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We present a new measurement of the production cross section o(pp — ZZ) at a center-of-mass
energy /s = 1.96 TeV, obtained from the analysis of the four charged lepton final state ANV AV
(¢, ¢ =eor 1). We observe ten candidate events with an expected background of 0.3740.13 events.
The measured cross section o(pp — ZZ) = 1.2670:57 (stat) & 0.14 (syst) pb is in agreement with
NLO QCD predictions. This result is combined with a previous result from the ZZ — (70 v
channel resulting in a combined cross section of o (pp — ZZ) = 1.4075:33 (stat) 4+ 0.14 (syst) pb.

PACS numbers: 12.15.Ji, 13.85.Qk, 14.70.Hp

Studies of the pair production of electroweak gauge
bosons provide an important test of electroweak theory
predictions. The production of pairs of Z/v* bosons has
the smallest leading order cross section for any standard
model (SM) diboson process not involving the Higgs bo-
son. The next-to-leading order (NLO) SM prediction for
the Z/~v*Z/v* production cross section in pp collisions
at the Fermilab Tevatron Collider at /s = 1.96 TeV is
o(pp — Z/v*Z/v*) =1.44+0.1 pb [1]. This cross section
is evaluated in a high mass region where the masses of the
two Z/v* bosons are required to be greater than 70 GeV
and 50 GeV, respectively. Studies of the pp — Z/y*Z/~+*
process are important not only to further test the SM,
but also for Higgs boson searches. If the Higgs boson
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has a mass greater than the ZZ production threshold of
180 GeV, it will have a significant branching fraction into
Z boson pairs. In this context, SM Z/~*Z/v* production
is an important background to Higgs boson searches. Be-
yond the Higgs sector, the observation of an unexpectedly
high cross section could indicate the presence of anoma-
lous ZZZ or ZZ~ couplings [2] or the existence of extra
dimensions [3] or exotic particles.

Previous investigations of Z/v*Z/~* production have
been performed both at the Fermilab Tevatron pp and
the CERN ete™ (LEP) Colliders [4]. The CDF col-
laboration reported evidence of ZZ production with
a significance of 4.4 standard deviations from com-
bined ZZ — 0T¢~¢ ¢~ and ZZ — (T4 vi searches
and measured a production cross section of 0(ZZ) =
14707 (stat + syst) pb with 1.9 fb~! of integrated lu-
minosity [5]. The DO collaboration reported an obser-
vation of ZZ — (T¢~¢*0(~ (4, ¢ = e or p) with 1.7
fb=! of integrated luminosity and measured the produc-
tion cross section to be o(ZZ) = 1.75702T (stat) +
0.13 (syst) pb [6]. That result was combined with a pre-
vious ZZ — £T¢~¢'T¢~ analysis [7] and an analysis in
the ZZ — £T¢~ v channel [8], giving a cross section of



o(ZZ) =1.60 + 0.63 (stat) *0}% (syst) pb with a signifi-
cance of 5.7 standard deviations [6].

In this Article, we present a measurement of Z/~*
boson pair production with subsequent decays to either
electron or muon pairs, resulting in final states consisting
of four electrons (4e), four muons (4u), or two muons and
two electrons (2u2e) [9]. We accept events which have
more than four leptons, however we only use the four
leptons with highest transverse momenta in constructing
kinematic variables. As compared with previous publi-
cations [5, 6] we use a larger dataset and more inclusive
selection criteria to achieve a reduction of a factor of 2.5
for the statistical uncertainty which dominates the exper-
imental cross section determination. The larger number
of events opens the possibility to study Z/y*Z/~* pro-
duction properties. Thus, we present for the first time
several differential distributions. Data used in this anal-
ysis were collected with the DO detector at the Fermilab
Tevatron pp Collider at /s = 1.96 TeV between April
2002 and March 2010 and correspond to an integrated
luminosity of 6.4 + 0.4 fb=! [10].

