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We perform a search for new physics using final states consisting of three leptons and a large imbalance
in transverse momentum resulting from proton-antiproton collisions at 1.96 TeV center-of-mass energy. We
use data corresponding to 5.8 fb~! of integrated luminosity recorded by the CDF II detector at the Tevatron
collider. Our main objective is to investigate possible new low-momentum (down to 5 GeV/c) multi-
leptonic final states not investigated by LHC experiments. Relative to previous CDF analyses, we expand
the geometric and kinematic coverage of electrons and muons and utilize tau leptons that decay
hadronically. Inclusion of tau leptons is particularly important for supersymmetry (SUSY) searches.
The results are consistent with standard-model predictions within 1.85¢. By optimizing our event selection
to increase sensitivity to the minimal supergravity (mSUGRA) SUSY model, we set limits on the
associated production of chargino and next-to-lightest neutralino, the SUSY partners of the electroweak
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gauge bosons. We exclude cross sections up to 0.1 pb and chargino masses up to 168 GeV/c? at 95% C.L.,
for a suitable set of mSUGRA parameters. We also exclude a region of the two-dimensional space of the
masses of the neutralino and the supersymmetric partner of the tau lepton, not previously excluded at the

Tevatron.

DOI: 10.1103/PhysRevD.90.012011

Although extremely successful, the standard model (SM)
of particles and fields leaves many questions unanswered,
including the origin of dark matter, the incorporation of
gravity, and the hierarchy between the weak-interaction and
Planck energy scales. New physics that would address
these issues could be directly discovered in particle
topologies that are characterized by low SM background.
Such topologies include final states involving three charged
leptons (trilepton) in hadron collisions. A trilepton signal
is predicted by several new-physics processes, including
lepton-flavor-violating tau-lepton decays [1], heavy-
neutrino decays in seesaw models [2], Higgs-boson decays
in inert doublet models [3], Kaluza-Klein-graviton decays
in low-scale warped-extra-dimension models [4], and, most
notably, in chargino and neutralino decays in supersym-
metric (SUSY [5]) processes.

In this paper, we present a blind, model-independent
search for new physics in the trilepton plus missing (i.e.,
unbalanced) transverse-momentum (£7) final state at the
Fermilab Tevatron collider, where protons and antiprotons
collided with a center-of-mass energy of 1.96 TeV. We
illustrate the sensitivity of our search in a particular class of
SUSY models involving minimal supergravity (mnSUGRA
[6]), with a small number of parameters [7]. One of the low-
background processes for the discovery of SUSY particles
in proton-antiproton collisions is the associated chargino-
neutralino (¥7%9) production and the resulting trilepton +
E; final state: pp — 7779 followed by, e.g., ¥y — vy}
and 3 — ££7" [8]. The lightest chargino 7i and the next-
to-lightest neutralino 79 are supersymmetric partners of the
gauge bosons, £ indicates an electron (e), a muon (x), or tau
lepton (z), and yY is the lightest neutralino assumed to be
stable and escaping detection, and therefore contributing to
the missing transverse momentum. After completing our
model-independent search, we optimize our analysis spe-
cifically for the associated chargino-neutralino production.

The CDF experiment has previously searched for this
signature using data from up to 3.2 fb=! [9-13] of Run II
integrated luminosity. The latest DO trilepton analysis [14]
used 2.3 fb~! of integrated luminosity. The ATLAS
Collaboration has recently published a trilepton + E7
search using 20.3 fb~! [15] and the CMS Collaboration
has published results using a luminosity of 5 fb~! [16-18].
We present here an analysis with 5.8 fb~!' of integrated
luminosity. This search is significantly improved compared
to the previous CDF trilepton searches. We expand the
acceptance to cover the forward region of the detector for

PACS numbers: 12.60.Jv, 13.85.Qk, 13.85.Rm, 14.80.Ly

both electrons and muons, include (as third leptons) tau
leptons decaying hadronically, and allow lower momenta
for our leptonic candidates (down to 5 GeV/c¢), within the
constraints of the candidate identification and online event-
selection (trigger) requirements. Lower (and forward)
leptonic momenta allow us to investigate in a model-
independent way either the direct decay of new light
particles or the chain decay of particles with similar masses.
The inclusion of tau leptons is also motivated by the high
branching ratio of chargino and neutralino decays to the
lightest supersymmetric lepton (¢), typically the stau (7),
which preferably decays to a tau lepton. CDF has recently
published a same-charge two-lepton search for supersym-
metry using tau leptons [19].

