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Abstract

We present a search for new physics in the final state of a low transverse energy pho-
ton and missing transverse energy using 7.3 fb~! of /s = 8 TeV LHC proton-proton
collisions collected with the Compact Muon Solenoid (CMS) detector. This analy-
sis extends the high-energy single-photon searches to a lower-energy regime. In the
absence of deviations from the standard model predictions, limits are set on the pro-
duction cross section of exotic decays of the Higgs boson. We have also analyzed the
phase space consisting of a photon with a transverse energy of at least 45 GeV and
missing transverse energy in a model independent way by varying the selection re-
quirements on the missing transverse energy and transverse mass. We set upper lim-
its at the 95% confidence level on the production cross section of possible processes
appearing in this final state.
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1 Introduction

The final state consisting of a low transverse energy photon and low missing transverse energy
(Er) (also called the “monophoton” final state) can be used to constrain a variety of extensions
of the standard model (SM). One such promising extension is supersymmetry (SUSY) [1-7],
which has the attractive feature of stabilizing the radiative corrections to the Higgs boson mass
(my,), while also providing a natural dark matter (DM) particle candidate (x) in the form of the
lightest supersymmetric particle (LSP).

In SUSY scenarios where the SUSY breaking scale is low (1/f ~ TeV ) the newly discovered
Higgs boson (1, = 125GeV) [8, 9] may decay into a gravitino (G) and neutralino (x9), with
the neutralino subsequently decaying into a gravitino and a photon [10]. In this model, the
gravitino is the LSP and the neutralino is the next to lightest supersymmetric particle (NLSP).
Figure 1 shows the Feynman diagram for this process.
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Figure 1: Feynman diagrams of a Higgs boson decay to gravitino LSP and a neutralino NLSP,
which subsequently decays to a gravitino and photon.

This decay mode produces a single isolated photon and Er from the undetected gravitinos. If
mzo < my /2, the decay process i — Xx? = vy + Er would dominate. Therefore the kinematic
region of interest for this search is m;, /2 < mzo < my,. Furthermore, since mj; = 125GeV, the

photon transverse energy (ET) and Er will be relatively low.

In this document, we present a search for new physics in the low-Et photon+Fr final state,
using an integrated luminosity at 7.3 fb~! of /s = 8 TeV LHC pp collision data collected with
the CMS detector. This study is the first CMS search conducted in this low energy regime
and it complements and expands upon previous high-energy monophoton searches for new
physics conducted at the LHC [11, 12]. The results are interpreted in terms of the low-scale
SUSY breaking model, as well as in a model independent manner.

2 CMS Detector and Reconstruction

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. The ECAL is made up of nearly 76,000 crystals and provides a pseudorapidity cov-
erage up to || < 1.48 in the barrel region while 1.48 < || < 3.0 is the endcap. The energy
resolution for photons with Ey ~ 60GeV varies between 1.1% and 2.6% over the solid angle
of the ECAL barrel, and from 2.2% to 5% in the endcaps [13]. 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
and extends it to || < 5.



2 3 Event selection

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. 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. [14].

The offline event reconstruction is performed using a particle-flow (PF) algorithm [15, 16]. The
PF event reconstruction consists in reconstructing and identifying each single particle with
an optimized combination of all subdetector information. 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 electron momentum at the primary interac-
tion 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 elec-
tron track. The energy of muons is obtained from the curvature of the corresponding track. The
energy of charged hadrons is determined 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. The energy of
neutral hadrons is obtained from the corresponding corrected ECAL and HCAL energy. Fi-
nally, the missing transverse momentum vector pss is defined as the projection on the plane
perpendicular to the beams of the negative vector sum of the momenta of all reconstructed
particles in an event. Its magnitude, the missing transverse energy, is referred to as Fr.

For each event, hadronic jets are clustered from these reconstructed particles with the infrared
and collinear-safe anti-kt algorithm, operated with a distance parameter of 0.5 [17]. Jet energy
corrections are derived from the simulation, and are tuned with in situ measurements with the
energy balance of dijet and photon+jet events [18].

