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Search for High-Mass Resonances Decaying into ZZ in pp Collisions at /s = 1.96 TeV
(Dated: July 17, 2011, version 3.00)

We search for high-mass resonances decaying into Z boson pairs using data corresponding to 6 fb~*
collected by the CDF experiment in pp collisions at /s = 1.96 TeV. Eight pp — ZZ — £T0 016~
events are observed, of which four have invariant masses Mzz consistent with 327 GeV/c?, and

also have unexpectedly high values of pr(ZZ2).

However, analysis of the ZZ — ¢Y¢~vv and

Z7 — 0™ jj final states does not confirm a heavy resonance decaying into a pair of Z bosons. 95%
CL upper limits are set on the production cross section times branching ratio o(pp — X — ZZ) at

0.26 pb and 0.28 pb for two signal models.

PACS numbers:

I. INTRODUCTION 48

49

We report the results of a search for high-mass reso- *
nances decaying to ZZ in pp collisions at /s = 1.96 TeV *
at the Tevatron. New physics could affect ZZ produc- *
tion in different ways. In models containing large extra >
dimensions the ZZ production cross section is increased *
through loop corrections [1]. Resonances appearing at *
high mass such as a Higgs boson or Randall-Sundrum *
(RS) graviton [2] could decay manifestly to two Z bosons. *
The decay of the standard model Higgs boson to ZZ is
expected to be beyond the sensitivity of the Tevatron ex-
periments [3]. The original RS model predicts Kaluza %
Klein excitations G* of the graviton that decay predom-
inantly to a pair of charged leptons or a pair of photons, s
and experimental searches for such high-mass resonance ¢
decays have excluded RS graviton states up to a mass e
of around 1TeV/c? at 95% confidence level for a natural e
choice of coupling parameter [4], both at the Tevatron e
and at the LHC [5]. However in RS models that have ¢
standard model fields propagating in the bulk, the G* 4
couplings to light fermions and photons may be heavily
suppressed so that the dominant decay modes are to tt, ¢
Higgs pairs, or pairs of heavy bosons [6]. Furthermore, ¢
in some models the decay to heavy bosons is dominant
[7]. Suppression of the couplings to light fermions also 4
results in gluon fusion becoming the primary production
process. »

The CDF experiment has previously looked for reso- 7
nances decaying to Z pairs and excluded an RS gravi- 7
ton up to a mass of around 0.5TeV/c? at 95% con- 7
fidence level [8]. The search described in this paper 7
gives improved sensitivity over the previous analysis
through modified event selection, the inclusion of extra
final states, and the addition of more data. Three fi- »
nal states are analysed, corresponding to the different o
Z boson decay modes ZZ — 44010~ ZZ — (T4 vv,
and ZZ — {74~ jj, where £ is an electron or muon and s
7 is a hadronic jet. These three channels have differ-
ent signal-to-background ratios and allow an overcon- s
strained search. The ¢¢¢¢ final state has the smallest s
background; however, depending on the resonance mass, s
the best single-channel sensitivity is provided by either &
the ZZ — (*{~jj or ZZ — ¢~ vv channels. In this pa- e

per we report unexpected events in the ZZ — (0= (T4~
channel, and seek confirmation from the other channels.

The paper is organised as follows: in Section IT we
introduce the CDF detector and trigger system; in Sec-
tion IIT we describe the reconstruction and identification
procedures; then in Sections IV-VI we report the search
results from each of the channels ZZ — (t¢=¢t¢,
27 —{Y 0 vvand ZZ — €74~ jj. Section VII gives lim-
its resulting from all three channels and their combina-
tion.

II. DETECTOR

The CDF II detector is a general purpose particle de-
tector, described in detail elsewhere [9]. The results re-
ported in this paper use information from several detector
subsystems for charged lepton and jet reconstruction and
identification.

Tracks are reconstructed in the silicon system [10]
and in the central tracker [11], which is a drift cham-
ber that consists of 96 layers of sense wires grouped
into eight ‘superlayers’. Superlayers alternate between
an axial configuration, with sense wires parallel to the
colliding beams, and a small-angle stereo configuration.
For high momentum tracks the resolution is o, /p3 ~
1.7 x 1073(GeV/c)~!, where pr = psiné, p being the
track momentum and 6 the polar angle with respect to
the proton direction.

The calorimeter is segmented radially into electromag-
netic and hadronic compartments [12, 13]. The central
calorimeter is split at the center into two separate barrels
and covers |n| < 1.1 (where n = —Intan §). Each barrel
consists of 24 azimuthal wedges segmented in projective
towers of 0.1 in 7. The forward calorimeter segmenta-
tion increases from 0.1 in 1 and 7.5° in ¢ at n = 1.1, to
0.5 in 1 and 15° in ¢ at n = 3.6. Electron energy reso-
lutions are 13.5%/v/Er @ 2% in the central calorimeter
and 16%/v/Er @& 1% in the forward calorimeters, where
Er = Esinf. The electromagnetic calorimeters incorpo-
rate shower maximum detectors that are used to measure
shower profiles with spatial resolution of around 2 mm.

