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Abstract

We present a search for a natural gauge-mediated supersymmetry breaking scenario
with the top squark as the lightest squark and the gravitino as the lightest supersym-
metric particle. The strong production of top squark pairs and their decays would
produce events with pairs of top quarks and neutralinos, with each neutralino decay-
ing to a photon and a gravitino. This search is performed with the CMS experiment
using pp collision data at /s = 8 TeV, corresponding to an integrated luminosity of
19.7 fb~!, in the electron + jets and muon + jets channel, requiring one or two pho-
tons in the final state. We compare the missing transverse momentum of these events
against the expected spectrum of standard model processes. No excess of events is
observed beyond background predictions and the result of the search is interpreted in
the context of a general model of gauge-mediated supersymmetry breaking deriving
limits on the mass of top squarks up to 750 GeV.
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Figure 1: Feynman diagram of the GMSB scenario of interest. With top squarks as the lightest
squark, the pair production of stops would be the dominant production mechanism for SUSY
in pp collisions at the LHC. Assuming a bino-like neutralino NLSP, each stop would decay to
a top quark and a neutralino, with the neutralino decaying to a photon and gravitino. Shown
above is the electron + jets or muon + jets final state of the top pair decay.

1 Introduction

Supersymmetry (SUSY) [1-9] is increasingly desirable in avoiding the hierarchy problem of the
recently-discovered Higgs boson at 125 GeV [10-14]. Of particular interest are so-called “natu-
ral” models of SUSY in which, for standard model particles with large couplings to the Higgs
boson, their supersymmetric partners (sparticles) are kept light, namely the third-generation
squarks and electroweak gauginos [15, 16]. Such regions of SUSY parameter space would avoid
introducing a new little hierarchy problem [17], and have been left largely unexplored at the
CERN LHC.

In this article we describe a search motivated by models of gauge-mediated supersymme-
try breaking (GMSB) [18—23J in which the neutralino ()Z(l)) is the next-to-lowest mass sparticle
(NLSP) and the gravitino (G) is the lowest-mass sparticle (LSP). The gravitino escapes unde-

tected and contributes to missing transverse momentum (7*%) in the detector, where the mag-

nitude of IS is referred to as ETSS. This search considers the case of a bino-like neutralino,
where photons in the final state originate from its X! — G decay. Assuming that R par-
ity [24, 25] is conserved, pair production of strongly-interacting sparticles would be the domi-
nant production mechanism for SUSY in pp collisions at the LHC. Further assuming that only
the top squark (stop) is light enough to be producable at the LHC, SUSY production would
proceed as pairs of top squarks decaying predominantly to a tf + 7y +EX event topology,

shown in Figure 1.

The analysis focuses on the semileptonic decay mode of the tt pair, where one of the resulting W
bosons decays to a lepton and neutrino. Based on 19.7 fb~! of pp collisions at /s = 8 TeV, the
analysis requires the presence of exactly one isolated lepton (either an electron or a muon) to
avoid contributions from QCD multijet and y+jet backgrounds and to enhance the semileptonic
mode of tt decays. At least one jet in each event is required to be tagged as originating from a
b quark to further reduce non-tt backgrounds. Two signal regions are defined for both electron
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and muon channels depending on the number of selected photons in each event: either exactly
one photon, or two photons. Control regions are similarly defined using photons that fail either
the nominal isolation or shower shape requirements, referred to as misidentified photons.

The results of the analysis are evaluated by comparing the shape of the EI* distributions
for the observed data and estimated backgrounds in the one and two photons signal regions.
To reduce the dependance on the tf 4+ 7y production cross section, the tf + jets and tf +
background normalizations are allowed to float freely to make the results a purely shape-based
comparison. The results are interpreted against a range of stop and bino masses in a general
gauge-mediated [26-31] (GGM) SUSY scenario.

2 The CMS Detector

The central feature of the CMS detector is a superconducting solenoid with an internal diameter
of 6 m, providing a magnetic field of 3.8 T. Within its field volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator
sampling hadron calorimeter (HCAL), each separated into barrel and endcap sections. The
muon system, embedded in the steel return yoke outside of the solenoid, measures muons
using drift tubes, cathode strip chambers, and resistive plate chambers. Extensive forward
calorimetry compliments the coverage provided by the barrel and endcap detectors.

