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Abstract

A search is performed for long-lived neutral particles decaying to photons and invisi-
ble particles. An example of a physics process leading to such a signature is the decay
of the lightest neutralino with nonzero lifetime into a gravitino and a photon, as pre-
dicted by gauge-mediated supersymmetric models. The search is based on events
containing at least two photons of which at least one has converted to an e*e™ pair,
at least two jets, and missing transverse energy. The transverse impact parameter can
be reconstructed using photons converting into e*e™ pairs. We consider scenarios in
which the neutralino has a mean lifetime between ct = 0.4 and 100 cm. The analysis
was performed on a data sample collected by the CMS experiment at the LHC in 2012
at center-of-mass energy /s = 8 TeV and corresponds to an integrated luminosity of
19.7 fb~! of proton—proton collisions.
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1 Introduction

The existence of new, heavy particles with long lifetimes is predicted by many models of
physics beyond the standard model (SM), such as hidden valley scenarios [1] or supersymme-
try (SUSY) with gauge-mediated SUSY breaking (GMSB) [2]. Under the assumption of R-parity
conservation [3], strongly interacting SUSY particles can be pair-produced at the Large Hadron
Collider (LHC). Their subsequent decay chain may include one or more quarks and gluons,
as well as the lightest SUSY particle (LSP), which escapes detection, giving rise to apparent
momentum imbalance in the transverse plane. A GMSB benchmark scenario, commonly de-
scribed as “Snowmass Points and Slopes 8” (SPS8) [4] is used as reference in this search. In
this scenario, the lightest neutralino (5({1) ) is the next-to-lightest SUSY particle, and can be long-
lived. It decays to a photon (or Z/Higgs bosons) and a gravitino (G), which is the LSP [5]. If the
X" consists predominantly of the bino, the superpartner of the U(1) gauge field, its branching
fraction to a photon and Gis expected to be large.

The signature of these decays is extremely clean since it is given by displaced decay vertices and
significant missing energy. As such it is optimal for discovering new physics since the x{ has
so far been mainly sought after at the CMS experiment assuming that they are short-lived [6].
Figure 1 shows two possible diagrams of squark and gluino pair-production processes that
result in a diphoton final state. Similar searches using the photon shower direction (D0 exper-
iment [7]) or time-of-flight with the electromagnetic calorimeter (ATLAS [8, 9], CDF [10], and
CMS [11]) have been performed under the assumption of a sufficiently long x! lifetime and
have all found no evidence for these signatures of interest.

In this paper, we present the results of a search for long-lived neutral particles decaying to
photons obtained with a technique already used in a previous CMS analysis performed at 7
TeV [12]. A photon produced in the decay of a long-lived x! will originate from a displaced
vertex with a large absolute transverse impact parameter, |dxy| . In this analysis, reconstructed
photon conversions are exploited to determine the photon direction with respect to the beam
axis and to measure the |dxy| . The larger the )E‘l) lifetime, the wider the distribution of the
|dxy| . The strategy consists of selecting events with at least two photons of which at least
one has converted to an e*e™ pair. The |dxy| distribution is then used to search for an excess
of signal over SM background events. Moreover, in this and many other SUSY models that
assume the conservation of R-parity, the x? is produced in association with high transverse
momentum (pr) jets and significant missing transverse energy (EXS ) from the LSP. For this
search, we consider scenarios in which the neutralino has a mean lifetime between ¢t = 0.4
and 100 cm.
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Figure 1: Feynman diagrams for SUSY processes that result in a diphoton-plus-EX*S final state
through squark-mediated (left) and gluino-mediated (right) production at the LHC.



2 4 Object reconstruction and event selection

2 CMS Detector

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [13]. The central feature
of the CMS apparatus is a superconducting solenoid with an internal diameter of 6 m, provid-
ing a magnetic field of 3.8 T. Within the superconducting solenoid volume there are the silicon
pixel and strip trackers, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a
brass plus scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. Muons are detected by 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. The energy resolution for photons with E~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 [14]. The silicon tracker measures charged particles within the pseudorapidity range
|| < 2.5. It consists of 1440 silicon pixel and 15 148 silicon strip detector modules and is located
in the 3.8 T field of the superconducting solenoid. For nonisolated particles of 1 < pr < 10GeV
and |77]| < 1.4, the track resolutions are typically 1.5% in pr and 25-90 (45-150) ym in the trans-
verse (longitudinal) impact parameter [15].

3 Samples

The data samples used for this analysis were collected in 2012 by the CMS detector [13] at the
LHC from proton—proton collisions at a center-of-mass energy of 8 TeV, corresponding to an
integrated luminosity of 19.7 fb~1. The data sample is used both for the selection of signal
candidates and for control samples used for data-driven background estimation. Events are
selected using a trigger that requires at least two photons with pr > 40 GeV and || < 2.4.

