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We present the first search for new phenomena in Zvy final states with large missing transverse energy
using data corresponding to an integrated luminosity of 6.2 fb~! collected with the DO experiment in pp
collisions at /s = 1.96 TeV. This signature is predicted in gauge-mediated supersymmetry-breaking
models, where the lightest neutralino §? is the next-to-lightest supersymmetric particle and is produced in

pairs, possibly through decay from heavier supersymmetric particles. The ¥

¢V can decay either to a Z boson

or a photon and an associated gravitino that escapes detection. We exclude thls model at the 95% C.L. for

supersymmetry-breaking scales of A <87 TeV.

DOI: 10.1103/PhysRevD.86.071701

The production of Zy with large missing transverse
energy in pp collisions is a rare process in the standard
model (SM) and thus is an interesting experimental signa-
ture for new phenomena searches. Such a signature is
predicted by well-motivated gauge-mediated supersymme-
try- (SUSY-) breaking (GMSB) models [1] of physics
beyond the SM. In GMSB models, SM gauge interactions
serve as the messengers of SUSY breaking and thereby the
masses of the SUSY partners of SM particles are connected
to the strength of their gauge interactions. Assuming
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R-parity conservation, SUSY particles are produced in
pairs, each decaying to lighter states which always include
the next-to-lightest supersymmetric particle (NLSP). The
final supersymmetric decay of the NLSP to SM particles
and the nearly massless gravitino G provide the typical
signature used in GMSB searches.

The CDF, DO, ATLAS, CMS, and H1 Collaborations
have all searched for GMSB neutralinos ¥! in the yG +
vG (and single yG) final state assuming that the X} is the
NLSP and binolike, decaying promptly to a photon and G
[2—4]. In this Letter, we present a unique search for a
Higgsino-like % with the ZG + yG final state. The
GMSB model we consider is “model line E” of Ref. [5]
which is characterized by six parameters: the effective
SUSY-breaking scale A which is varied in the following,
the number of sets of messenger particles which is set to
ns = 2, the ratio of the Higgs vacuum expectation value
which is chosen to be tan3 = 3, the mass of the messenger
particles which is selected to be M = 3 A, the Higgs sector
mixing parameter u which is taken as w = (3/4)M,,
where M, is the hypercharge gaugino mass, and the pa-
rameter Cy,, Which is linearly related to the gravitino mass
and is set t0 Cy,y, = 1 [6]. In this model X! decays with

substantial branching fraction to ZG, as well as to 7G,
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thereby providing a promising experimental signature for
the discovery of the ¥ NLSP in the ZG + yG final state.
The gravitinos escape detection, leading to a Z7 final state
with large missing transverse energy F;. We report a
search for these events in pp collisions recorded with the
DO detector [7] at the Fermilab Tevatron Collider.

The final state for this analysis contains a Z boson
decaying to e*e” or u™ u~, a photon of large transverse
energy, and large f;. The data have been collected using a
set of inclusive electron or muon triggers, corresponding to
an integrated luminosity of 6.2 + 0.4 fb~! [8]. The triggers
have about 100% (78%) efficiency for signal in the eey
(e py) channel.

Electrons are required to have at least 90% of their
energy deposited in the electromagnetic (EM) calorimeter
and an EM shower distribution consistent with that ex-
pected for an electron. They are further required to be
isolated in both the calorimeter and the tracker. A neural
network (NN) multivariate discriminant [9], formed from
the parameters of the EM shower and the track associated
with the electron candidate, as well as central preshower
detector information, is used to discriminate electrons from
jets. For electrons with py = 40 GeV, the identification
efficiency is = 82%.

Muons are identified as track segments in the muon
detector that match tracks found in the tracking system.
Muons are also required to be isolated in both the calo-
rimeter and the tracker. The identification efficiency for
muons with py = 40 GeV is = 79%.

Photons are identified in the central calorimeter and are

required to be separated from leptons and jets by AR =

V(An)? + (Ag)?> > 0.7 [10]. Additional requirements are
applied on the fraction of energy deposited in the EM
calorimeter and on isolation in both the calorimeter and
the tracker. The shower width in the third layer (EM3) must
be consistent with that of a photon. To suppress electrons
misidentified as photons, the candidates must not be spa-
tially matched to a track or to energy depositions in the
silicon microstrip or central fiber trackers that lie along the
trajectory connecting the primary vertex and the calorime-
ter cluster [11]. Further rejection of jets is achieved with a
NN discriminant similar to that used for electron selection.
The average identification efficiency for photons with
pr =40 GeV is = 75%.