In the barrel section of the ECAL, an energy resolution of about 1% is achieved for unconverted
or late-converting photons. The remaining barrel photons have a resolution of about 1.3% up
to a pseudorapidity of || = 1, rising to about 2.5% at || = 1.4 [32]. Only photons in the barrel
ECAL are considered by the analysis.

The missing transverse momentum vector P is defined as the projection on the plane per-

pendicular to the beams of the negative vector sum of the momenta of all reconstructed objects
in an event.

The first level of the CMS trigger system, composed of custom hardware processors, uses in-
formation 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 about 400 Hz, before data storage.

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables such as pseudorapidity 7 or the azimuthal
angle ¢, can be found in Ref. [33].

3 Event and Object Reconstruction

All objects in the event (photons, electrons, muons, jets, and ErTniss) are reconstructed using the
particle flow (PF) algorithm [34-36]. Jets are reconstructed by clustering PF particles using the
anti-kt algorithm [37] with FastJet [38]. Jets use a distance parameter of 0.5 in the 7-¢ plane
(AR = /A¢?* + An?), and their momenta are corrected for the effects of multiple interactions
in the same bunch crossing (pileup). All particle flow candidates are used to calculate E%ﬁss.

Photons are reconstructed from clusters in the ECAL barrel with || < 1.44 and required to be
tightly isolated having pr > 20 GeV. The ratio of the energy deposit in the HCAL tower closest
to the seed of the ECAL supercluster assigned to the photon divided by the energy deposit in
the ECAL has to be smaller than 5%. A photon-like shower shape is required [32]. The isolation



energy is calculated in a cone with an outer radius of AR = 0.3, where the imprint of the photon
is removed. Pileup corrections depending on # are applied to all isolation energies.

Muons are reconstructed from measurements in the muon system and compatible track seg-
ments in the silicon tracker [39]. Candidate muons are required to have pr > 30 GeV, be within
|7 < 2.1, and have an isolation energy in a cone of radius AR = 0.4 of less than 12% of
their transverse momenta. Electrons are reconstructed from clusters of deposited energy in the
ECAL, which are matched to a track in the silicon tracker [40]. Candidate electrons are required
to have pr > 30 GeV, be within || < 2.5, excluding the transition region between the ECAL
barrel and endcap, and have an isolation energy in a cone of radius AR = 0.3 less than 10% of
their transverse momenta. An additional, looser requirement for each lepton provides a veto
against dileptonic backgrounds.

The Combined Secondary Vertex algorithm [41] at the medium working point (CSVM) is used
to identify jets from b quarks, increasing the signal sensitivity. The CSV algorithm uses sec-
ondary vertices and track impact parameters to provide a discriminant separating bottom-
quark jets from charm, light quark, or gluon jets. The efficiency of the CSVM is around 70% for
b-quark jets and 20% for c-quark jets. The efficiency of accidentally tagging light or gluon jets
by this working point is around 2%.

4 Analysis Strategy

Events are required to pass a single electron (muon) trigger requiring an isolated electron
(muon) with a minimum transverse momentum of 27 GeV (24 GeV). The single muon trig-
ger additionally requires the muon candidate to be within || < 2.1.

Events are required to have exactly one candidate electron or muon. Events containing addi-
tional leptons satisfying a looser criteria of pr > 10 GeV, || < 2.5, and isolation energy sums
less than 20% of their transverse momenta are rejected. At least three jets with pt > 30 GeV
and |y| < 2.4 are required, and at least one jet must be tagged as from a b quark by the CSVM
b tagger. All objects are required to be separated from each other by at least a AR of 0.5.

After this preselection, events are separated into independant samples based on the number of
candidate photons selected. Candidate photons are required to be separated from all jets by at
least a AR of 0.7. Two signal regions are defined: SR1 contains exactly one photon candidate,
and SR2 contains two photon candidates.

