after all signal-region requirements are ap-
plied except for that on the displayed variable, in comparison with simulations of background
and signal events: (top left) [Am;;|, (top right) ARmax, (bottom left) (m;;), and (bottom right)
ErTniSS—significance Smer. [tt (11) and tt (21) refer to tt events in which one or two top quarks de-
cay semileptonically, respectively.] For the signal events, results are shown for higgsino masses
of 200 and 400 GeV. The background distributions are stacked while the signal distributions are
not. The hatched bands indicate the statistical uncertainty of the total SM simulated prediction.

effective at pulling QCD multijet events to smaller values of the respective variable, away from
the signal region of high E%‘iss or high Sypr. This establishes that Sypt provides better separa-
tion between signal and background events than does EXsS, at least for background events in
which large values of E%‘iss (or SmEer) arise because of detector mismeasurement.

8 Background evaluation

The SM background is evaluated using an algebraic method based entirely on data. The
method relies on the tagged b-jet event samples introduced in Section 4.

A Higgs boson signal region (SIG) is defined by applying the selection criteria of Sections 3
and 6. For the |Am;j;| and (mj;) variables, we therefore require:

° |Am]]| < 20GeV;
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Figure 4: Distributions of EIT“iSS—signiﬁcance Smer in the (left) t-BG and (right) QCD-BG
background-enhanced event samples in comparison with simulations of background events.
[tt (11) and tt (21) refer to tt events in which one or two top quarks decay semileptonically, re-
spectively.] The hatched bands indicate the statistical uncertainty of the total SM simulated
prediction.

e 100 < (mj;) < 140GeV.
A sideband region (SB) is defined with these same criteria except using the region outside the
following rectangle in the |Amj;|-(m;;) plane:

° ’Am]'j| < 30GeV;

e 90 < (mjj;) < 150GeV.

The SIG and SB regions are illustrated in Fig. 6. One-dimensional projections are presented in
Fig. 7.

Considering for purposes of illustration only the 4b and 2b samples, we define four observ-
ables, denoted A, B, C, and D:

e A:number of background events in the 4b-SIG region;

e B: number of background events in the 4b-SB region;

e C:number of background events in the 2b-SIG region;

e D: number of background events in the 2b-SB region.
We assume that the ratio of the number of events in the SIG region to that in the SB region,
denoted the SIG/SB ratio, is the same for background events in the 2b and 4b samples. This
assumption is supported by (for example) the similarity between the 2b and 4b results in the
two top plots of Fig. 7. We further assume that the 2b-SIG and all SB regions are dominated by
background, as is expected by design and as we validate with simulation. The prediction for

the number of background events in the 4b-SIG region is then given by the algebraic expression
A=(C/D)B.

Considering next the 3b sample, also for purposes of illustration only, observables A and B are
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Table 1: Intervals of EITniSS—significance Smet used in the analysis.

Smet bin 1 30 < SpeT < 50

Smer bin2 50 < Sper < 100
Smer bin3 100 < Smer < 150
SmEeT bin 4 Smer > 150

taken to represent the number of events in the 3b-SIG and 3b-SB regions, respectively, while C
and D are defined as before, viz., as the respective number of events in the 2b-SIG and 2b-SB
regions. The prediction for the number of background events in the SIG region of the 3b sample
is then given by the same expression as above, namely A = (C/D)B.

In practice, the following procedure is used to evaluate the SM background. We examine the
data in four intervals of Syger, which are indicated in Table 1. The numbers of background
events in the four Sygr bins of the 2b-SIG, 3b-SIG, and 4b-SIG regions are determined simul-
taneously in a likelihood fit, with the SIG/SB ratios for background in all three b-jet samples
constrained to a common value (determined in the fit) for each Syt bin separately. Figure 8
shows the predictions of the SM MC for the SIG/SB ratios, in the four bins of Sy, for the three
b-jet samples (for purposes of comparison, the data are also shown). It is seen that the SIG/SB
ratio of SM events for Syt bin 1 is predicted to be about the same for all three b-jet samples,
and similarly for the other three Sygr bins, supporting the key assumption of the method.
The systematic uncertainty associated with the background prediction accounts for potential
differences between the SIG/SB ratios of background events in the different b-jet samples.
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Figure 6: (top left) Illustration of the signal (SIG) and sideband (SB) regions in the |Am;;| versus
(mj;) plane; (top right and bottom left) Distributions of simulated tt events in the 2b and 4b
samples; (bottom right) Distribution of simulated signal events in the 4b sample for a higgsino
mass of 250 GeV. The plots employ an arbitrary integrated luminosity.