Dedicated muon detectors [14] are mounted around the
calorimeters, providing coverage for || < 1.5. Luminos-
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ity is measured by a hodoscopic system of Cherenkov s
counters [15]. 54
CDF has a three-level online trigger system. The data ss
used in this measurement were collected using inclusive s
high-pr electron and muon triggers, and a two-electron s
trigger. The single lepton triggers select events that have
electron or muon candidates with pr > 18 GeV/c and
In| < 1.0 [16], and the two-electron trigger uses only
calorimeter information and allows electron candidates ¢
above the same pr threshold anywhere in the detector. ¢,
The data correspond to an integrated luminosity of 6 fb~1 ¢
collected between February 2002 and February 2010. 64
65

66
RECONSTRUCTION AND 67
IDENTIFICATION

III1.

68

69

In this section we discuss lepton reconstruction and 7
identification, and jet and missing transverse energy re- »
construction. 7
73

74

A. Leptons 75

76

Decays of a heavy resonance to ZZ, where at least ™
one of the Z bosons decays leptonically, result in a wide
lepton energy spectrum. Any inefficiency in lepton recon- 7
struction and identification is raised to the fourth power &
inthe ZZ — ¢T¢~ ¢+~ channel. Thus, keeping efficiency &
high while maintaining background rejection is equally &
important for pr ~ 20GeV/c and for pr > 100 GeV/c.
To this end, this analysis incorporates several refinements 3
in the offline reconstruction and identification of electron &
and muon candidates. Studies were performed on in- %
clusive Z — ¢*t¢~ events and on events containing one #
lepton plus two additional tracks, and this latter dataset 8
was fully reprocessed for the ZZ — £t{=¢t{~ analysis.

First we describe the elements of the lepton selection
that are standard to CDF. Electron candidates consist of %
a calorimeter cluster and a well-reconstructed matched *
track. Candidates are required to be fiducial to the %
shower maximum detectors and have a shower that is*
mostly contained in the electromagnetic compartment of %
the calorimeter, with a shower shape that is consistent %
with expectation. For candidates reconstructed in the o7
central part of the detector (Jn| < 1.1), the matched o
track must have pr>10GeV/c¢, pass through all layers o
of the central tracker, and have x2?/d.o.f. < 3. Candi-o
dates reconstructed in the forward part of the detector,io:
1.13 < |n| < 2.8, must either have hits in the centralie
tracker, or > 5 silicon hits. 103

A muon candidate is reconstructed from a track in thews
central tracker and track segments in the muon systems.os
Muon track trajectories must be such that at least 3010
central tracker hits would be expected, and at least 60%or
of those must be found. Tracks pointing forward thatoes
have fewer than three central tracker segments must alsous
have at least five r — ¢ hits in the silicon tracking sys-io

tem. Muon energy deposition must be consistent with
that of a minimally-ionising particle: Fgy < 2 GeV and
FEpgap < 6GeV. We also consider minimally-ionising
muon candidates that do not have track segments in the
muon systems.

Lepton candidates analysed in this paper are required
to have Ep > 15GeV (pr > 15GeV/¢ for muons). In
addition, one of the lepton candidates in each event is
also required to have Er > 20GeV (pr > 20 GeV/c for
muons) and to pass more restrictive quality requirements.
These extra requirements are that the lepton track must
have at least three segments reconstructed in the axial
superlayers and three in the stereo superlayers; and the
track of a muon candidate must also be well-matched to
a track segment reconstructed in the muon system.

The first refinement in lepton selection is in the isola-
tion requirement made on all lepton candidates. The ‘iso-
lation energy’ is the amount of energy reconstructed in a
cone of AR<0.4 around a lepton candidate. In comput-
ing the isolation energy we refine the treatment of energy
leakage across calorimeter cell boundaries. In the central
calorimeter, electron clusters include energy depositions
from only a single wedge in ¢. As each calorimeter tower
is read out from different ¢ sides by two photomultiplier
tubes, the relative heights of the pulses locate the energy
deposition in ¢. Knowing the location of the center of the
energy depositions in towers neighbouring the electron
cluster allows us to estimate the leakage and correct the
isolation energy variable event-by-event, rather than by
applying an average correction. The correction method is
validated by examining the isolation energy as a function
of shower position in the calorimeter cell, which is found
to be much flatter than using the standard average cor-
rection, as shown in Fig. 1.a. Muons are not expected to
result in energy leakage and their isolation energy is also
shown in Fig. 1.a as validation of the method. The aver-
age isolation energy should depend on the instantaneous
luminosity but not on the lepton Ep, as confirmed by
Fig. 1.b. All electron and muon candidates are therefore
required to be isolated in the calorimeter by limiting the
isolation energy to be below 4 GeV, rather than cutting
on isolation energy divided by lepton Er, as is often done
in CDF analyses. By doing so we increase the acceptance
for ZZ — 010~ 010~ events by 4%.

For the ZZ — €74~ ¢*/¢~ analysis, events have been re-
constructed with an updated version of the CDF tracking
code that gives improved pattern recognition at high lu-
minosities. The updated version includes an extra pass
to associate hits in the central tracker with silicon-only
tracks from electron candidates in the forward region of
the detector. Adding extra hits on to the tracks improves
the robustness of forward electron charge identification.