The DO detector [11] consists of a central tracking sys-
tem, a calorimeter, and a muon detection system. A
silicon microstrip tracker (SMT) and a scintillating fiber
tracker (CFT) comprise the tracking system, which pro-
vides coverage for pseudorapidity |naet] < 3 [12]. The
tracking systems are located within a 2 T superconduct-
ing solenoidal magnet. Located immediately before the
inner layer of the calorimeter is the central preshower de-
tector (CPS), consisting of approximately one radiation
length of absorber followed by three layers of scintillat-
ing strips. Calorimetry is provided by three liquid argon
and uranium calorimeters. The central calorimeter (CC)
provides coverage for |ngqet| < 1.1, while the two end-
cap calorimeters (EC) extend coverage to |fget| < 3.2.
The calorimeters are sectioned in order of increasing dis-
tance from the collision point. The section closest to
the collision region is the electromagnetic section (EM),
while farther away are the fine hadronic (FH), and the
coarse hadronic (CH) sections. A muon system surrounds
the calorimeters, consisting of three layers of scintillators
and drift tubes and 1.8 T iron toroidal magnets, covering
|77d0t| <2

All events used in this analysis are recorded after sat-
isfying a mixture of single and dilepton triggers. Due to
the high transverse momentum of the Z/v* decay prod-
ucts and the number of leptons in the final state, the
trigger efficiency exceeds 99%.

The 4e channel requires the presence of four electrons
with transverse energies Er > 30, 25, 15, and 15 GeV,
respectively. Electrons can be reconstructed in either
the CC region or in the EC region, however at least two
electrons must be in the CC region. Electrons must be
isolated from other energy clusters in the calorimeter and
have a large fraction of their energy deposited in the EM
section of the calorimeter. Electrons in the CC are re-
quired to satisfy identification criteria based on multivari-
ate discriminants which use calorimeter shower shape,

CPS, and tracking information. Several of these parame-
ters are inputs to a neural network (NN), which is used to
enhance electron purity. Electrons in the CC are required
to have a matched track in the central tracking system.
Electrons in the EC are not required to have a track
matched to them due to deteriorating tracking coverage
for |nget| > 2, but must satisfy additional shower shape
requirements as well as pass tighter NN selections. With
no requirement applied on the charge of the electrons
to increase selection efficiency, three possible Z/v*Z/~v*
combinations can be formed for each 4e event. Only
events having an invariant mass pair > 70 GeV and the
other pair > 50 GeV are considered. Finally, events
are split into three categories, depending on the num-
ber of electrons in the CC region. Subsamples with two,
three, and four electrons in the CC are denoted as 4esc,
desc, and 4deyc, respectively. This splitting is performed
because these subsamples have different levels of back-
ground contamination.

For the 44 channel, muons are identified as track seg-
ments in the muon detector matched to a central track
or as a central track matched to a pattern of calorime-
ter activity consistent with passage of a high momen-
tum muon. The inclusion of muons reconstructed from
tracks and calorimeter activity constitutes the most sig-
nificant enhancement to our selection criteria, approx-
imately a 25% increase in the 4y signal efficiency rel-
ative to previous studies [6]. Muons identified in the
muon system must satisfy quality criteria based on scin-
tillator and wire information, and be synchronous with
the beam crossing time to reject background from cos-
mic rays. At least three muons in the event must be
isolated. Muon isolation is dependent upon two cone-
based variables. The first variable, THalo, is the sum
of the transverse momentum associated with tracks in
a cone of radius AR = /(An)? + (A¢)2 = 0.4 cen-
tered on the muon track. The second variable, Cyalo,
is the transverse energy measured in the calorimeter, in
an annulus between AR = 0.1 and AR = 0.4 centered
on the muon track. Muons with muon system recon-
structed tracks are considered isolated if Thaio is less
than 4 GeV. For muons with only a calorimeter signal
or where the muon system provides track segments only,
a tighter isolation requirement is used: Thalo/ p; < 0.09
and (Chalo — 0.005L)/p4. < 0.09, where pf. is the trans-
verse momentum of the muon track, and £ represents
the instantaneous luminosity (in units of 103° cm=2s71,
L can reach = 300) which is introduced to account for
the occupancy increase due to multiple pp interactions at
higher luminosities. We require that the four most ener-
getic muons have ordered transverse momenta pr > 30,
25, 15, and 15 GeV, respectively. The difference between
the distances of closest approach (dca) to the pp interac-
tion point in the coordinate along the beam axis for any
pair of muon tracks are required to be < 3 cm. The three
possible Z/v*Z/v* combinations per event formed with-
out considering muon charge are considered. Candidate
events are selected when at least one of the three possible



combinations satisfies the same dilepton invariant mass
requirements applied in the 4e channel.