The £ is the negative of the vectorial sum of transverse
components of energy depositions in the calorimeter, cor-
rected for identified photons, electrons, and muons. Jet
energies are calibrated using transverse energy balance in
photon + jet and dijet events [12], and these corrections
are propagated to the calculation of £7.

To select Zy + F; events, we first require at least two
leptons. Each lepton must have p;y > 15 GeV, with one
electron (muon) having p; > 25 (20) GeV. The two lep-
tons must have opposite charge and an invariant mass M,
within the Z-mass windows of 78—104 and 65-115 GeV for

PHYSICAL REVIEW D 86, 071701(R) (2012)

the ee and pwp channels, respectively. A total number of
261964 (306541) ee () candidates satisfy these crite-
ria. We require at least one isolated photon with p) >
30 GeV in the event. To reduce background from photons
radiated by the two leptons, we require a three-body in-
variant mass M(€€y) > 120 GeV, which results in a total
number of 78 (91) eey (uumy) candidates. The GMSB
signal is expected in the region of large £;. We therefore
require £ > 30 (40) GeV in the electron (muon) channel.
To remove events with spurious £; due to poorly recon-
structed muons, we require that Ap(Fr, u;) < 2.85, where
(y is the highest-p; muon. The £ significance, a like-
lihood discriminant based on the ratio of £ and its uncer-
tainty, is required to be >5. No data are selected in the
eey + F final state, and a single event is selected in the
uuy + Fr final state.

The background to the Zy + F; signal arises from in-
strumental backgrounds caused by mismeasured Fy, mis-
identified leptons or misidentified jets in Zvy, Z + jets,
WW,WZ,ZZ, W + X, and 1 processes. The backgrounds
are either estimated using control samples in data or using
Monte Carlo (MC) simulated events processed using a
detailed GEANT-based simulation [13] of the DO detector
response and overlaid with data from random beam cross-
ings. The simulation is corrected for lepton identification
efficiencies and energy resolutions observed in data.

The SM Zy process is the dominant source of back-
ground. It is estimated using PYTHIA [14]. The photon py
spectrum from PYTHIA for initial state radiation is cor-
rected for QCD and electroweak next-to-leading-order
(NLO) effects using the MC event generator of Ref. [15].
The contribution from final state radiation is determined by
fitting the M(€€) distribution of Zy MC events to data in
the range p} > 10 GeV and £ < 30 GeV and is found to
be very small because of the requirements on AR(¥, y), p7.,
M(€€), and Er. We estimate the Z7y contribution in the
signal region to be 0.23 = (.05 (stat) and 0.43 = 0.05 (stat)
events in the eey and puy channels, respectively.

Background from Z + jets events can enter the sample if
a jet is misidentified as a photon and F is large. Two data-
driven methods are used to estimate this background. In the
first method, we select an orthogonal sample of events with
at least two electrons or two muons and with a jet passing
all photon acceptance criteria except failing either the
requirements on tracker isolation or on shower width in
EM3. The Z + jets background is then estimated by scaling
this sample by an n-dependent factor f. This factor f is the
ratio of the probability for a jet to satisfy full photon-
identification criteria to the probability to fail tracker iso-
lation or shower width requirements. It is measured using
dijet data as a function of 7 and [, yielding typical values
of 0.08-0.16 with uncertainties of 10%. In the second
method, the Z + jets background is estimated by fitting
the sum of the NN templates for photons and photonlike
jets to the observed photon NN distribution. Templates of
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TABLE 1. Cross sections o, for the production of pairs of
lightest neutralinos ¥ via cascade decay, branching fractions of
i) toyG (B,) and to ZG (By), and the lightest neutralino mass
M o used in this analysis, which is parametrized by the breaking

scale A. The %V also decays to Higgs + G and to nonresonant
¢"¢~G, which dominate the remaining decays for large and
small A, respectively. Also given are the observed (expected)
95% C.L. upper limits on the production cross section using the
BDT analyses.