Use of an improved reconstruction algorithm in the
central shower maximum detector (CES) gives separa-
tion between showers generated by electron tracks and
showers produced by bremsstrahlung photons. Matching
tracks to the showers they initiate in both coordinate and
energy improves hadron rejection and allows the inclu-
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cles; standard correction: open squares) and Z — putp” (new
correction: open circles) events.
b) average calorimeter isolation energy as a function of elec-
tron ET in Z — ete™ events.

sion of electron candidates that lose a significant amount 4
of energy through bremsstrahlung. The improved back- +
ground rejection allows the relaxation of other standard 4
electron identification requirements and, overall, the se- 4
lection efficiency is increased by around 9% per electron. s

Electrons reconstructed in the edge ¢-rings of the s
calorimeter on either side of the gap between the cen- s
tral and forward detectors are generally excluded from s
CDF analysis. They are included here, after verification s
that they have energy resolution comparable with elec- ss
trons reconstructed in the bulk of the detectors, and are s
well-modeled in the simulation. This increases electron s7
acceptance by around 10% per electron. 58

The combined effect of the refinements described above %
is to increase lepton acceptance without increasing fake
lepton backgrounds, as measured by jet-to-lepton fake ¢
rates in inclusive jet datasets. The lepton selection used e
for analysis is validated by measuring inclusive Z — £/~ &
cross-sections and separating events by calorimeter re- e
gion and muon system. We verify that for each subset of es
events the measurement is stable in time, and combining es
all channels we measure o(pp — Z) x Br(Z — (7)) =«
(247 £+ 6(stat.+syst.) £ 15(lumi.)) pb, consistent with es
CDF’s measurement [16]. 69

70

71

72

B. Jets and E, s

74

Jets are reconstructed as clustered energy depositions
in the calorimeter using a fixed cone algorithm with cone
size AR = 0.4 [17]. Jet energies are corrected for relative
detector response and for multiple interactions, and we 4

consider jets having Ep > 20 GeV. 70
The missing transverse energy (Er) is defined as the s
sum over calorimeter tower energies Fp = —|> . Einyl,

where nj; is the unit vector in the transverse plane that s
points to calorimeter tower ¢. The Fp is adjusted to s
account for the energy corrections made to reconstructed e
jets, and for muons identified in the event. &

IV. ZZ — ("¢ "¢~ CHANNEL

The first search channel is ZZ — ¢T¢=¢1¢~. We select
events with four candidate charged leptons, which may
be electrons or muons. At least two of the four must
have Ep > 20GeV (pr > 20 GeV/c) and pass the more
restrictive lepton selection; and in order to have the trig-
ger efficiency well-defined, at least one must satisfy the
trigger requirements.

Leptons of the same flavour are paired to form Z candi-
dates, seeded by a lepton that passes the tighter selection.
In the case of four-electron or four-muon candidates, the
pairings that minimize the x? of the ZZ hypothesis are
chosen:

x> = (M — Mg)? /o3, + (Msy — Mz)? /o3y,

where Mis and M3, are the masses of the lepton pairs,
oym = 3 GeV/c? approximates experimental resolution
in My, for both electron and muon decays, and My is
the mass of the Z boson.

We find ten events that pass the four-lepton selec-
tion. In all of these events the number of leptons of
the same flavour is even. The best pairings of the ten
candidate events are all oppositely-charged. To mini-
mize the effect of Z/v* interference, both Z boson can-
didates are required to be within 15 GeV/c? of the Z
pole, 76 < my < 106 GeV/c?. Eight event candidates
remain: two events have four reconstructed electrons
(eeee), three have two electrons and two muons (eeup),
and the remaining three have four reconstructed muons
(pppepe). The two events that fail the Z mass requirement
both have one Z candidate with invariant mass below
60 GeV/c?.

We use the selected events to measure the pp — ZZ2
production cross section, assuming a standard model
source.

On- and off-shell ZZ production followed by Z boson
decays to charged leptons is the only standard model pro-
cess that results in a final state with four high-p7 leptons
produced in the primary interaction. The background
in this channel thus comes only from misidentification.
The main contributions are: pp — WZ 4+ jet with a
jet misidentified as a lepton; pp — Z + 2 jets with both
jets misidentified as leptons; and pp — Z + v + jet with
both the photon and the jet misidentified as electrons.
The contribution from ¢f production is an order of mag-
nitude smaller than that of W Z production. As a result
of the My>76 GeV/c? requirement, the contribution of
Z — 17 decays is negligible.

The PYTHIA event generator [18] and the full CDF de-
tector simulation [19] are used to simulate kinematics of
these processes. Jet-to-lepton misidentification rates are
measured in inclusive jet data and found to be of the or-
der of 1074 —1073 per jet in the Er range of 15-100 GeV.
These misidentification rates are used to weight the sim-
ulated events of the background processes, resulting in
a total background yield estimated to be less than 0.01
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event.

The acceptance for standard model pp —
Z7Z — Y0~ 0T¢~ is determined using the leading
order PYTHIA generator and found to be 0.13. In order
to estimate the uncertainty arising from higher-order
generator effects the MC@QNLO generator is used [20],
interfaced to HERWIG [21] to provide parton showering.
The corresponding uncertainty on the acceptance is
estimated to be 2.7%.