9 Systematic uncertainties

To evaluate the systematic uncertainty associated with the background estimate, we consider
two terms, determined from simulation, which are treated as separate nuisance parameters in
the likelihood fit. The first term, determined for each bin of Syigt in the 4b (3b) sample, is given
by the larger of the following: the difference from unity of the double ratio R, with R the SIG/SB
ratio of 4b (3b) events divided by the SIG/SB ratio of 2b events (“non-closure result”), or the
statistical uncertainty of R. The size of this uncertainty varies between around 14 and 40%, with
a typical value of 25%. The second term accounts for potential differences between the SIG/SB
ratio of tt and QCD multijet events as well as for the possibility that the relative fraction of
tt and QCD multijet events varies between the 2b, 3b, and 4b samples or bins of Syigr. From
simulation, the relative fraction of background events due to QCD multijet events varies by 6%
(between 1 and 7%), depending primarily on the bin of Syigr. We conservatively allow up to
a 20% variation in this fraction and determine a corresponding 7% increase in the non-closure
result, which we define as the associated uncertainty.
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Figure 7: One-dimensional projections of (left) (m;;) and (right) | Am;;| for simulated (top) tt and
(bottom) signal events, with a higgsino mass of 250 GeV. For tt events (signal events), results
are shown for the 2b and 4b samples (4b sample). The solid and dashed vertical lines indicate
the boundaries of the signal (SIG) and sideband (SB) regions, respectively. The distributions
are normalized to unit area.

Table 2: Typical values of the systematic uncertainty for signal efficiency, in percentage, for a
higgsino mass of 200 or 400 GeV.

Source 200GeV 400 GeV
Jet energy scale 5-10% 5%
Jet energy resolution 2-4% 2%
Pileup modeling 4% 1%
Trigger efficiency 1-2% 1-2%
b-tagging efficiency 10% 10%
ISR modeling 1% 1%
Parton distribution functions 1% 1%
Luminosity 2.6% 2.6%

As a cross check, we vary the rate of gluon splitting to a bb pair in the simulation and ad-
just the top-quark pr spectrum to match data. We observe negligible effects on the evaluated
uncertainty.

Systematic uncertainties associated with the signal efficiency arise from various sources. An
uncertainty associated with the jet energy scale is evaluated by varying this scale by its pr-
and 7-dependent uncertainties. The uncertainties associated with the jet energy resolution,
pileup modeling, trigger efficiency, b-tagging efficiency correction factor, and ISR modeling,
are evaluated by varying the respective quantities by their uncertainties. Systematic uncertain-
ties associated with the parton distribution functions are evaluated [41, 44, 45] following the
recommendations of Ref. [46]. The uncertainty of the luminosity determination is 2.6% [47].
The uncertainties are evaluated individually for the different Sygr bins, for both the SB and
SIG regions, and for each of the 2b, 3b, and 4b samples, with correlations taken into account.
Table 2 lists typical values of the uncertainties.
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CMS Preliminary, L = 19.3 fb™, Vs =8 TeV
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Figure 8: The ratio of the number of events in the signal (SIG) region to that in the sideband
(SB) region as a function of Syt bin (see Table 1), for the 2b, 3b, and 4b event samples. The
results for the simulation account for the various SM processes.

10 Likelihood analysis

A likelihood function is constructed using the RooFit [48] package. There are three b-jet sam-
ples in the analysis (Section 4), each with a SIG and SB region that is divided into four intervals
of Smer (Table 1). This yields 24 mutually exclusive observables. Each observable is described
by a Poissonian distribution in the likelihood function. A lognormal constraint probability dis-
tribution function (PDF) accounts for each systematic uncertainty term (nuisance parameter)
except for the b-tagging-efficiency-correction term, which is constrained by a Gaussian PDF.

The Poisson mean for observable j is the sum of the background (BG) and signal (SUSY) con-
tributions, which we express as:

G 4. S}SLISY susy (1)

_ B
nj = M “Hoj v

where V(%ISY is the expected SUSY contribution for the predicted cross section, sf USY is the total
systematic uncertainty for signal events, and r is a signal strength parameter. The background
estimate is expressed in the likelihood function through the following relations:

BG _  _BG p ,BG
Mapsici = Sabi- Ri- Mapspir )
BG _ .BG . p.. ..BG

Hapsici = Sabi- Ri- Mapspir 3)
BG _ p...BG

Hapsici = Ri-Mopspir 4)

where i denotes the Syier bin (1 to 4), R; is the common SIG/SB ratio for that bin, and sy ;
and s3),; represent the systematic uncertainties of the background estimate for the 4b and 3b
samples, respectively. The parameters with values determined by the fit are listed in Table 3.

To evaluate the discovery sensitivity of the analysis, we construct test data sets for different
higgsino masses, with the values of the observables fixed to the sum of the MC predictions
for background and signal. Figure 9 shows the corresponding null-hypothesis p values, along



13

Table 3: Parameters with values determined by the likelihood fit.