Reconstructed photons that fail either the shower shape or charged hadron isolation energy
sum requirements are referred to as misidentified photons. These objects are predominantly
jets with large electromagnetic fluctuations in their hadronization and are used to define two
control regions, similarly to the signal regions: CR1 contains exactly one misidentified pho-
ton and zero candidate photons, and CR2 contains two or more misidentified photons and
zero candidate photons. The control region definition is chosen to not intersect with the sig-
nal regions, to have very low signal acceptance, and to greatly enhance the population of the
photon-like jets contributing the most to the background estimate in the signal regions. The
control regions allow for the study of the performance of the EX¢ simulation with the most
poorly reconstructed photon-like objects expected in the signal region, for which the effect on
the EMsS resolution is expected to be much smaller than that of the presence of a semileptonic
tt decay.

The background expected in the signal regions is largely dominated by tf + jets and tf +
events where many selected photons originate from misreconstructed jets. These two processes
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Table 1: Scale factors for the normalization of Z(y) + jets backgrounds and electron-to-photon
misidentification rate. For the electron+jets channel, the product of the two is applied to Z + jets
and W/Z + y backgrounds. For the muon+jets channel, only the first one is applied. The uncer-
tainties displayed are statistical followed by all systematic uncertainties added in quadrature.

Channel SFZ(V) SF. .,
e 1.38 & 0.02 £ 0.15 | 1.58 £ 0.03 + 0.04
U 1.60 +£0.02 £0.17 -

are modeled in Monte Carlo (MC) simulations using the MADGRAPH 5.1.3 [42] tree-level ma-
trix element generator matched to PYTHIA 6 [43] for the parton shower. Simulated tf + v events
were generated in a 2 — 7 configuration (pp — bbjjlv<y or any other WW final state). Approx-
imately 0.6% of the simulated tf + jets events contain generator-level photon radiation falling
into the defined phase space of the tf + v sample and are rejected. Most other backgrounds
are simulated with MADGRAPH and matched to PYTHIA, including W/Z + jets, single top,
tt+W/Z, and W/Z + -y processes. Single top quark events are generated with POWHEG [44],
modeling the decay of tau leptons with TAUOLA [45]. The Z2 tune [46] is used for the underly-
ing event. All simulated backgrounds are normalized to the integrated luminosity of the data
using their respective cross sections calculated at least at next-to-leading order.

The Z + jets and W/Z + 7y backgrounds are small in the muon+jets channel. However in the
electron+jets channel there is considerable misidentification of electrons as photons causing
these processes to contribute appreciably to the signal regions at low EXS. This misidentifi-
cation rate is observable as the Z boson mass resonance in the invariant mass distribution of
electron-photon pairs in the electron+jets channel of SR1. The measurement of this rate de-
pends on the accurate estimation of the number of selected Z bosons in each channel. The
first step is in measuring a scale factor for the Z + jets and Z + jets MC. This scale factor is
measured using a dileptonic selection similar to the electron+jets SR1 selection, but altered to
require two leptons of the same flavor instead of only one. Additional third leptons are still ve-
toed, and no photons are required. A template fit of the invariant mass of the dilepton system
in data, using the Z(7y) + jets MC as the signal template and all other MC as the background
template, gives a normalization scale factor for the Z(7y) + jets MC, labelled SFy ).

Once this first scale factor has been applied to correct the MC estimate of the number of Z
bosons, the Z resonance in the electron+jets channel of SR1 is used to derive a second scale
factor SF,_,, to correct the misdentification rate of electrons as photons. A template fit of the
invariant mass of the electron-photon system in SR1 data, with EFsS < 50 GeV required to
limit signal presence, is performed using the Z(y) + jets MC as the signal template and all
other MC as the background template. Generator-level matching of reconstructed photons to
generated electrons is applied to increase the purity of the misidentified ey mass template. To
increase statistics in each template, the b tag requirement is removed for both MC and data
selections as the misidentification rate does not depend on the presence of a b jet. From the
result of this fit, a normalization scale factor is measured and applied to the Z(7y) + jets MC in
the electron signal regions. This second scale factor is not applied to the muon signal regions,
as the misidentification rate of muons as photons is negligable. The results of the fits for each of
these two scale factors are shown in Figure 2 and the obtained scale factors are listed in Table 1.