Simulated samples for the signal processes are generated for a range of x? mass hypotheses be-
tween 200 and 260 GeV, and mean X! lifetimes between ct = 0.4 and 100 cm to target regions of
phase space not already excluded by a previous search [11]. The simulation uses the PYTHIA 6.4
event generator [16], with the CMS detector response fully simulated using GEANT4 [17]. Due
to the high luminosities attained during the run, many events have multiple proton—proton
interactions leading to a distribution of primary vertices referred to as pileup. The generated
pileup distribution in the simulated samples was reweighted to reproduce the 2012 data-taking
conditions.

4 Object reconstruction and event selection

The particle-flow (PF) event algorithm is used to reconstruct and identify each individual par-
ticle with an optimised combination of information from the various elements of the CMS de-
tector. The energy of photons is directly obtained from the ECAL measurement, corrected for
zero-suppression effects. The energy of electrons is determined from a combination of the elec-
tron momentum at the primary interaction vertex as determined by the tracker, the energy of
the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially
compatible with originating from the electron track. The energy of charged hadrons is de-
termined from a combination of their momentum measured in the tracker and the matching
ECAL and HCAL energy deposits, corrected for zero-suppression effects and for the response
function of the calorimeters to hadronic showers.

Jets are reconstructed using the anti-kt clustering algorithm [18] with distance parameter of
R = /(An)%? + (A¢)? = 0.5. The inputs to the jet clustering algorithm are the four-momentum



vectors of the reconstructed particles, where each particle is reconstructed with the PF tech-
nique. Furthermore, jet candidates are rejected if they are found within AR = 0.25 of a photon.

This analysis selects at least two high-pr isolated photons in association with at least two jets
and EXsS | The two jets are required to have |17| < 2.6 and pr > 35GeV. The photon isola-
tion is defined by summing the transverse momenta of charged hadrons, photons, and neutral
hadrons, inside a region with radius AR in the (7, ¢) plane around the photon direction. Since
the reconstruction of the signal photons and the PF objects is not optimally synchronised at
the time of writing this document, energy from the signal photon must be removed from the
isolation sums by imposing geometrical requirements. When calculating the photon isolation,
PF photons falling in a pseudorapidity slice of size Ay = 0.015 are excluded from the sum.
Similarly, when constructing the neutral hadron isolation, summing the transverse momenta
of charged hadrons, a region of AR = 0.02 is excluded. The isolation requirements for our se-
lected photons are: ) Eppoton < 0.005 - ET + 1.3GeV; Y ENeutral Hadron < 0.04 - ET + 3.5GeV;
Y ECharged Hadron < 2.6 GeV. The cone size for all isolation sums is AR = 0.3. The lateral ex-
tension of the shower, 0;;, is measured in terms of the energy weighted spread within the 5
x 5 crystal matrix centered on the crystal with the largest energy deposit in the superclus-
ter. Another shower shape variable, Syinor, is defined as the minor axis of the ellipse from
the energy deposit in the ECAL. The requirements from 05, and Sniinor are used to ensure that
the candidate is consistent with the shape expected from a real photon and reduces the QCD
multijet background substantially. We also define H/E as the sum of the energies of HCAL
towers within a cone of size AR < 0.15 centered on the supercluster position, divided by the
supercluster energy. Using these definitions, we select events in which the photons meet the
following criteria: at least two photons in the event where the pt of leading photon > 85 GeV
and all other photons with pr > 50 GeV; || < 1.47; oy < 0.012; 0.15 < Spiner < 0.30; H/E <
0.05. Lastly, photon candidates are rejected if they are likely to be electrons, as inferred from
characteristic patterns of hits in the pixel detector, known as ‘pixel seeds’, that are matched to
candidate EM showers.

Due to the presence of gravitinos, the X distribution of the signal exhibits long tails, whereas
for the main SM backgrounds (where the ET** is only due to the finite detector resolution)
tends to fall off quickly as shown in Fig. 2. In order to choose our EM* requirement we use an
exclusion based optimisation, whereby we find the cut which minimises the expected upper
limit on the signal cross section. For this minimisation we input the background prediction
which will be described in Section 6, and the systematic uncertainties which will be described
in Section 7. Subsequently, we find the optimal cut to be EMsS > 60 GeV for all signal points
considered.
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Figure 2: Distribution of ET** from simulation for signal and background. All histograms are
scaled to unity.
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5 Photon conversions and the transverse impact parameter