We also consider systematic effects due to the lepton
identification and trigger efficiency. Lepton identifica-
tion efficiencies are measured in the data using Z — £17£~
events with uncertainties at the level of 1%. We also ac-
count for a small drop in lepton identification efficiency
with time and assign a 2% uncertainty per lepton for
residual run-dependent effects. We assume no correlation
between the uncertainties on electron and muon recon-
struction, and full correlation between the uncertainties
for leptons of the same flavour. The trigger efficiency per
four-lepton event is close to unit, with a systematic un-
certainty of less than 0.5%. The total uncertainty on the
four-lepton acceptance coming from lepton reconstruc-
tion and identification and from trigger efficiencies is thus *
10%.

The branching fraction for two Z bosons to decay to
electrons or muons is 4.52 x 1073, The scale factor to
take into account differences in triggering, reconstruc-
tion and identification efficiencies between data and sim-
ulation is 0.8 4+ 0.08, and the integrated luminosity is
5.91£0.35fb~!, so eight observed events result in a cross-
section:

olpp— ZZ) = (2.8 743 (stat.) + 0.3 (syst.))pb
where the statistical uncertainty is the 68% confidence
interval given by the method of Feldman and Cousins
[22]. The central value is twice that of the theoretical
prediction (1.4 &+ 0.1) pb [23]. However, the statistical
uncertainty is large and the 90% confidence level band,
1ldpb < o(pp — ZZ) < 4.9pb, includes the theoretical

. . 53
prediction.

54
We find that the cross section is larger than expected

due to an excess of events at high invariant mass (Mzz).
The invariant masses of four events are clustered around
325GeV/c?, as shown in Fig.2. The average mass is
327 GeV/c?, and all four candidates, one eeee, one eeju, 5
and two pppp, have values of Mzz within 7GeV of the
mean. In the four lepton channel the detector resolution
o(Mzz) ~ 5 — 6GeV/c? so within detector resolution
the invariant masses of all four candidates are consistent
with being measurements of the same mass. o

To study the possibility that these events are due to es
a decay of a heavy resonance, we split the eight candi- e
date events into low- and high-mass samples and com- e
pare the properties of the events in the two samples. es
The high-mass region is defined by an a posteriori choice e
Mzz > 300 GeV/c?, which is ~ 56(Mzz) below the ob- 7
served clustering of events; less than 25% of the expected =

o

CDF Preliminary, L=6 fbt
® data

[ JpymHiAZZ - a

Events / 5 GeV/c?
o~

3

N

1 ) -

Mm#q)

900 150 200 250 300 350 400 450 500
M,, (GeV/c?)

FIG. 2: Mzz for eight ZZ — £14~¢T¢~ candidates (PYTHIA
normalised to standard model prediction of 5.8 events).

standard model My distribution lies above this cutoff.

The masses of the Z candidates for all events are shown
in Fig. 3, which demonstrates that the energy resolu-
tion is the same for the high-mass and low-mass events.
Lepton identification variables are consistent with expec-

@lZOCDF Preliminary, L=6 b A M,, < 300 GeV/c’ Ng [CDF Preliminary, L=6 fb" A M,, < 300 GeV/c
s [ ¥ M, >300 GeVic] > ¥ M,,>300 GeVi/c]
©110- 8 6k
e v v @ < ()
=100 -
3 X ‘q:: 4t .

90; AA' Lﬁ

80F )

70F L % +

6 E L L L L L O L L L L L

%O 70 80 90 100 110 120 60 70 80 90 100 110 120
M, (GeVic?) M, (GeV/c?)

FIG. 3: Invariant masses of dilepton pairs in eight ZZ can-
didate events: (a) My (1) versus My (2), with selected mass
region outlined; and (b) My, for all Z boson candidates.

tation for all the observed events. Most kinematic distri-
butions for the ZZ — ¢T¢~{T¢~ candidates are in agree-
ment with standard model expectation; as one example,
the pr distributions of the 16 Z bosons are shown in
Fig. 4.

However for the high-mass events, the pr distribution
of the four lepton system is rather different from the stan-
dard model expectation, as shown in Fig. 5. The ZZ sys-
tem in the high-mass events is seen to be boosted and,
as shown in Fig. 6, is recoiling against one or more jets.
None of the four low-mass events has a reconstructed jet
above 20 GeV.

To assess the possibility that the high-mass events
come from a non-standard model source, we exploit
two models. The first model is RS graviton produc-
tion through gluon-gluon fusion (the ‘s-channel signal
model’). In order to investigate effects of the production
mechanism and in the absence of a particular model that
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prediction normalised to four events in each plot).
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FIG. 5: pr(ZZ) for (a) low-mass four-lepton candidate events 37
and (b) high-mass events (PYTHIA prediction normalised to s
four events in each plot). 39
40