CDF 11 [20] is a multipurpose cylindrical detector with a
projective-tower calorimeter geometry and an excellent
lepton identification capability. It operated at Fermilab’s
Tevatron collider. In CDF’s coordinate system, the positive
z axis is defined by the proton beam direction and the
positive y axis by the vertically upward direction. The
detector is approximately symmetric in the x and ¢
directions, where the pseudorapidity # is defined as
n = —In[tan(6/2)], @ is the polar angle with respect to
the z axis, and ¢ is the azimuthal angle.

The momentum p of charged particles is measured
with a tracking system composed of a seven-layer silicon
strip detector and a 96-layer drift chamber; both are
located inside a solenoid aligned along the beam axis
and provide a magnetic field of 1.4 T. The tracking
efficiency is nearly 100% in the central region (|n| < 1)
and decreases in the forward region (1 < |p| < 2.8).
Electrons can be identified in the forward region by
using tracks reconstructed using only silicon-tracker
information. Electromagnetic and hadronic calorimeters
surround the solenoid and measure the energies of
collision products up to || = 3.6. Drift chambers and
scintillators are installed outside the hadronic calorimeter
to detect muons with || < 1.4. A pipelined three-level
trigger system [21] that combines hardware and software
is used for filtering the collision data.

We perform an analysis of trilepton (dielectron + £’ and
dimuon + £”) data collected with single high-transverse-
momentum (py = psin@ > 18 GeV/c) central electron
and central muon triggers, respectively. The third object
¢’ can be an electron, a muon, a tau lepton, or an isolated
track (isoTrack). Events where the two highest-in-pr
leptons are ey or pe are included only if the third object
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is an electron or muon. No requirement is applied on the
charge of the leptons. To ensure a uniform trigger response,
we require a central electron or central muon with
pr > 20 GeV/c. The second and third electron or muon
can be detected in either the central or the forward region of
the detector and is required to have p;y > 5 GeV/c. The
additional transverse energy deposited in the calorimeter in

a cone of AR = /(A¢)>+ (An)?> =0.4 around each

electron or muon must be less than 10% of the lepton’s
transverse energy, if the lepton has p; > 20 GeV/c.
Otherwise, we require that this additional energy is less
than 2 GeV. The electrons and muons are required to be
separated by AR > 0.4 and to have the z coordinate of their
tracks at the origin within |Az| <5 cm. The average z
position of any track pair must be within 4 cm of an
interaction vertex (primary vertex). Finally, the leading two
electrons and muons must have tracks with an impact
parameter (with respect to the primary vertex) less than
0.02 cm, if the tracks are reconstructed including informa-
tion from the silicon detector, or less than 0.2 cm otherwise.
The analysis is restricted to events in which a same-flavor
lepton pair with mass (M,, or M,,) above 15 GeV/ c?is
found; the two highest-in-p; same-flavor leptons that
satisfy this mass requirement are the leading lepton pair.
We include tau leptons that decay hadronically: they are
identified as clusters of particles (jets) that have track and
energy properties expected from tau-lepton decays [22].
The isoTracks are not required to meet the default
electron or muon requirements, but they are required to
be isolated from other tracks, i.e., no other tracks with p; >
0.4 GeV/c and with the same z origin as the isoTrack
should be present within AR < 0.4 around the isoTrack.
Although the nonleptonic background to the isoTracks is
higher, their inclusion increases the acceptance without
decreasing the sensitivity, since they are analyzed sepa-
rately from the higher-quality lepton candidates. The
isolation and topology requirements separate isoTracks
and tau-lepton candidates; if the conditions defining both
categories are satisfied, we classify the track as a tau
candidate. After the above selection, we retain 334 968 ee,
162 127 pu, 687 ee + ¢, 435 pu + ¢, 2 843 ee + isoTrack,
and 1 560 pp + isoTrack events.