Electron and positron tracks from photons converting in the material of the silicon tracker are
reconstructed [19], and therefore the photon direction can be determined from the track-pair
momentum. The extrapolation of the photon direction back to the beam axis then allows us
to measure the impact parameter of the photon, |dxy| , as shown in Fig. 3. Therefore, we
define the |dxy| as the distance of closest approach of the photon trajectory to the beam axis in
the transverse plane. Furthermore, the photon trajectory is defined as a straight line from the
conversion vertex along the momentum of the e*e™ pair. Subsequently, for a photon produced
in the decay of a long-lived x!, the extrapolated direction points away from the beam axis
giving a sizable |dxy| . Also, as mentioned previously, in high luminosity conditions multiple
collisions occur within a single bunch crossing producing a number of primary vertices. We
therefore measure the |dxy| with respect to the transverse position of the beam axis which is
more robust than with respect to the primary vertex considering the presence of pileup vertices.
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Figure 3: Illustration of the X! — v + G decay in the x-y plane with the beam direction coming
out of the page. The diagram shows the photon converting to an e*e™ pair and the subsequent
reconstruction of the transverse impact parameter.

6 Background Determination

The main background contribution in this analysis arises from y+jet events. These events ex-
hibit E%‘iss due to the effect of finite detector resolution (i.e. instrumental EITniSS ). In y+jet events
we have typically one real photon and one jet that is misidentified as a photon in the final selec-
tion. There are additional sources of background with intrinsic missing transverse energy, such
as electroweak processes (tt and W+jets), but these are heavily suppressed by the photon pr
requirement and electron veto, and therefore make a negligible contribution to the final selec-
tion. The X — v+ G decay has two signatures: E™MisS from the unseen G and a large |dxy| from
the displaced photons. The strategy for determining the background is to use control regions
(CRs) in data that are kinematically similar to the signal sample whilst having no real EXss ;
to this purpose, events were selected with ETis < 30 GeV. The |dxy| background distribution
(CR1) is extracted from events with EI < 30 GeV and satisfying all other selection criteria.



To ensure that CR1 gives a good estimation of the background, we compare the |dxy| distri-
bution to the data in the EMS < 30GeV region but failing at least one of the photon isola-
tion requirements in Section 4 (CR2). We also compare to the |dxy| distribution in data for
EMiss > 60 GeV but failing at least one of the photon isolation requirements in Section 4 (CR3).
We tabulate the definitions of the various CRs in Fig. 4 for clarity, and show the comparisons
in Fig. 5.

Isolation pass |Isolation reject

MET < 30 GeV CR1 (R2
MET > 60 GeV | Signal Region (R3

Figure 4: Definition of the background control regions.
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Figure 5: Distribution of |dxy| : fake photons from the high EX* region (CR3) and low EXSS re-
gion (CR2) are compared with real photons from the low ET* region (CR1). The errors are
statistical only. The distributions of CR2 and CR3 are normalised to the first bin of CR1.

We see that the |dxy| distributions for our fake photon samples (CR2 and CR3), and real iso-
lated photons (CR1) agree, with the residual differences between the fake and isolated photon
distributions in the low EXSS control sample consistent within statistical uncertainties. In order
to account for this difference between control regions, we take the shape template derived from
CR2 as a shape uncertainty on our nominal background estimate (CR1). For the normalisation
of CR1, we scale the derived shape template to the peak of the |dxy| distribution in our data
(first bin of the histogram).

7 Systematic Uncertainties

A summary of the systematic uncertainties considered affecting the signal efficiency is given in
Table 1. The calorimeter response to different types of particles is not perfectly linear and hence
corrections are made to properly map the measured jet energy deposition. The uncertainty on
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this correction is referred to as the uncertainty on the jet energy scale and varies as a function
of position and transverse momentum of the jet [20]. The uncertainty on the photon energy
scale is estimated to be 0.6% for barrel photons [21]. The uncertainty on the integrated lumi-
nosity is estimated to be 2.6% [22]. A major source of uncertainty on the signal comes from the
conversion reconstruction efficiency. The method used to compute this uncertainty is the same
as what was performed in Ref. [12], namely to sum in quadrature the difference between the
number of reconstructed conversions in data and simulation for Z — 7y events; and between
Z — up<y and the simulated signal. In a mass window of the Z-boson (60 < m,,;, < 120 GeV)
we look at the percentage of photons that convert, both in data and simulation as performed
in Ref. [19] (efficiency = 0.93 4 0.03). Additionally, we compare the percentage of conversions
in the Z — ppy (efficiency = 8.5 & 0.15%) and GMSB simulated samples (efficiencies between
4.7-8.5%). These results are summed in quadrature and set as the systematic uncertainty on
the conversion reconstruction efficiency as follows:

2
Error = \/(1 —0.93)* + (1 _ [4.7§;8.5]> O
= [7 > 45] %.

Table 1: Systematic uncertainties on the signal efficiency.