For the 2u2e channel, one electron and one muon must
have Er(pr) > 20 GeV, while the other two leptons must
have Er(pr) > 15 GeV. All muons and electrons must
satisfy the lepton selection criteria defined for the 4e and
4u final states, except that only one muon must satisfy
the isolation requirements imposed in the 4y final state.
In addition, electrons and muons are required to be spa-
tially separated by AR > 0.2. This requirement is ap-
plied to remove Z — puu background where the muons
radiate photons leading to events with two muons and
two trackless electron candidates. Events from this chan-
nel assume that the muon pair originated from one Z/~v*
and the electron pair originated for the other Z/v*. The
two same-flavor lepton pairs are required to satisfy the
same invariant mass requirements as for the 4e channel.
Finally, events are split into three categories depending
on the number of electrons in the CC region. Subsam-
ples with zero, one, and two or more electrons in the CC
are denoted as 2u2egc, 2u2e1c, and 2u2esc, respectively.
As in the 4e channel, this splitting is performed because
these subsamples have different levels of background con-
tamination.

A Monte Carlo (MC) simulation is used to determine
signal acceptances, efficiencies as well as the expected
number of signal events in each channel. All signal accep-
tances and efficiencies are evaluated after the high Z/~v*
mass thresholds have been applied at the MC generator
level. The contribution from Z/v*Z/~* events with at
least one Z/4* boson decaying into tau pairs is included
in the signal. Events are generated using PYTHIA [13] and
passed through a detailed GEANT-based [14] simulation of
the detector response. Differences between MC and data
reconstruction and identification efficiencies for electrons
and muons are corrected using efficiencies derived from
large data samples of inclusive Z — ££ events.

The background from top quark pair (¢f) production
is estimated from simulation with ALPGEN [15] generated
events interfaced to PYTHIA. Further background to the
Z |~v*Z/~v* signal originate from events with W and/or Z
bosons decaying to leptons plus additional jets or pho-
tons. The jets can be misidentified as leptons or contain
electrons or muons from in-flight decays of pions, kaons,
or heavy-flavored hadrons.

To estimate the background from events with misiden-
tified leptons, we first measure the probability for a jet
to produce an electron or muon that satisfies the identi-
fication criteria from data. We measure this probability
in a separate dijet data sample, selected by requiring at
least two jets with pp > 15 GeV. We require the jet with
largest pr to pass strict jet identification criteria and we
use the second jet to measure the probability for a jet to
be misidentified as a lepton. The two jets are required to
be separated in azimuth by A¢ > 3.0. To suppress con-
tamination from W+jet events, we require the missing
transverse energy Br < 20 GeV [16]. The lepton identi-
fication criteria are applied to the second jet to measure

how often a jet mimics an electron or produced a muon.

The probability for a jet to mimic an electron, parame-
terized in jet E and 7, is approximately 4 x 10~% for the
case of CC electrons with a matched track and approxi-
mately 2 x 1073 in the case of EC electrons for which no
track match criterion is applied. The probabilities for jets
to be misidentified as electrons are then applied to jets
in eee+jets and ppe+jets data to determine the back-
ground to the 4e and 2u2e channels, respectively. This
method takes into account contributions from Z+jets,
Z+~v+jets, WZ+jets, WW +jets, and W+jets produc-
tion as well as from events with > 4 jets. However, this
procedure overestimates these background contributions
by approximately 10% since there are two possibilities
for a jet in a Z42 jet event to be misidentified as an elec-
tron, transforming the event either into a eee+jets or a
pue+jets event. To account for this, jet misidentification
probabilities are applied to both jets in a sample that
contains Z boson events with two jets. This provides
an estimate of the contribution from Z+2 jet production
with a jet misidentifed as an electron. This contribution
is subtracted from the measured background rate deter-
mined using eee+jets and ppe+jets events to provide the
final background estimate.