We validate the background estimation in both inclusive
two-lepton (dilepton) and trilepton final states. The main
SM dilepton background is the Drell-Yan (DY) process
qq — Z/y* — ¢¢. Some electroweak background comes
from diboson production (WW, WZ, ZZ, Wy*) with
subsequent leptonic decays. The main hadronic back-
ground contributing to the dilepton candidate sample is
the production of W + jets, where the W boson decays to a
lepton and a jet is misidentified as a lepton (hence referred
to as a fake lepton). Finally, top-quark-pair (f7) decays
that result in lepton pairs are also included as background.
The main SM trilepton background is contributed by
the production of DY dileptons in association with a
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photon (DY + ), in which the photon converts to an
electron-positron pair, which, if detected, is almost always
reconstructed as a single electron. Some electroweak
trilepton background comes from diboson production
(WZ, ZZ) with subsequent leptonic decays. The main
hadronic background that contributes to the trilepton
candidate sample is the production of DY + jets, where
a jet is misidentified as a lepton. Finally, ¢7 events resulting
in three leptons are also included as background.

The DY, DY +y, diboson, and ¢f backgrounds are
estimated with Monte Carlo (MC) simulation using
PYTHIA [23] running with the CTEQSL [24] parton dis-
tribution functions, and the CDF GEANT-based [25] detector
simulator. The MC event yields are normalized on an event-
by-event basis using theoretical cross sections [determined
with next-to-leading order (NLO) quantum-field-theory
calculations] [26], event trigger efficiencies, lepton-
identification-efficiency corrections (scale factors), and
the integrated luminosity corresponding to the CDF data
sample.

The hadronic background in the dilepton sample,
originated from quantum chromodynamic (QCD) proc-
esses, is estimated using CDF data, by selecting events
with one identified lepton and applying to every
well-reconstructed jet (track) a probability of being
misidentified as an electron (muon). Similarly, the
QCD background in the trilepton events is estimated
by selecting events with two identified leptons of the
same flavor and applying to every well-reconstructed jet
(track) a probability of being misidentified as an electron
or as a tau lepton (muon or isoTrack). The probabilities
for a jet to be misidentified as an electron or tau lepton,
or for a track to be misidentified as a muon or isoTrack,
depend on pr and on the involved detector element, and
they are of the order of 10™* to 1073. We measure the
probabilities using jet-rich CDF data [27].

The main sources of systematic uncertainty on the
MC-estimated backgrounds [12] are the theoretical cross
sections (an 8% effect on the event yields), the lumi-
nosity (6%), the lepton-identification efficiency (2%), the
parton distribution functions (2%), and the trigger effi-
ciency (0.5%). The total systematic uncertainty on the
expected event yield is ~10%. The QCD background
systematic uncertainty is ~50% for falsely identified
electrons and muons with transverse momentum greater
than 20 GeV/c and ~20% for lower transverse momen-
tum. This uncertainty is estimated from the variation in
the measurement of the misidentification rates using
different jet-rich CDF data sets triggered with varied
jet-energy thresholds.

In order to validate our background estimates, we
investigate dilepton and trilepton control regions defined
by restricting events to specific regions of the multi-
dimensional space determined by the leading-dilepton

mass M,,/,,, the missing transverse momentum £ [28],
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TABLE L.
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Expected and observed event yields in the main control regions (A, B, C, D, as described in the text) that are used to confirm

the SM background estimation and in the signal region. Here £ is an electron, muon, or tau lepton. The DY background for trileptons
includes a photon, which converts and is reconstructed as an electron. All uncertainties include systematic contributions only.