41

would predict the production of a boosted ZZ resonance,
we take as an alternative signal model the production of 4
G* with Mg = 325 GeV/c? recoiling against a parton of
Er > 100 GeV (referred to as the ‘boosted signal model’).
In both cases the HERWIG event generator is used with ,,
the full CDF detector simulation. 5
We check whether there is any indication of misrecon- ,
struction in these events. In ZZ — ¢t¢~¢*{~ events, ,,
such an indication could come from large F,. We study ,
the Fp distributions for the ZZ candidates, shown in ,
Fig. 6. Comparison with the Monte Carlo predictions 4,
demonstrates that the measured Frp is consistent with g,
what is expected from resolution effects, where in the
high-mass region, the resolution in Fp is broadened by ,
the presence of an extra jet. 4
Overall, we conclude that the observed events are well- s
measured and that, within the detector resolution, the s
kinematic parameters of the Z candidates are recon-
structed correctly. The event properties are given in Ta- s
ble 1. 50
In the absence of a physics model that would predict e
the observed properties of the high-mass ZZ candidate &
events, we quantify consistency between the data and e
the standard model by computing probabilities for the 3
distributions observed in the data to be due to statis- e
tical fluctuations of the standard model expectations. es

28 [Corpreiminary 5 3 S [CoF prefminary, L=6 15"
S [|=smt 4 Leading jet E O r
& T wal A data, M, < 300 Gevic?
6 8 | v data, M,, > 300 GeV/c?
i 2 <] ]G (M=325 GeVic?)
1 H’ L% 3 G (M=325 GeV/c?)+jet

o

0 50 100 150

jetE_ (GeV) 2
A data, M(ZZ) < 300 GeV/c? [

¥V data, M(ZZ) > 300 GeV/c? 1
[Czz-a

‘ s s s N =
0 2 4 6 8 10 0 20 40 60 80 100
number of jets missing ET (GeV)

FIG. 6: (a) Number of jets and (inset) Er of leading jet; and
(b) Er for four-lepton candidate events. E distribution for
G*+jet process is normalized to 4 events.

First considering the clustering of events in Myzz: for
a mean of 5.8 events expected from standard model pro-
duction, the probability of observing four or more ZZ
events that have Mzz > 300GeV/c?, with Mz val-
ues of at least four of them within a 20 GeV/c? win-
dow (which corresponds to approximately +20 in res-
olution) is in the range (2.3 — 5.2) x 10~%, where the
range comes from different event generators PYTHIA and
MC@NLO+HERWIG. Additionally including the pr(Z2)
distribution in the probability calculation results in the
range becoming (2.7 — 10.5) x 1075. These probabilities
depend on the chosen Mzz cutoff of 300 GeV/c?. If the
pr(ZZ) distribution for the four high-mass events is con-
sidered on its own, the probability of its likelihood being
less than that observed in the data is (1.2 — 4.3) x 1074,

V. ZZ— ("4 vv CHANNEL

The four-lepton events observed above 300 GeV/c? ap-
pear somewhat anomalous. If these events were due to
a new ZZ resonance, it would also be detectable in the
other ZZ decay modes, ¢+ Er and ¢jj. Z bosons
coming from the decay of such a heavy particle would
be boosted, so events with one of the Z bosons decay-
ing into neutrinos would have large F. For each lepton
flavour, the branching ratio into neutrinos is twice that
of charged leptons. With all three neutrino flavors in-
cluded, and only one Z boson to be reconstructed, the
expected event yield is around ten times higher than in
the £0¢¢ channel, and the sensitivity to new physics at
Mzz; = 325 GeV/c2 is several times better than in the
£00¢ channel.

Optimising sensitivity for a resonance of mass Mz ~
325 GeV/c? we define the search region to be Ep >
100 GeV. The standard model expectation for events
with a Z — £T¢~ candidate and such high E is of the
order of 25 events, as given in Table II. Z — e*e™ and
Z — utp~ candidates are selected according to the re-
quirements described for the ZZ — ¢+t¢=¢*¢~ channel.
Owing to the extra acceptance, we do not reprocess the
o+ Er data.
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TABLE I: Four-lepton candidate events.

leptons MZI,pT(Zl) Mzz,pT(Zg) Mzz pT(ZZ) ET Njets Jet Er
(GeV/c?), (GeV/e) (GeV/c?), (GeV/e) (GeV/c?) (GeV/e) (GeV) (GeV)

ceee 93.3, 18.2 92.9, 17.4 196.6 35 14 0

m 85.9, 101.9 92.1, 54.8 3211 474 84 1 36.7
eepiit 92.0, 156.0 89.9, 139.7 324.7 126.8 31 2 974, 40.0
eeee 101.3, 57.8 91.6, 13.2 334.4 44.7 9.9 1 22,7
eepupt 87.9, 17.7 91.8, 29.8 191.8 31 10.5 0

o 95.9, 197.9 92.0, 87.2 3290 1109 233 2 97.2,247
eefit 95.2, 36.7 89.7, 38.8 237.5 10.2 1.2 0

LLALLLLL 88.4, 51.0 89.8, 26.6 194.1 25.9 3.3 0

We validate the background model using events with a 2
reconstructed Z boson and E, < 100GeV. Irreducible 2
background contributions to a search for new physics in s
this channel come from standard model diboson produc- x
tion processes WW, W Z, and ZZ, as well as from top- »
quark production. Other non-negligible background con- s3
tributions come from Z+jets events that have large F
due to jet mismeasurement; from W+jets events where 35
one of the jets is misreconstructed as a lepton and forms s
a Z boson candidate with the charged lepton from the s
decay of the W boson; and, in the ee+ F channel, from s
W+ production with the photon misreconstructed as an s
electron. %0

Irreducible backgrounds are estimated using the «
PYTHIA generator and the full CDF detector simulation, «
normalized to NLO cross sections [23]. The Z+jets con- 4
tribution is also estimated using PYTHIA simulation and
is normalised using a subset of the E, < 100 GeV data. s
As Z+jets events have high Fr only through misrecon- s
struction, the normalisation is carried out on events hav-
ing 50 < E; < 100GeV that also have a small angle
Admin between the Ep and the closest jet, or lepton,
reconstructed in the event: —0.5 < A¢min < 0.5. The
distribution is shown in Fig. 7.a. It is verified that this
procedure is not sensitive to the E, range used.