Parameter Number of parameters Constraint PDF
y,’fﬁsB/i (3 b tag samples) x (4 Syt bins) = 12 None
sflfi (2 b tag samples) x (4 Syt bins) =8 Lognormal
S}S usy (3 b tag samples) x (4 Sygr bins) x (SIG and SB) =24 Lognormal
R; 4 Syer bins None
r 1 signal normalization None

CMS Simulation, L =19.3fb™, {s =8 TeV
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Figure 9: Expected p values for the null hypothesis (no SUSY) should a higgsino signal be
present with the predicted cross section. The green and yellow bands indicate the one- and
two-standard deviation intervals, and the horizontal solid (red) lines the sensitivity to a SUSY
signal in standard deviations.

with the corresponding expected signal significance expressed in standard deviations. The
results are based on a frequentist calculator and a one-sided profile-likelihood test statistic. The
expected sensitivity approaches two standard deviations for higgsino masses of about 260 GeV.

11 Results

The observed numbers of events in the 3b-SIG and 4b-SIG regions are shown in Fig. 10 in
comparison with the SM background predictions from the likelihood fit. Numerical values
are given in Table 4. The data are seen to be consistent with the SM predictions to within the
uncertainties. Thus, we do not observe evidence for higgsinos. For purposes of illustration, the
expected signal distributions for higgsino masses of 250 and 400 GeV are included in Fig. 10.
Figure 11 shows the data in comparison with predictions from SM simulation.

Figure 12 (top) presents the expected and observed 95% confidence-level (CL) upper limits on
the signal strength as a function of the higgsino mass. A signal strength r = 1 corresponds
to the predicted cross section, and points below r = 1 are excluded. Assuming the absence
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Figure 10: Observed numbers of events in the (left) 3b-SIG and (right) 4b-SIG regions, in bins of
E%‘iss-significance SMmET, in comparison with the SM background estimates from the likelihood
fit. The hatched bands show the total uncertainty of the background prediction, with statistical
and systematic terms combined. The (unstacked) results for signal events, with a higgsino mass
of either 250 or 400 GeV, are also shown.

Table 4: Observed numbers of events and corresponding SM background estimates from the
likelihood fit for the 3b-SIG and 4b-SIG regions. For the data, the first uncertainty is statistical
and the second systematic.

SumeT bin SMmET range SM background Data SM background Data
(3b-SIG) (3b-SIG) (4b-SIG) (4b-SIG)

1 30 < SyEr < 50 6.7+14+10 4 2.9708+03 1
2 50 < Smer < 100 116719407 15 4.911tLe 7
3 100 < Syer < 150 2.44+0:84+0%6 1 0.59932+0:09 3
4 Smer > 150 1.50582+002 0 0.407035+0-26 0

of SUSY, the expected cross section upper limits reach the level of the predicted cross section
for higgsino masses between around 270 and 350 GeV. However, because of a slight excess of
data events compared to the background expectation [see, e.g., Fig. 10 (right)], we are unable
to exclude the signal hypothesis for any value of higgsino mass. Figure 12 (bottom) expresses
the results in terms of the signal model cross section.

12 Summary

A search is presented for the electroweak pair production of higgsinos in proton-proton colli-
sions at 8 TeV, based on the gauge-mediated-SUSY-breaking scenario of Ref. [18]. The data sam-
ple was collected with the CMS detector in 2012, corresponding to an integrated luminosity of
19.3fb~!. Each higgsino is presumed to decay to an almost-massless lightest-supersymmetric
particle, which escapes without detection, and to a Higgs boson. The Higgs boson is consid-
ered in its most likely decay mode, namely to a bottom quark-antiquark pair. The analysis is
based on the reconstruction of the two Higgs bosons and on the missing-transverse-energy-
significance variable Syigr. The background from standard model processes, which principally
arises from events with a top quark-antiquark pair in which one top quark decays hadronically
while the other decays semileptonically, is evaluated using control samples in the data. The
results are obtained using a global likelihood fit in which the numbers of events in 24 exclusive
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Figure 11: Observed numbers of events in bins of EM-significance Syigr and corresponding
prediction from SM simulation for the sideband SB (left) and signal SIG (right) regions, for the
2b (top), 3b (middle), and 4b (bottom) event samples. The hatched bands indicate the statistical
uncertainty of the total SM simulated prediction.
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bins in a three-dimensional array of Sygr, signal and sideband intervals in the Higgs-boson-
mass variables, and tagged bottom-quark jet samples, are simultaneously examined. For hig-
gsino masses between around 270 and 350 GeV, the expected cross section upper limits reach
the level of the expected production cross section. Because of a slight excess in the observed
number of events compared to the estimated background, we are unable to exclude the signal
model for any value of higgsino mass.
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Figure 12: Observed and expected upper limits on the (top) signal strength normalized to the
reference cross section, and (bottom) cross section, as a function of higgsino mass. The uncer-
tainty associated with the theory cross section is 5%. The green and yellow bands indicate the
one- and two-standard deviation intervals, respectively, for the expected result.
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