3 Event selection

Events for this analysis are collected using a single HLT path, which is seeded by either a
20 GeV or a 22 GeV single e/« L1 trigger depending on the running period. The HLT is
used to select events with at least one photon with Et > 30GeV within the ECAL barrel re-
gion (|77| < 1.44) and calorimetric Er >25 GeV with noise cleaning to supress the anomalous
noise in the HCAL barrel (HB) and endcap (HE) subdetectors due to characteristics of the hy-
brid photodiodes and the readout boxes [19]. The trigger further requires the photon to pass
a loose calorimeter-based isolation selection and to exhibit shower shape characteristics con-
sistent with unconverted photons. The main shower shape requirement is based on the Rg
variable, defined as the ratio of the energy deposited in a 3 x 3 crystal region centered around
the crystal containing an energy deposit greater than all of its immediate neighbours (the “seed
crystal”) to the energy of the entire deposit of the photon (“supercluster”). The data recorded
with this trigger corresponds to an integrated luminosity of 7.3 fb™! and was part of the CMS
“data parking” program in 2012. With the data parking program, CMS recorded additional
data with relaxed trigger requirements planning for a delayed offline reconstruction in 2013
after the completion of the LHC Run L

The efficiencies of the trigger as a function of offline reconstructed E] and Er are measured us-
ing two prescaled control trigger paths. The first control trigger path accept events with single
photons with energy greater than 30 GeV with no further identification or isolation require-
ments on the photons. The second control trigger path has identical photon requirements to



the signal path but without any selection on Er. Figure 2 shows the efficiency turn-on curves
as a function of E% and Fr, parameterized with an analytic function in the form of:
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Figure 2: Trigger turn-on curves for E] and Fr. The parameterization of efficiency as a function
of offline E% and Fr are also shown in the form of an analytic function fitted to the turn-on
distributions.

In the offline selection, the events are required to have at least one well identified vertex with a
distance less than 24 cm away from the nominal interaction point in z-direction and 2 cm away
in the xy-plane. The vertex corresponding to the origin of the hard-scattering process with the
largest value of }_ p% of all associated tracks is identified as the primary vertex.

Each selected event is required to have at least one photon candidate with E] > 45GeV and
|77| < 1.44. The photon must also satisfy the following identification and isolation criteria: (a)
to minimize the contribution from misidentified electrons, the shower is required to have no
associated hits in the pixel detector, to be referred to as “pixel seed veto”; (b) the lateral exten-
sion of the shower, 0;;;,;, measured in terms of the energy-weighted spread within the 5 x 5
crystal should be consistent with that of a genuine photon; (c) the ratio between the energy
collected by the HCAL cells behind the supercluster and the energy collected by the superclus-
ter is required to be less than 0.05; (d) the sum of the Et of all photons reconstructed with the
particle flow (PF) algorithm within a cone of AR = 0.3, excluding a strip in 7 of 0.015 around
the supercluster, is required to be less than 0.7 GeV + 0.005x EJ; (e) the sum of the Er of all
charged hadrons reconstructed with the PF algorithm within a hollow cone of 0.02 < AR < 0.3
around the supercluster is required to be less than 1.5 GeV; (f) the sum of the Er of all neutral
hadrons reconstructed with the PF algorithm within a cone of AR = 0.3 around the superclus-
ter is required to be less than 1.0GeV + 0.04x EL. To account for the effects of overlapping
proton-proton interactions (pileup), the total energy density in the event is computed using the
FASTJET package [20] and is used to correct the isolation quantities. These pileup corrected
isolation requirements correspond to a working point with a signal efficiency of approximately
85%. Furthermore, Rg > 0.9 is also required to match the trigger requirements. The photon
with the highest Et in the event that satisfies all of the above requirements is selected as the
photon candidate for the signal sample.