A final concern for the background estimate is in the simulation of the photon purity, or the
relative compositions of photons and photon-like jets in the dominant ¢f + jets and tf + 7y back-
grounds. No explicit tf + 7y sample is used in the background estimate due to the exceedingly
small cross section for such events. As such the source of two photon events in SR2 will be
lower-energy QED radiation and jets misidentified as photons. While the precise photon pu-
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Figure 2: Template fit results for the dilepton invariant mass in deriving SFz, for the electron
(left) and muon (middle) channels. The template fit result for SF, ., in m,, for the electron
channel in SR1 with the b tag requirement removed is shown on the right. The ratio of data to
the total background is included at the bottom of each figure. Uncertainties shown are statisti-
cal only.

rity in each signal region is important for absolute rate measurements, no difference in the
overall distribution of simulated EX** is found when altering the purity of selected photons.
The maximal bin-by-bin difference between the simulated EXS of tf + jets and tf + -y events is
found to be 5%. When their relative normalizations are adjusted to the observed photon purity
in data by a template fit in photon isolation energy, this difference in shape is only 1-2%-well
contained within statistical uncertainties on the total E‘TniSS shape. In short, the ErTmss distribu-
tion in both signal regions is found to be insensitive to the source of selected photons in ¢ + jets
and tf + vy backgrounds, and as such no dedicated tf 4 7y sample is required. To eliminate any
dependance on the overall production rate of tf + (-y) events, the tf + jets and tf + oy back-
grounds are allowed to float freely in the upper limit calculations so that the interpretation of
the results is completely shape-based.

With the above scale factors applied to each background, the control regions offer a signal-free
evaluation of the performance of the EX* background shape prediction, giving an acceptance
times efficiency of less than 1% of the signal model. By inverting the photon shower shape or
charged hadron isolation energy sum requirements, CR1 and CR2 contain the same tt system
as the signal regions but greatly enhance the contribution of misidentified jets in the photon
system of each event. The observed data and predicted background EM** shape is shown in
Figure 3 for each control region. The agreement between data and MC is good, considering the
very limited statistics available in CR2.

As an estimate of the performance of the ET shape in the signal regions, the bin-by-bin dif-
ference in CR1 for each channel is taken as a percentage systematic uncertainty in the signal
regions. CR?2 is statistically limited and cannot indicate systematic differences over statistical
fluctuations. Thus CR1 is used for both SR1 and SR2 for this purpose. Additional systematic
uncertainties are applied due to the differences in shape between CR1 and the signal regions,
calculated as the bin-by-bin ratio of signal region to control region EXss distributions. Overall
this accounts for a 10-20% shape systematic due to the data-to-MC difference in CR1, a 1-8%
shape systematic due to the difference in shape between CR1 and SR1, and a 10-50% shape
systematic (the 50% value applies only in the highest ES bin) for only SR2 due the difference
in shape between SR1 and SR2.
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Figure 3: Comparison of data and MC in EXS for the combined (e+y) control regions. Both
CR1 (left) with one misidentified photon and CR2 (right) with two misidentified photons are
shown. The disagreement of 10-20% between data and MC in CR1 is taken as an additional
shape-based systematic uncertainty in the signal regions. The comparitively poor agreement in
CR2 is attributable to the very small number of events in data and is not taken as an additional
uncertainty.

Table 2: Summary of systematic uncertainties considered. The dominant rate uncertainty is the
tf + v and Vv normalizations, although the tf + jets and tf 4 7 backgrounds are allowed to
float freely in the upper limit determination. Check marks indicate uncertainties that affect the
shape of the EM*® distribution in addition to overall rates. The dominant shape uncertainties
are the control region-derived uncertainties.