Region Drell-Yan Fakes Diboson tt Total SM Observed
A ee 1963 4+ 201 2152 + 524 525 +40 19+2 4658 + 583 4909
A up 1170 = 118 273 £ 136 118 £12 14+£1 1575 + 181 1610
Bee+? 24+03 21+7 13£1 0.13+£0.02 37+7 35
Buu+7¢ 2.6+03 19+6 8.7+09 0.041 £ 0.01 30+ 6 22
B ee + isoTrack 6.6 £0.7 249 £ 57 5.8£0.6 0.08 £ 0.01 262 + 57 285
B pp + isoTrack 33+£04 169 + 38 35+£04 0.033 £ 0.009 176 + 38 183
Cee+7? 869 59 +£18 1.9+£02 0.026 £ 0.007 147 £ 20 165
Cup+7¢ 53+£5 26+ 8 0.64 +0.07 0.015 £ 0.006 80+9 85
C ee + isoTrack 15+2 290 £+ 58 0.27 £0.03 0.004 £+ 0.003 306 + 58 270
C pp + isoTrack 6.6 +0.7 128 £ 26 0.13 £0.02 0.004 £ 0.003 135 £ 26 116
Dee+? 0.09 £0.02 09+03 0.12 £0.01 0.25+0.03 1.3£0.3 3
Dup+7¢ 0.09 £ 0.03 04=£0.1 0.08 £ 0.01 0.13+£0.02 0.7£0.1 0
D ee + isoTrack 0.62 +0.08 13+3 0.24 +£0.03 0.65 +0.07 14+3 8
D pp + isoTrack 0.1 +£0.03 5+1 0.12 £0.01 0.47 £0.06 5+1 2
Signal ee 4+ ¢ 3.1+03 10+4 6+0.6 0.44 +£0.05 20+ 4 34
Signal up + ¢ 26+03 7+2 33+03 0.23+0.03 134+2 19
Signal ee + isoTrack 26+3 124 +27 6+ 1 0.27 £0.04 157 £ 28 146
Signal pp + isoTrack 2.8£0.3 65+ 15 23+£02 0.18 £0.03 70+ 15 62

and the jet multiplicity N;. For an unbiased selection of
events, we avoid looking at the data in the signal
region, which is defined as trilepton events with
(15 <M, <76 GeV/c* or M,,,, > 106 GeV/c?),
Ep > 15 GeV, and N; < 1. We define the control regions
by inverting at least one of the signal-region selection
requirements. Overall, 24 dilepton and 40 trilepton control
regions are used. One of the most critical control regions
consists of dilepton events selected as signal but without
requiring a third lepton (region A); the trilepton signal
region is a subset of region A. We also present here
trilepton control regions with only one of the three
signal-region requirements inverted: either dilepton mass
in the Z boson resonance (76 < M/, < 106 GeV/c?), or
Ep <10 GeV, or N; > 2, which lead to regions B, C, and
D respectively. Region A is used to validate all sources
of background in the dilepton signal region. Region B is
used to validate the diboson background estimates, region
C, the DY and fake-lepton backgrounds, and region D,
the top-quark background, all in the trilepton subset of
the data. The QCD background estimation is validated in
the intermediate-mass (20 <M,,/,, <76 GeV/ c?) control
region, as well as in the trilepton (76 < M,,/,, <
106 GeV/c?) and high-mass 7 control regions. Finally,
good agreement between SM expectation and Z-resonance
data supports the estimation of efficiencies, scale factors,
data-set luminosity, and theoretical cross sections.

Table I shows the expected and observed event yields
in these control regions, where good agreement is observed.
The same is true for all other control regions [29]. Overall,
we observe 260 010 dielectrons and 142 386 dimuons
in the Z-resonance region, where we expect 268 670 +

26486 and 146103 + 14573 respectively (systematic
uncertainties only). Figure 1(a) shows the leading-dilepton
mass distribution for the observed ee/uu + ¢ events, along
with the SM expectation, before the application of the
signal-region requirements.

After observing satisfactory agreement between SM
expectation and experimental observation in all the control
regions, we uncover the data in the signal region. We
observe 34 ee + ¢, 146 ee + isoTrack, 19 uu 4 £, and 62
up + isoTrack events, whereas the SM expectations are
20£4, 157+ 28, 13 £ 2, and 70 % 15 respectively (sys-
tematic uncertainties only). Figure 1(b) shows the leading-
dilepton mass distribution for ee + ¢ and pu + £ events in
the signal region for SM background, our mSUGRA
benchmark point [30] (my = 60 GeV/c?, m), =
190 GeV/cz, tanf = 3, Ag = 0, and p > 0), and observa-
tion. A moderate excess of events is observed in the four
leading-dilepton mass bins between 30 and 80 GeV/c?,
whose significance is estimated as follows. The probability
that an excess of the same or larger size is seen within four
consecutive bins (range of 60 GeV/c?) anywhere in the
leading-dilepton mass spectrum of ee/up + £, assuming
no new physics, corresponds to a p-value of 0.032 (1.850).
This probability is determined with the use of pseudoex-
periments that take into account the statistical and system-
atic uncertainties of the actual experiment and their
correlations across channels. In the fakes-dominated
ee/pu + isoTrack signal region, results are more consistent
with the SM (p-value = 0.56).