Anomalous signals in the ECAL, due to direct interaction of particles with the ECAL photo-



4 3 Event selection

diodes, are rejected using additional shower shape requirements on the # and ¢ width of the
shower. In addition, we reject showers that deposit more than 95% of their energy on the seed
crystal [21].

To reduce the SM backgrounds arising from the leptonic decays of W and Z bosons, a lepton
veto is applied. Events are rejected if they have at least one electron fulfilling a loose identi-
fication requirement [22] with p§ > 10GeV and || < 2.5 (excluding the transition region of
1.44 < |5°| < 1.55) and are outside the cone defined by AR = 0.3 around the photon candidate.
Muons candidates which are identified using the PF algorithm using hits in the tracker and the
muon systems are required to have pf > 10GeV, |7#| < 2.1, and AR(7, ) >0.3 separation
from the photon candidate. Events are rejected if any such muon is present in the event.

In addition to the selection requirements described above, the Fr is required to be greater than
40 GeV. This level of selection is referred to as the preselection and is applied for both the
model independent analysis and the analysis of the SUSY benchmark model. The additional
applied selection requirements differ between the two analyses.

To define the jet candidates, identification criteria are used to separate pileup jets from the
jets originating from hard scattering. These identification criteria are based on the trajectory
of tracks associated with the jets inside the tracker volume, the topology of the jet shape and

multiplicity of the objects constituting these jets [23]. Only jets with p; ' >30 GeV and lniet| <
2.4 and that fulfill the non-pileup identification requirements are considered in the event. These
jets must not overlap with photon candidate within AR(7jet) < 0.5. In the model independent
analysis, events with 2 or more jets are rejected and, if there is a jet in the event, we also require
that A¢(vy,jet) < 2.5.

In the analysis of the SUSY benchmark model, where no requirement is made on the jet multi-
plicity, more advanced selection is applied to reduce the background due to mismeasured Er.
Mismeasured Er can arise from many sources, including limited Er resolution, reconstruction
and instrumental inefficiencies, and improper pattern recognition. Due to their large cross sec-
tion the 7+ jets and multijet processes can contribute significantly to the background of this
analysis, even though such events do not have genuine Fr. In order to minimize the con-
tribution from these processes, we have used two different methods for identifying events
with mismeasured Er. The first one is the Fr significance method [24] which takes into ac-
count the reconstructed objects in each event and their known measurement resolutions to
compute an event-by-event estimation of the likelihood that the observed Er is consistent with
zero. To complement this method we further developed the Missing Hr (MHt) minimization
method [25]. In the MHt minimization method we first construct a x> function with the form:

2 ~ \2 ~ \2
2 _ (pr)i — (Pr)i E. E,
X= ) S + =1 (=] - (2)
i=objects Opr)i Uk E,
In the above equation, (pif’); are the transverse momenta of the reconstructed objects that
pass the above mentioned identification criteria, the (0, ); are the expected resolutions of each
object, the Of,, are the resolution of the Er projection along the x-axis and the y-axis and the

(pr); are the free parameters allowed to vary in order to minimize the function. The first term
of the equation is a scalar difference. The quantities £, are functions of the free parameters;

Ex,y: - 2 (ﬁx,y)i (3)
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In events with no genuine Fr, the mismeasured quantities can be re-distributed back into the
particle momenta, resulting in a low x? value. On the other hand, in events with genuine
Er from undetected particles, the minimization generally will yield larger x? values. For the

analysis of the SUSY benchmark model, the re-calculated /1-5; = 4/ Ei + E;, i.e., in which the

original object momenta are replaced with those obtained with the y? minimization, is required
to be > 45 GeV and the probability value obtained from the x? minimization is required to be
less than 1073,

To further suppress multijet backgrounds, events are rejected if the scalar sum of transverse
momentum of the identified jets (Hr) in the event is required to be greater than 100 GeV. An
additional requirement is made on the angle (x) between the beam direction and the major axis
of the supercluster in order to reject photons that have showers elongated along the beam line
which is characteristic of non-prompt photons.