=90

N
a1

o ECDF Preliminary, L=6 fb* & data Ng [CDF Preliminary, L=6 fb* o data
P 80 * (@) [JZ+jets 3 (b) (z+jets
< 70F [W+ets 020 [W+ets
s F Owy I T Owy
11 60F = Lo
E Bzz a15F Kzz
50F Hwz s | Bwz
40F Sww di10F T Ll Hww
30F B L Dt
20¢ 5 [ b
1004 4 utnd Mo
0> 15-1-050 05 1 15 2 5510 150 200 250 35
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FIG. 7: (a) A¢min as used for Z+jets normalization, and
(b) My, for same-sign dielectron pairs with large 1 used to
validate the W+jets background estimation.

The background contribution from the W +jets process ,,
is estimated from a data sample where events contain an s

identified lepton and an additional jet. These events are
weighted by jet-to-lepton misidentification rates as de-
scribed in Section IV to estimate the total yield. Owing
to differences in jet-to-lepton fake rates between electrons
and muons, the W+jets contribution is found to be neg-
ligible in the pp + E, channel, but non-negligible in the
ee + F channel.

Photon conversions are the major source of jets be-
ing misidentified as electrons, and so W-+jets events re-
sult in approximately equal numbers of same-charged
and oppositely-charged candidate events. The estimate
is therefore validated against the sample of events that
have two lepton candidates of the same charge and 50 <
Fr <100 GeV. Fig. 7.b shows that this selection is dom-
inated by W+jets. The estimate is also cross-checked by
applying the same misidentification rates to W+ — e*v
simulation normalised to the NLO production cross sec-
tion. This gives a consistent result within 10%.

The overall modeling of the sample composition is
demonstrated by the E; spectrum shown in Fig. 8. The

[ CDF Preliminary, L=6 fb*

10°

Events / 10 GeV

+

y
-

Fiii

10?

30 40 50 60 70 80 90 100
missing ET (GeV)

FIG. 8: E. distribution for events with opposite sign lepton
pairs (ee + up). The contribution of Z+jets events is normal-
ized in the region 50 GeV< F, <100 GeV using events with
low ‘A(Jﬁmin|.

largest uncertainty in this channel is owing to the Z+jets
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normalisation, and is 10% and 13% in the electron and
muon channels respectively. Other uncertainties come
from lepton identification (2%), acceptance (<1%), cross
sections of diboson and top-quark production (5% and
10%), and the fake lepton background (20%). The total
background uncertainty is 13%.

A. ZZ — ("¢ vv high-mass search results

As the second Z boson in this channel decays into neu-
trinos, the invariant mass of the Z pair cannot be fully
reconstructed. The closest approximation is the ‘visible
mass’ M} defined as the invariant mass of the sum of
the two charged lepton four-momenta and the four-vector
representing the Er, (£, £,,0,|Er|). Fig. 9 shows the *
M distribution in the signal region E;, > 100GeV, *
with the expected distribution for an RS graviton of mass *
Mg, = 325GeV/c? overlaid. Four four-lepton events *
around Mzz = 325GeV/c? coming from the decay of a %
new state would imply a production cross section times 4
branching ratio to ZZ close to 1pb, so all the signal dis- «
tributions displayed are normalised to that value. The #
three high-M Y% events in the electron channel have high +
levels of jet activity. a4

Event yields are given in Table II, with expected signal 4
yields for both s-channel and boosted G* signal models. 4
In this channel we find little difference in expected dis- 4
tributions or yields between the two signal models, con- 4
firming that the analysis is not strongly dependent on the 4
detail of the model. In ee + F, and pp + F; channels so
combined we expect to observe 26 events from standard s
model processes and observe 27, giving no evidence for a s

resonance decaying into ZZ. 53
54
Nglo fcDF Preliminary, L=6 b’ - data “:\;lo feDF Preliminary, L=6 fb™ 8- data 55
2 9F () electron channel  |LJG m=s2scev 2 SF (b) muon channel  |[Je m=s2scev
o 8 o 8f Dzies 56
Q7 Q7 [ wries 57
- f - _F Hzz
g GE g 6 Cwz 58
g5 g5 D
a 4F w 4F Ba %9
3 3t Lie 60
2F 2F . 61
I 1 sesrel ok
. e ] | ,En'f-." -T!r!'w 62
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ST 1| [
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15
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FIG. 9: M% for (a) the electron and (b) muon channels. The °
expected contribution from a graviton of Mg = 325 GeV/c? *
and cross section times branching ratio to ZZ of 1 pb is shown *
together with the expected contribution of boosted G*, pro- 6s
duced in association with a jet. 69
70
71
72

73

V1. ZZ —¢t¢~JJ CHANNEL

74
75

The decay of a heavy particle into two Z bosons where 7
one of the Z bosons decays into charged leptons and

TABLE II: Expected and observed event yields in the ¢/ + E .
channel.