These results are used to set limits on the associated
chargino-neutralino production rates and exclude part of
the (m;(g vs m;) space, which is investigated with a
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FIG. 1 (color online). (a) The leading-dilepton mass distribu-
tion for the SM background (stacked histograms of DY, QCD,
and diboson) and the CDF data for ee/uu + £ events (£ is an
electron, muon, or tau lepton). The histogram error bar shows the
total SM systematic uncertainty. (b) The leading-dilepton mass
distribution of ee/uu + ¢ events for the SM background, CDF
data, and our mSUGRA benchmark (stacked on top of the SM
background) in the signal region.

mSUGRA parameter scan that varies mg and m, , and fixes
the other parameters at the benchmark values. For the
chargino-neutralino upper cross-section limits, we simulate
SUSY events with corresponding gaugino masses Mys =
97-200 GeV/c? and my = 55-108 GeV/c?. The SUSY
MC events are produced and normalized in the same
manner as the background-MC events and are characterized
by the same sources and sizes of systematic uncertainty.
The CDF acceptance for the trilepton SUSY signal is ~2%.

To increase sensitivity to a SUSY signal, we optimize the
selection separately for each mSUGRA spectrum point
using the ratio between the SUSY-signal strength and the
uncertainty on the SM-background prediction as figure of
merit. In the optimization process we treat all trilepton
channels separately. The resulting optimal requirements
include the E; > 25 GeV criterion and the kinematic

PHYSICAL REVIEW D 90, 012011 (2014)
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FIG. 2 (color online). The 95% C.L. upper limit on associated
chargino-neutralino production cross section as a function of the
chargino’s mass. The region above the limit line is excluded.
Intersections with the theoretical NLO mSUGRA prediction give
the 95% C.L. chargino mass limits.

constraint M/, < Me — M. We also optimize the
transverse-momentum requirement for the three leptons
as well as the subleading-dilepton-mass requirement [29].
The limits are set using a modified frequentist method
approach (CL; method) [31,32] that compares the back-
ground-only with the signal-plus-background hypotheses
treating all trilepton channels independently. Figure 2
shows the 95% confidence level (C.L.) cross-section
[o x BR(7i ;}g — £¢¢)] exclusion upper limit as a function
of the lightest chargino mass ;. along with the theoretical
cross section. Masses above 96 GeV/c?> and below
168 GeV/c? are excluded. For 140<m;. <180GeV/c?,
the trilepton analysis excludes cross sections greater than
0.1 pb at the 95% C.L.

We repeat the procedure by varying the masses of the
next-to-lightest neutralino %5 and 7 and report the corre-
sponding two-dimensional exclusion region shown in
Fig. 3. This analysis excludes part of the (mg vs 7) space

210 —— CDF observed limit (L=5.8 fb™)

200 [ cDF expected limit (L=5.8 fb™)

R PR _ -1
190 DO observed limit (L=2.3 fb™)
180

170

160

i: mass (GeV/c?)

150

140

130

e
160 180 200

i sl L
80 100 120 140
T mass (GeV/c?)

120

FIG. 3 (color online). The 95% C.L. exclusion in the (m;(g VS
m;) space. The previous published Tevatron limit is also shown.
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not excluded in previous CDF or DO results [13,14] due to
its additional sensitivity to decays of tau leptons into
hadrons and low-p; leptons. For myp 2 140 GeV/c?, we
are sensitive to mass differences my — mz 2 15 GeV/c?.

In summary, we present a search for new physics in the
trilepton + E7 final state using data from 1.96-TeV proton-
antiproton collisions collected by CDF and corresponding
to an integrated luminosity of 5.8 fb~!. In the study, we
include low-momentum leptons that are not investigated at
the LHC and that could result from direct decays of new
light particles or chain decays of particles with similar
masses. We do not observe any significant discrepancies
from the expected SM prediction; we set mSUGRA limits
on chargino mass and establish an exclusion in the (mzo vs
7) space.
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