Finally, the transverse mass, M = \/ 2pTEr(1 — cos Ap(7, Er)), formed by the photon candi-

date, Er and the angle between them, is required to be greater than 100 GeV. In order to easily
interpret the results within the chosen benchmark model, we require the E% <60GeV.

The final list of advanced selection used in both the model independent analysis and the anal-
ysis of the SUSY benchmark model with the relative cumulative efficiencies of the selection
requirements relative to the preselection is given on table 1.

’ Selection requirements I Model ndependent I SUSY benchmark model ‘
’ Advanced selection ‘ Zy = vvy ‘ Y+et ‘ Zy — vvy ‘ r+jet ‘ M)?(f = 120GeV ‘
Number of jets < 2 0.909 0.769 - - -
Ap(y,jet) < 2.5 0.834 0.262 - - -
Transverse mass > 100 GeV - - 0.867 0.292 0.829
Hr < 100 GeV - - 0.785 0.188 0.804
MHr minimization: E1 > 45 GeV - - 0.761 0.071 0.743
MHr minimization: Prob(x?)< 1073 - - 0.626 0.033 0.467
Er significance > 20 - - 0.440 0.001 0.195
a>1.2 - - 0.390 0.001 0.165
E% < 60 GeV - - 0.074 0.0002 0.106

Table 1: Summary of selection for both model independent analysis and analysis with SUSY
benchmark model with the cumulative efficiencies of the selection requirements relative to the
preselection for Zy — vvy , y+jet and MX? = 120 GeV.

4 Background estimation

The irreducible background for the v+ Fr signal is the SM process Zy — vv7y. Other SM back-
grounds include Wy, W — ev, W — uv, W — 1v, y+jet, multijet (referred to as QCD back-
ground) and diphoton events. Background events that do not come from collision processes
are also considered in the analysis. These backgrounds can be divided broadly into three cate-
gories:

e Backgrounds estimated with Monte Carlo (MC) simulation: Zy — vvy, Zy — {47,
W1, r+ets, vy,

e Collision backgrounds estimated using data: jets misidentified as photons and elec-
trons misidentified as photons;
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e Non-collision backgrounds estimated using data.

4.1 Background estimates from MC simulation

The Zy — vv is the irreducible background in this study. It is estimated from a MC sample
generated with MADGRAPH [26] and processed with PYTHIA v6.426 [27] for showering and
hadronization. To describe the topology of events in a realistic manner, up to two extra partons
were included in the matrix elements during event generation. The final event yields are nor-
malized using the next-to-leading-order (NLO) cross section calculated with the MCFM event
generator [28]. The W+ MC simulation was also produced with MADGRAPH, including up to
two extra partons, and normalized using the NLO cross section calculated from MCFM.

The y+jet is one of the most significant backgrounds in this analysis due to the presence of a
genuine photon and the large production cross section. The events for this process are simu-
lated using MADGRAPH, processed through PYTHIA and normalized using the LO cross sec-
tion. The normalization of this background is then corrected using control sample in data for
two different event classes: no-jet and one or more jets. The control sample in data is obtained
using events collected with the prescaled single-photon trigger and with the Er requirement
reversed to ensure orthogonality to the signal phase space. Correction factors (C) are derived
by normalizing the event yield in the simulation to match the data in the control region, sep-
arately for events with zero jets (C = 1.7) and one or more jets (C = 1.1). These correction
factors are then used to normalize the y+jet event yield from simulation in the signal region.
An uncertainty of 16% is derived for these correction factors based on the difference between
the corrected and uncorrected simulation and the relative fraction of zero jet (~ 10% of the
events in the control region) and one or more jet events.

The background estimate from the process Zy — ¢{7 is obtained using MADGRAPH, and the
background estimates from the processes W — uv, W — tv are obtained using PYTHIA. These
processes are found to contribute only to a small fraction of the total background prediction.