Source Uncertainty (%)
Luminosity 2.6
Statistical <1
Jet energy scale 0.2
Photon energy scale 0.2-04
Conversion reconstruction eff. 7-45
Uncertainty at finite |dxy| 40

Furthermore, the efficiency for the reconstruction of a conversion photon with finite |dxy| is
estimated using simulation. Since there are no suitable control samples in collision data to per-
form a comparison, we apply a conservative 40% uncertainty on the signal on the basis of how
well the tracking efficiencies are predicted by the simulation of the track reconstruction [23].
From Fig. 5 we see that there is a difference in shape between CR2 and CR1. This difference
is used as a shape uncertainty on our background estimate. Furthermore, in order to quantify
the possible effects of signal contamination in our data control sample we calculate the fraction
of the signal events found in our background control region, CR1, with respect to the search
region. We find that this quantity never exceeds 1.5%, which is negligible. Lastly, we find the
statistical uncertainty of our background estimate is 58%.

8 Results and Interpretation

The number of signal and background events in data are estimated from the binned |dxy| distri-
butions optioned after the selection described in Section 4 and shown in Fig. 6. The distribution
for the main background, y+jet, is derived from the data control samples, as described in Sec-
tion 6 and the normalisation is set to the first bin in the data |dxy| distribution. The last bin
contains also overflows. We tabulate the cut flow for signal, background, and data after var-
ious selection cuts in Table 2. The preselection is defined as: passing the trigger; at least one
good reconstructed vertex; at least one loosely identified photon.
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Figure 6: Distribution of |dxy| : data are compared with background Wthh is estimated from
CR1. Two signal points for A = 180 TeV, of cT = 0.4 cm and 20 cm are also shown for compar-
ison. The black hatches correspond to the total uncertainty on the background estimate. The
last bin for each histogram contains the overflow.

Table 2: Cutflow for signal (ct = 0.4 cm and ct = 20 cm) and the expected SM backgrounds.

(1(;1(\)/,{311) (1%12)/{8213) SM bkg. estimate (CR1) Data
All 285 285 - 5.21e+11
Preselection 182 176 - 7.34e+10
Eiss > 60 174 167 - 1.86e+09
Num. jets > 2 102 98 - 4.55e+08
Num. phot. > 2 41 41 - 1.42e+06
Num. conv. >1 | 5.0+ 04 | 3.7+ 0.8 35+22 4

There is no significant excess of events in data with respect to the background expectations,
therefore we interpret the results of our search in terms of upper limits at 95% confidence level
(CL) on the production cross section of a long-lived neutralino in the context of the GMSB
model. A test of the background-only and signal+background hypotheses is performed us-
ing a modified frequentist approach, often referred to as CLs [24-26]. The probability distri-
butions of the background-only and the signal+background hypotheses are determined from
distributions of the test statistic constructed from pseudo-experiments. Once the ensembles of
pseudo-experiments for the two hypotheses are generated, the observed CL limit is calculated
from these distributions and the actual observation of the test statistic. The expected CL limit
is calculated by replacing the test statistic by the expected median from the distribution of the
background-only hypothesis. The background shape is taken from Fig. 5 and the normalisation
is taken from the |dxy| peak of data. Furthermore, since we normalise our background to the
first bin of data, we exclude the signal contribution from this bin in the limit setting procedure.
The uncertainties are handled by introducing nuisance parameters both on the normalisation
and the shape of the signal and background expectations. The results can be seen in Fig. 7. Here
we plot the region of GMSB phase space where the observed and expected median CLs limit
falls below the theoretical expectation, and we are therefore able to exclude.
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Figure 7: Exclusion plot in the plane defined by the X! and its mean lifetime in the context of
the SPS8 model of GMSB supersymmetry. The A scale is also shown.

9 Summary

This paper described the search for long-lived neutral particles decaying to photons in a sample
of data from proton—proton interactions at the center-of-mass energy of 8 TeV collected by CMS
at the LHC and corresponding to 19.7 fb ! of integrated luminosity. The GMSB scenario with a
long-lived neutralino decaying to photon plus gravitino was used as reference. No significant
excess over the expected number of background events has been observed, and 95% CL exclu-
sion limits on the GMSB production cross section have been derived. In this scheme, we obtain
an exclusion region as a function of both the neutralino mass and its mean lifetime. The mass
of the lightest neutralino is then restricted to values m(x?) > 250 GeV, for mean neutralino
lifetime ¢ = 10 cm. Also, the mean lifetime must be greater than 11 cm, for m(x9) = 160 GeV.
Furthermore, we see roughly a factor of 10 improvement with respect to the 7 TeV result.
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