Source electron channel muon channel
77 1.8 1.3
wWZz 3.6 2.8
ww 0.9 0.5
tt 3.2 2.4
W+jets 0.1 0.3
Z+jets 4.0 5.1
Total standard model 13.6 £ 1.8 1244+ 1.6
Data 18 9
Expected s-channel signal,
Mg = 325GeV/c? and 0=1pb 17+ 1 18+ 1
Expected boosted signal,
Mg = 325GeV/c? and o=1pb 2041 17+1

the other to jets has the advantage of being fully re-
constructible, and the event yield in the ¢£jj channel is
expected to be around twenty times higher than in the
£0¢¢ channel.

Z —ete” and Z — puTu~ candidates are selected
according to the requirements described for the
Z7Z — 00~ 070~ channel, and a further requirement
is made of at least two reconstructed jets having
Er>25GeV. To reconstruct the second Z boson can-
didate, all pairs of jets are considered and if there is
a pair with invariant mass between 70 and 100 GeV/c?
it is accepted. This inclusive selection, with the addi-
tional requirement of four-object invariant mass Mpg;; <
300 GeV/c?, defines a control region.

This channel is dominated by Z-+jets events. Other
standard model sources, small compared with Z+jets,
are WZ and ZZ production, and top-quark produc-
tion. The contributions from WW production and from
W +jets events are negligible.

Diboson and top-quark event yields are estimated us-
ing PYTHIA Monte Carlo normalized to NLO cross sec-
tions. Z+jets events are modelled using the generator
ALPGEN [24] interfaced with PYTHIA for parton shower-
ing, and the normalisation of the Z+jets contribution
is obtained by fitting to the data in the control region.
The detector acceptance is different for Z — ete™ and
7 — pTu~and so the Z-+jets normalisation factors for
the two channels are not expected to be identical. The
difference between them is indicative of the systematic
uncertainty, leading to a total background uncertainty of
10%. The distributions of number of jets in the control
region, shown in Fig. 10, demonstrate the background
modeling.

In the ¢¢jj final state we improve the resolution in
the reconstructed Mz by varying lepton and jet four-
momenta within their uncertainties and constraining the
reconstructed invariant masses My or M;; to the mass
of the Z boson, M. In the ££jj channel this improves
the mass resolution of the ZZ candidates, and through-
out this paper My;; refers to the constrained four-object
invariant mass. It is verified that this procedure has little
effect on events in the £0¢¢ final state, where it is used
only as a cross-check.
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A. ZZ — (70" jj high-mass search results 28

As the ZZ — ¢+(~jj final state is fully reconstructed,
a new resonance would manifest itself as a peak in Mpy;;.
Z bosons coming from the decay of a heavy particle
would be boosted, and optimisation studies result in re-
quiring the leading jet in the Z — jj candidate to have
pr > 50GeV/c and the pr of either the Z — jj or
Z — ¢~ candidate to be greater than 75 GeV/c. Stud-
ies of systematic effects resulting from the generator Q2
and from the jet energy scale uncertainty show that they
do not affect the expected shapes of the Mjy.;; distribu-
tions.

Fig. 11 shows the Mjy;; distribution for the eejj and
ppjj channels with the prediction for a G* of mass
Mg+ = 325GeV/c? and production cross section times
branching fraction to ZZ of 1pb. Observed event yields
are given in Table III and are consistent with standard
model expectation.

[COF preliminary, =6 [ ) 35[EPF Preliminary, L=6fb®

”§ 2 - daa
L 29
8 505_ (e w=azs cevie? 8 30F [ & m=s25 Gevic
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> [ >
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0 10p (b) muon channel| 33
10 7 5F W 4 34
0: Adree ¢ 0 e oMl % 35
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M,; (GeVvic?) M,; (GeVic?) 3%
37
FIG. 11: Myej; for the (a) electron and (b) muon chan- *

nels, showing the expected contribution from a G* of ¥
Mg~ = 325GeV/c? and cross section times branching ratio 4
to ZZ of 1pb. a
42

43

We investigate potential effects of the production s
mechanism using the alternative boosted G* signal s
model. Motivated by the anomalous pr(ZZ) distribution 4
shown by the events in the four lepton channel, the sig-

TABLE III: Expected and observed event yields in the ££;j
channel.

Source electron channel muon channel
77 6 5
WZ 17 12
tt 7 5
Drell-Yan 395 244
Total standard model 424440 266+24
Data 392 253
Expected signal,
Mg = 325GeV/c? and o=1pb 4141 32+1

nal selection is modified to require pr(¢€jj5) > 40 GeV/c,
which further suppresses standard model background,
and the resulting Myy;; distribution and boosted G* pre-
diction is shown in Fig. 12. As with the ¢¢ + F; channel
there are no statistically significant fluctuations from the
expectation.