All simulated events are processed through a GEANT4-based simulation of the CMS detector
[29] and the same reconstruction chain as the data. To take into account differences between
data and simulation due to imperfect MC modeling, various scale factors (SF) are applied to
correct the MC-based estimates. These SFs are defined as the ratio of the efficiency in data
to the efficiency in simulation for a given selection. The SF for photon reconstruction and
identification is estimated from Z — ee decays with Rg > 0.9 using a standard “tag-and-probe”
method [30] and are listed in Table 2. The trigger efficiency measured in Section 3 is applied to
the simulated samples.

Table 2: Scale factors for the photon identification
y Variable | E [30 —40] GeV [ ET [40 —50] GeV | ET >50GeV |
Pixel Seed Veto 0.995 + 0.004 0.970 &+ 0.016 1.012 - 0.014

Photon ID (0 < |¢| < 0.8) 0.996 + 0.010 0.996 + 0.010 0.996 + 0.010
Photon ID (0.8 < || < 1.5) 0.996 + 0.010 0.997 + 0.010 0.997 + 0.010

4.2 Background estimates from data

The contamination from jets misidentified as photons is estimated by using a data control sam-
ple, enriched in QCD multijet events, defined by Er < 40 GeV. In this sample we measure the
ratio of events that pass the signal photon identification and isolation criteria (numerator selec-
tion) relative to those that pass a looser photon identification and isolation criteria but also fail
one of the nominal isolation requirements (denominator selection). The sample of events pass-
ing the numerator selection includes genuine photons whose contribution must be subtracted



4.2 Background estimates from data 7

to obtain the true ratio of misidentified jets. This contribution is estimated by fitting templates
of energy-weighted shower widths of genuine photons (determined from MC simulation of
Y-+jets events) and misidentified photons (determined from an isolation sideband in data) to
the candidate distribution. The final corrected extrapolation factor, shown in Figure 3, is then
used to scale a sample of events in data which pass the denominator selection in addition to
the other non-orthogonal event selections.
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Figure 3: Ratio of number of photons passing signal like requirement relative to those satisfying
a very loose identification and isolation selection and at the same time failing at least one of the
isolation criteria as a function of E7.

The systematic uncertainty in this method is dominated by the choice of the isolation sideband
region and is conservatively estimated to be 35% by varying the charged-hadron isolation in
the sideband region definition. The other sources of systematic uncertainty are determined
by varying the bin size of the templates, the Er selection for the control region, and the loose
identification requirements on the photons, and are found to be comparatively small.

Events with single electrons misidentified as photons are another major source of background.
An electron can be misidentified as a photon if the pixel seed in the tracker from the electron’s
trajectory does not get reconstructed. This background is estimated using a tag-and-probe
method with Z — ee events. The pixel seed efficiency (e,,) to identify electrons is estimated
in the Z boson mass window of 60-120 GeV. The inefficiency (1 — €,) of the pixel seed re-
quirement is found to be 2.31 £ 0.03%. The ratio (1 — €,,)/€,,, which represents the electron
misidentification rate, is applied to a candidate sample with the inverted pixel seed require-
ment and used to estimate the contamination in the signal region. The misidentification rate is
found to be dependent on the number of vertices reconstructed in the event and the number
of tracks associated to the selected primary vertex. The difference in the final yields using the
two parameterizations or the inclusive measurement of €,, are found to be within 5%. This dif-
ference is considered as a systematic uncertainty, and the yield calculated using the inclusive
rate is used as the nominal estimate. The method is repeated on simulation, and the differ-
ence of 4% between the measured and known electron misidentification rate is considered as
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an additional source of systematic uncertainty.

4.3 Non-collision background estimates from data

The search is susceptible to contamination from non-collision backgrounds which arise from
cosmic ray interactions, spurious signals in the ECAL, and accelerator induced secondary par-
ticles (beam halo). These backgrounds have different arrival time distributions compared to
prompt photons produced in hard scattering. To quantify the contamination due to these back-
grounds a fit is performed to the candidate time distribution using background templates de-
rived from the data. The contamination due to out-of-time background contribution is found
to be negligible, therefore not included in the final event yield.