Obs. (exp.) limit

A[TeV] o, [fb] B, B, My[GeV]l on o, [fb]
70 618 0892 0086 111 <234 (223)
75 419 0715 0253 123 <172 (150)
80 290 0545 0408 135 <167 (140)
85 205 0420 0519 147 <163 (137)
90 146 0335 0592 159 <186 (155)
95 106 0277 0642 169 <205 (159)

the NN distributions are obtained from simulations of
photons and separately of jets, as the NN for data is found
to be well modeled by MC [9]. The results from these two
methods are consistent within their statistical uncertainties,
and the first method is used since it yields smaller uncer-
tainties. The resulting estimates of the Z + jets contribution
in the signal region are 0.09 = 0.08 (stat) and 0.17 £ 0.16
(stat) in the eey and wuy channels, respectively.

The SM backgrounds from WW, WZ, ZZ, and ¢t pro-
duction are estimated using MC simulations with PYTHIA
[14] for dibosons and ALPGEN [16] for 7. The cross sec-
tions are from MCFM [17], calculated at NLO. The F; can
be substantial in such events, but none of these back-
grounds are sources of isolated, high-pJ. photons.

The GMSB signal is modeled with the PYTHIA leading-
order (LO) MC event generator using supersymmetric
particle spectra calculated in ISAJET [18]. The A parameter
is varied from 70 to 95 TeV, in steps of 5 TeV, and used
to compute a minimal supersymmetric standard model
particle mass spectrum and a set of branching ratios. The
LO signal cross sections are scaled to match the NLO

TABLE II.

PHYSICAL REVIEW D 86, 071701(R) (2012)

prediction from PROSPINO [19]. The inclusive cross section
for the pair production of ¥ from cascade decays is 618 b
for A = 70 TeV and decreases to 106 fb for A = 95 TeV.
In this model the %9 are pair produced primarily via the
weak interaction and the squarks and gluinos are pushed
beyond the kinematic reach of the accelerator. The fraction
of ¥ — ZG decays (B,) increases with A, reaching 50%
at A = 85 TeV. Cross sections and branching fractions are
given in Table 1. At larger A values, ZG is the main decay
mode for 5((1’ For the full event selection, the overall product
of acceptance and efficiency of Z(ee/uu)G + yG events is
7.7% (5.1%) at A = 70 TeV and increases to 11.2% (8.6%)
for A = 95 TeV in the eey (uuy) channel.

The expected signal yield for A = 80 and 90 TeV and
the estimated SM backgrounds are summarized in Table II.
The total background is expected to be 0.5 = 0.1 and 0.7 =
0.4 events in the eey + Ey and uuy + Er channels,
respectively. The number of observed events is consistent
with these expectations. The comparison between data and
SM MC predictions for the £ distributions after selecting
Zv events is given in Fig. 1 along with the signal expec-
tation. Good agreement between data and SM background
is observed for both eey and p w7y channels.

The systematic uncertainties that affect the signal and
SM backgrounds include theoretical and experimental
sources. The uncertainties on the theoretical cross section
for diboson and ¢f processes are 6% and 10% [17], respec-
tively. The uncertainty on the measured luminosity is 6.1%
[8] and is applied to the SM background estimations based
on MC simulation. The uncertainty on electron identifica-
tion efficiency is 1% in the central calorimeter region and
increases to 4% in the end-cap calorimeter. The systematic
uncertainties on muon identification include 1.0% for re-
construction, 1.1% for tracking efficiency, and 0.5% for
isolation. The photon-identification uncertainty is 2.7%
[20]. The uncertainties from the jet energy scale are esti-
mated to be 1% for signal and 4% for the backgrounds [12].
The uncertainty on the momentum resolution for muons is
reflected in an uncertainty of =100% in the signal region

Number of observed and expected events for the restrictive criteria defining the signal region and for less stringent
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requirements that are followed by a selection on BDT output defining an alternative signal region. The first uncertainty is statistical and
the second is systematic. The contributions from Z + jets for the BDT analyses are found to be negligible. Different wuy + E7 events
pass the signal region selections and the BDT > (.8 selection in data.
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Signal region

BDT > 0.8

mwuy + Er

Signal region

BDT > 0.8
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All backgrounds
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FIG. 1 (color online).
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Distribution of f for Zy events in the (a) eery channel and (b) uuy channel before requiring £ significance

>5. The hatching on the sum of background contributions indicates the total uncertainty on the background prediction.

Fr > 40 GeV on the estimate of the background from
Z(pp) + .

To improve the sensitivity for ¥} detection at the cost of
a stronger dependence on the specifics of the GMSB
model, we also use a boosted decision tree (BDT) multi-
variate technique to discriminate between SM background
and signal [21]. The output is a discriminant that is shifted
toward +1 for signal and strongly peaked near —1 for
background events.