Source Shape Rate Notes

Luminosity 2.6% Signal and all backgrounds
Lepton ID/Trigger v 1% Signal and all backgrounds
Photon ID v 1.5 % Signal and all backgrounds
Pileup v 2% Signal and all backgrounds

JES v 5% Signal and all backgrounds

b tagging v 2.5 % Signal and all backgrounds

QCD Scale 0.5-25% All backgrounds

PDF 2.5-10 % All backgrounds

Control Region Discrepancy v 10-20 % Observed data discrepancy in CR1
SR1/CR1 Ratio v 1-8% Shape difference between SR1 and CR1
SR2/SR1 Ratio v 10-50 %  Shape difference between SR2 and SR1 - only for SR2
SUSY Cross Sections 16 - 28 % Signal only

5 Results and Interpretation

For systematic uncertainties affecting both the overall rate and shape of the EF* distribution
for a given background or signal process, both contributions are treated simultaneously and
assumed to be completely correlated. All backgrounds are simulated in MC and assigned
systematic uncertainties due to uncertainties in the total integrated luminosity, cross section
normalizations due to parton distribution function (PDF) uncertainties and QCD scales, pileup
reweighting, and jet energy scales (JES). Trigger and physics object selection efficiencies are
assigned a systematic uncertainty due to the uncertainty in the MC scale factors, including b
tagging, electron/muon ID and triggers, and photon ID. The systematic uncertainties are sum-
marized in Table 2.

The observed data are compared to the standard model background estimation in ET* in each
signal region, across the entire range of E}"**. The distributions of E{"** are shown in Figure 4.
Good agreement between prediction and data is observed. The final results are summarized in
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Figure 4: Comparison of data and MC in EITniSS for the combined (e+p) signal regions. SR1 (left)
with one reconstructed photon and SR2 (right) with two reconstructed photons are shown.

Table 3: Observed data and expected background yields for the combined (e+) signal regions.
Expectations from two GMSB signal models are included, for which (460_175) refers to Msiop =
460 GeV and Mpin, = 175GeV and similarly for (560_325). The errors represented below are
statistical followed by all systematic uncertainties added in quadrature.

Channel SR1 SR2

tt 1845 £ 48 =64 | 142+ 131 £0.12
W/Z +jets 1100 43 +35 | 2.12 +1.56 £ 0.22
Single t 130+ 14+ 6 -
Diboson 227+49+1.1 | 0.20 +0.44 + 0.06
Vy 431 £ 25+ 116 62+26+38
tt+W/Z 147 £ 4.0+ 1.0 0.15+0.41
4y 1926 +47 388 | 14.0 £4.0 £2.9
Total Background | 5469 £ 85 £ 411 | 241 +£52+48
GMSB (460-175) 162+ 16 £ 6 87 £12+2
GMSB (560.325) | 43.2+75+19 | 181+£48=£06
Data 5741 30

To interpret the data a GMSB signal spectrum is generated using SuSpect 2.41 [47] with decay
tables from SDECAY [48], and NLO cross sections are calculated with PROSPINO [49]. The
stop mass (labelled Msp) is chosen to range from 360 to 910 GeV. The neutralino NLSP (5({1))
is assumed for simplicity to be 100% bino-like, and its mass (labelled Mgin,) is chosen to range
from 150 to 725 GeV. Both masses are stepped in 25 GeV increments for the lowest masses, and
in 50 GeV increments elsewhere. All other SUSY particles (squarks, gluinos, and gauginos) are
decoupled at very high masses to force the strong production of stop pairs decaying to bino-
like NLSPs. The mass region where Msio, — Mpino < Miop is not considered as the requirement
of high-pr leptons and b jets severely limits sensitivity therein.

Since no significant excess of events beyond the SM expectation is observed, the 95% confidence
level (CL) cross section upper limits are calculated combining the results of all four search
regions using the CL; method [50]. The expected and observed upper limits are shown in
Figure 5. The observed cross section upper limits are slightly lower than the expected limits.
Observed and expected mass exclusion contours are also determined and shown in Figure 6.
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Figure 5: Observed upper cross section CLs limits at 95% CL in the Msop — Mpino plane.
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Figure 6: Observed and expected 95% CL exclusion contours for stop and bino masses.



6 Conclusion

We have presented a search for natural gauge-mediated supersymmetry breaking in events
with a top quark pair and photons. No significant excess in the shape of the EX* distribution
is observed that would indicate the presence of new physics. Cross section upper limits are
calculated for a range of stop and bino masses, and stop masses below 650-750 GeV (depending
on the bino mass) are excluded. These results set the most stringest exclusion on stop masses
in GMSB scenarios available to date.
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