4.4 Background modeling validation

The background modeling is examined in several control regions. A control sample enriched
in W(Iv)y events is defined with inverted lepton-veto requirement in the preselection, thus
selecting events with a loose e or y. It is expected to be free of any signal contamination due
to the presence of a lepton. Another control sample enriched in 7y+jet events is constructed by
just requiring no selection other than the preselection requirements. Figure 4 shows the data vs
SM expectation in the two control regions. The observed data and estimated SM backgrounds
are found to be consistent both in yield and shape.
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Figure 4: The E] distributions for data vs. SM expectation in a control region enriched by (a)
W(lv) events, and (b) y-+jet events. The bottom panels in each plot show the ratio of (data -
background)/background and the gray band includes both the statistical and systematic un-
certainty on the background prediction.

5 Systematic uncertainties

The experimental systematic uncertainties considered in the analysis are listed in Table 3. Since
the model independent and model specific selections differ significantly, e.g. the inclusion



of the mismeasured Fr reduction selection and E] window for the model specific results, the
systematic uncertainties are evaluated separately for each selection. The systematic uncertainty
associated with the measurement of the integrated luminosity is 2.6% [31]. The photon energy
scale uncertainty [32] of about 1.0% affects the signal and background predictions by 4% for
the model specific selection and by 0.5% for the model independent selection. Similarly, the jet
energy scale uncertainty affects the signal and background predictions by 2 — 5% depending
on the process and selection. When varying the photon or jet energy scales, the Er is also
recomputed. In addition, the systematic uncertainty associated with the jet energy resolution
(0.5%) and unclustered energy (energy not contained within jets or leptons or photons) scale
(2%) are propagated to the Fr and effect the signal and background predictions by 2 — 4%.
The uncertainty due to the choice of parton density functions (PDFs) is estimated following
PDF4LHC recommendations [33-35] and are found to be 10% for SUSY Higgs boson signal, and
4% for Zvv<y and the Wv. An additional uncertainty due to the choice of renormalization and
factorization scales is evaluated using MCFM and is found to be 3% for Zvvy and the Wy. As
described in the previous section, a 16% uncertainty is applied to the 7y+jet normalization due
to the difference in the jet multiplicity distribution between the data and background prediction
in the y+jet control region. The uncertainty due to the pileup modeling is found to be 1% and
is estimated by shifting the central value of the total inelastic cross section from 69.4 mb to 73.5
mb. Finally, the systematic uncertainties associated with backgrounds estimated from data
have been applied as discussed in previous section.

Source Signal | Jet— 7 | Electron— y | v +jet | Zvvy Wy
PDE 10(0) - - - 4(4) 4(4)
Luminosity 2.6(2.6) - - 2.6(2.6) | 2.6(2.6) | 2.6(2.6)
Photon energy scale + 1 % 4(0.5) - - 4(0.5) 4(0.5) 4(0.5)

Er energy scale 4(2) - - 4(2) 4(2) 4(2)

Jet energy scale 3(2) - - 5(5) 3(2) 3(2)

Pileup 1(1) - - 1(1) 1(1) 1(1)
Zvvy MCFM NLO calculation - - - - 3(3) -
7+ jet normalization - - - 16(16) - -

W~y MCFM NLO calculation - - - - - 3(3)
Jet— v unc. - 35(35) - - - -
Electron— 7y unc. - - 6(6) - - -

Table 3: Summary of all systematic relative uncertainties in percent on A x €)sc calculation for
SUSY Higgs model (Model independent) selection.

6 Results

To evaluate the 95% confidence level (CL) limits on the new physics production cross section,
an asymptotic CLg method [36, 37] is used where the systematic uncertainties in the signal and
background predictions are treated as nuisance parameters with log-normal prior distributions.