The BDT is trained on a randomly selected collection of
signal and background MC events, Z + jet background
candidates from data, and a signal assuming A =
90 TeV. The training samples require a leading lepton of
pr > 25(20) GeV, a second lepton of py > 15 GeV, p) >
20 GeV, M(€€y) > 120 GeV, f7 > 15 GeV and M(£€) >
70(65) GeV in the eey (upy) channel. A set of 14 sensi-
tive variables, well modeled by the simulation, is used to
form the BDT discriminant. The variables include trans-
verse momenta of the two leptons, photon, dilepton sys-
tem, and dilepton + photon system, as well as F; and
M(€€y). The expected signal and background yields are
estimated from events independent of the set used for

(] upy Data
S0 uuy Background
upy Bkgd. + Sig. A=85 TeV
[ ] eey Data
454455, eey Background
eey Bkgd. + Sig. A=85 TeV

102 DQ, 6.2 fb™

te

SRR

Events

‘ N
i\\\:\\\\\g\ Q\\\\:\Q\\;\E

Gsss 555555555055

BDT output

FIG. 2 (color online). Distribution of BDT output in the eey
channel and ppy channel for background only, background
with a A = 85 TeV signal added, and data. The total back-
ground uncertainties are indicated as shaded bands.

training. The data are found consistent with the SM back-
ground prediction as seen in Fig. 2 and Table II (for BDT
>(.8), and no evidence is observed for a GMSB neutralino
NLSP.

Limits on the production cross section of ¥{ ¢ using the
benchmark model are derived using a Poisson log-
likelihood ratio as test statistic, combining results from
the electron and muon channels. Pseudoexperiments are
generated according to the background-only and signal +
background hypotheses, and systematic uncertainties are
accounted for by integrating over uncertainties parame-
trized as Gaussian. The limits on cross sections are eval-
uated using the modified frequentist approach [22]. Data
and background estimates are studied in four bins of BDT
output, and values from the most signal-like bin (BDT >
0.8) are shown in Table II. The 95% C.L. upper limit on the
cross section using the BDT discriminant is shown in
Fig. 3, together with the expected limit and the 1 and 2
standard deviation uncertainty bands. The 95% C.L. limits

Lightest neutralino mass, M(x?) [GeV]
120 130 140 150 160

800p—— T T
DJ, 6.2 fb! —— Observed 95% C.L.
700 Expected 95% C.L.
600 Ex. 7] Expected+1 S.D.
RO [ Expected+2 S.D.
500 4

400
300
200
100

95% C.L. limit on signal o,, [fb]

0
70 75 80 85 90 95
SUSY-breaking scale, A [TeV]

FIG. 3 (color online). Limit on the cross section for Zy + Er
production as a function of A (lower horizontal axis) and M( ,{/(1))
(upper horizontal axis) at 95% C.L. combined for the eey and
puy channels. The NLO cross section for the signal, with a
band indicating the parton distribution function uncertainty, is
overlaid.
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on g, are also given in Table I. The GMSB parameters

P
were chosen to have significant branching of ¥ to ZG as

already described. Fixing all parameters except A, we
exclude A < 87 TeV at 95% C.L. using the BDT selection,
which increases the expected exclusion in A by 4 TeV in
comparison to the analysis performed without using the
BDT requirement.

In summary, we present the first search for a SUSY
signature in events containing Zy + F final states using
6.2 fb~! of integrated luminosity collected by the DO
experiment in pp collisions at /s = 1.96 TeV. The sig-
nature corresponds to a GMSB model where pairs of
neutralino NLSPs are either produced promptly or from
decays of other supersymmetric particles in pp collisions
and then decay to either ZG or yG. In the signal region we
observe no event in the eey and one event in the puy
channels, where the SM background is expected to be
1.21 = 0.45 combined. Employing a multivariate selection
process and combining the results from both channels, the

PHYSICAL REVIEW D 86, 071701(R) (2012)

specific neutralino NLSP model is excluded at the
95% C.L. for A < 87 TeV. Because of the sizable branch-
ing fraction of {9 — ¥G in our model, recent searches in
the yy + F final states [2] at the Tevatron can be expected
to have comparable sensitivities, but no searches have been
carried out considering the unique, Higgsino-like ! model
examined here.
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