“‘240 [CDF Preliminary, L=6 o™ |_¢_ .. “225CDF Preliminary, L=6 o | _g_ j.a
>ack >
8 35 E D G'+j,M=325 GeVic? 8 20k D G'+j,M=325 GeVic?
8305 et = [z
?B % 3 i E 151 N
520F | e g
Hasp Nz wiop =
10F (a) electron channel 5F (b) muon channel
St - L
L0687 . oLE== ol
o200 400 600 800 1000 200 400 600 800 1000

My; (GeV/c?) M,; (GeVic?)
FIG. 12: Mye;; for the (a) electron and (b) muon channels for
pr(ZZ) > 40 GeV/ ¢, showing the expected contribution from
a boosted G* of Mg+ = 325 GeV/c2 and cross section times
branching ratio to ZZ of 1pb.

VII. LIMITS

To quantify results of the search we compute expected
and observed limits on the production cross section times
branching ratio o(pp — X — ZZ).

The expected sensitivity is determined with a Bayesian
technique [25], performing a binned maximum-likelihood
fit over the Mzz and Mjy;; distributions in the £/ and
0054 channels respectively, and over the M5 distribu-
tion in the ¢¢ + F, channel. Background-only pseudo-
experiments are drawn from Monte Carlo simulation.
A test statistic is formed from the difference in the
likelihoods between the background-only model and the
signal-plus-background model at the best fit values for
the pseudoexperiment. The background templates can
fluctuate within their uncertainties, keeping their ratios
constrained to those predicted by the standard model.
From this, expected 95% credibility level (CL) upper lim-
its on cross section times branching ratio are extracted.

Fig. 13 shows expected and observed limits in the
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four-lepton channel for G* masses between 250 and
1000 GeV/c?. At Mg- = 325GeV/c? the expected sen-
sitivity is around 0.7 pb, and the four events with masses
clustered around that value result in an observed limit of
1.9pb.

E 2 & --‘---‘4I‘e>ip(‘ect‘ed‘€
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FIG. 13: Expected and observed 95% CL limits on o(pp —
X — Z7Z) from the ZZ — £T¢~£T ¢~ channel; the four events
with Mzz=327 GeV/c2 result in a deviation from the ex-
pected limit.

Although the backgrounds in the ee+ Er and pu+ Fr
channels are higher than in the four lepton channel, those
channels provide better sensitivity. Fig. 14.a shows the
expected and observed cross section limits for ee+ E,
and pp+ Er combined, and there are no large fluctua-
tions from expectation. For Mg« = 325 GeV/c? the ex-
pected 95% CL upper cross section limit is 0.29 pb and
the observed limit is 0.25pb. For the boosted G* sig- *
nal model the 95% CL expected and observed limits are
both 0.30 pb. This is a change of less than 10% from the 4
s-channel model, demonstrating that the analysis sen- «
sitivity is not strongly dependent on the detail of the 4
production model. 23

Fig. 14.b shows the expected and observed cross *
section limits for the #¢jj channel. Here the ex-*
pected 95% CL upper cross section limit is 0.38 pb for “
Mg~ = 325GeV/c?, and the observed limit is 0.23 pb. +
With the selection modified for a boosted signal model, *
pr(€Ljj) > 40 GeV/c, the sensitivity is improved slightly *
compared to the s-channel signal model. The expected
limit is 0.27 pb and the observed limit is 0.26 pb, show- 5
ing that also in this channel the analysis sensitivity is not s
strongly dependent on the detail of the signal model. s

Combining all three channels results in expected and
observed limits that are consistent with each other, %
shown in Fig. 15. For Mg- = 325 GeV/c? the sensitivity %
is dominated by the ¢¢ + F channel. For an s-channel
resonance, the 95% CL upper cross section limit is ex- ss
pected to be 0.19 pb and is observed to be 0.26 pb. For s
a boosted resonance of Mg+ = 325 GeV/c? the expected e
limit is 0.17 pb and the observed limit is 0.28 pb. The &
difference between the expected and observed limits is e
due to the events observed in the four-lepton channel. e
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FIG. 14: Expected and observed 95% CL limits on o(pp —
X — ZZ) from (a) the ZZ — £7£ vv channel, and (b) the
Z7 — 14 jj channel.
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FIG. 15: Expected and observed 95% CL limits on o(pp —
X — ZZ) from all channels combined.

VIII. CONCLUSIONS

In conclusion, we have searched for heavy resonances
decaying into Z boson pairs using the final states con-
sisting of four charged leptons, two leptons and E, and
two leptons plus jets. In the ZZ — ¢t¢=¢*{~ channel
we have observed eight candidate events. The Mz and
pr(ZZ) distributions of these events are different from
those expected from the standard model. Four high-mass
Z7 — 00— ¢+ ¢~ candidates have My, consistent with
327 GeV/c? within detector resolution, and high values
of pr(ZZ). The probability to observe such distribu-
tions from standard model sources is (2.7 — 10.5) x 1075,
where the range comes from different event generators.

However, searches in the ¢¢ + E, and £/jj final states
do not confirm a signal of a new heavy particle decay-
ing to two Z bosons. We set upper limits on the cross
section times branching ratio o(pp — X — ZZ): at
M = 325GeV/c? these limits are 0.26 pb and 0.28 pb, at
95% CL, for two RS graviton signal models.
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