6.1 Model-independent limits

Due to the variety of signals which can contribute to this final state, we present results for a
generic signal using the model-independent selection described in Section 3. Although this
selection does not have as strong of discrimination power between signal like and background
like events compared to the misreconstructed Fr rejection selections, it does have less model
dependence. This is due to Fr significance and Fr minimization requirements having a non
trivial efficiency dependence on the underlying event and observed Fr.
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The total expected SM background and observed data events after the model-independent se-
lection are found to be compatible within the systematic uncertainties. Table 4 shows a com-
parison of the event yields estimated for background processes and the observed data. Figure 5
shows the Mt and Fr distributions after the model-independent selection has been applied.

Process of Events

T+ jets (313 +50) x 10°

jet — 7 (906 4 317) x 102

e — (1035 4 62) x 10!
W(— tv) +7 2239 + 111
Z(—vi) +y 2050 + 102
Other 1809 + 91

Total background | (420 + 82) x 10°
Data 442 x 10°

Table 4: Comparison of event yields for observed data and background, after the model-
independent selection.
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Figure 5: The Mt and Fr distributions for data, background estimates, and signal after the
model-independent selection. The bottom panels in each plot show the ratio of (data - back-
ground)/background and the gray band includes both the statistical and systematic uncer-
tainty on the background prediction.

Figure 6 shows the observed and expected model-independent 95% CL upper limits on ¢ x
BR x A x € for different ¥y and My thresholds. The observed and expected limits are also
shown in Fig 6(c) at a 95% CL for Mt > 100 GeV and as a function of Fr.

6.2 Model-specific limits

The yields for supersymmetric decays of the Higgs boson (h — é)ffl’, X, — G7) are acquired
through imposing the model-specific selection described in Section 3. The yields for this se-
lection are shown in Table 5. The 95% CL upper limits on the ox branching ratio(BR) and
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Figure 6: The expected (a) and observed (b) 95% CL upper limit on ¢ x BR X A X € for different
Mr and Er thresholds and (c) for Mt > 100 GeV as function of the ¥y threshold.

(0 x BR)/osp, where gy is the cross section for the standard model Higgs boson, are evalu-
ated for different mass values of Xg ranging from 65 GeV to 120 GeV and are shown in Fig. 7.

7 Conclusions

A search for new physics in the y+Fr final state is performed using pp collision data corre-
sponding to an integrated luminosity of 7.3fb~ ! collected at /s = 8 TeV using data parking
triggers in a phase space region defined by Er > 45 GeV and Er > 40 GeV. In the absence of
any evidence of new physics, upper limits are placed on the production cross section of new
physics in a model-independent way for different Er and M7 thresholds. The data are also
examined using optimized selections for maximum sensitivity to an exotic decay of the Higgs
boson h — éﬂ’, X} — Gy predicted in a low-scale SUSY breaking scenario. Upper limits at
95% CL are placed on the new physics production cross section times the branching ratio, as
well as the ratio of this product to the SM Higgs boson production cross section. The results are
found to be compatible with the SM hypothesis. These results are the first limits on this model
from searches at pp colliders.

7.3fb (8 TeV)
T

H
3
O,ps X BR X A x € [fb]

10
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Process Estimate
Y+ jets 179 4+ 28
jet — 269 £+ 94
e — 7y 355 £ 28
W(— tv) 4+ v 154 + 15
Z(—vv)+ 182 +£ 13
Other 91 + 10
Total background | 1232 + 188
Data 1296
MX? =65 GeV 653.0 £ 77
MX? =95 GeV 1158.1 £ 137
Mﬁ) =120 GeV | 2935.0 £ 349

Table 5: Expected (SM background) and observed event yields after the selection optimized for
the supersymmetric decay of the Higgs boson (& — Gx!, X} — Gv) and the signal predictions
correspond to BR(H — invisible + v) = 100%.
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Figure 7: Expected and observed 95% CL upper limits on (a) o x BR and (b) the ratio of this
product over the SM Higgs production cross section as a function of different M 0 values. The

uncertainty on the expected limit at 1c and 2¢ levels are shown as green and yellow bands,
respectively.
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