The probability for a 15 GeV (100 GeV) jet to produce
amuon of pr > 15 GeV is approximately 7 x 10~% (10~2)
without requiring muon isolation, and approximately
4 x 107* (2 x 107%) when the muon is required to be
isolated. The probabilities for jets to contain a muon are
applied to jets in pu+jets and ee+jets data to estimate
the background for the 4p and 2u2e channels.

Another possible background in the 44 and 2u2e chan-
nels is from cosmic ray muons. The probability for cos-
mic ray muons to cross at the interaction region near
the time of the pp collision is small, nonetheless we esti-
mate this background using data. The estimation is done
by reversing combinations of the 44 sample selection re-
quirements, such as scintillator timing and dca criteria.
This procedure yields rejection factors which are then
applied to a cosmic ray enhanced data sample. The re-
sulting background from cosmic rays in the 4p and 2pu2e
samples is less than 0.01 event for each channel.

We also estimate the contribution of Z/y*Z/v* pro-
duction with low invariant mass lepton pairs (< 70 GeV
and < 50 GeV) that pass the kinematic selection criteria
due to detector and reconstruction effects. This migra-
tion contribution is found from our signal MC where we
select events that fail the generator level mass selection.
This small contribution is corrected for in the cross sec-
tion measurement.

Table I summarizes the expected signal and back-
ground contributions to each channel, as well as the num-
bers of candidate events in data. The systematic uncer-
tainty for the signal yield is dominated by a 6% uncer-
tainty on the luminosity measurement [10], the theoreti-
cal cross section uncertainty of 7%, and the uncertainty
on the four-lepton reconstruction efficiencies of ~ 10%.
Additional smaller systematic uncertainties arise from



TABLE I: The expected number of Z/v*Z/v* and background events [tt, W /Z /y+jets, and cosmic ray contributions], and

the number of observed candidates in the seven Z/y*Z/v* — ¢+¢=¢ ¢~ channels. The expected number of Z|v*Z/v" events
assumes the NLO theoretical cross section of 1.4 pb. Uncertainties reflect statistical and systematic contributions added in

quadrature.
Channel deoc 4esc desc au 2u2eoc 2u2eic 2u2esc
Z|v Z]v* 0.314+0.05 0.73+£0.12 0.69+£0.11 257+036 0.24£0.03 1.41+0.18 2.58=+0.33
Z/y*Z/y* Migration 0.019%0007  0.02770:005  0.02070:008  0.10670:037  0.00270:007  0.00210:007  0.00810:003
W /Z/y+jets  0.065 + 0.013 0.041 + 0.007 0.024 4 0.007 0.035 + 0.015 0.03079:9L1  0.057+9:90  0.078+9-015
Cosmics < 0.01 < 0.001 < 0.003 < 0.006
tt 0.001319:0059 0.013870:00%0 0.0091+9-0035
Total background 0.07+£0.01 0.04£0.01 0.02£0.01 0.05£0.02 0.03£0.01 0.07£0.01 0.09+£0.02
Total signal 0.33£0.06 076+£0.13 071+£0.12 268£039 0.24+£0.03 141+0.18 2.59+£0.33
Observed events 0 1 2 4 0 1 2
modeling energy and momentum resolutions and from > 6 1
MC modeling of the signal kinematics. A systematic un- g - DY, 6.4 fb” + pata
certainty of 20% on the jet-to-electron misidentification g sf [_]Signal
probability is estimated by varying the selection crite- e r [l Background
ria of the control samples. Systematic uncertainties on :>j C
background from jets containing a muon arise from the anl T
40% uncertainty in measured misidentification rates and -
from the limited statistics of the data remaining in the 31
samples after selection. The ¢t background systematic s
uncertainty includes the 7% uncertainty on o(tt), as well o
as contributions from the variation in cross section and L
acceptance originating from the uncertainty on the mass H e
of the top quark. 1: ‘
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FIG. 1: Distribution of the dilepton masses compared to the
expected signal and background.

The expected number of signal and background events
are 8.73+ 1.22 and 0.37 + 0.13, respectively. We observe
a total of ten candidate events, three in the 4e channel,
four in the 4p channel, and three in the 2u2e channel.

Figures 1-4 show four kinematic distributions of the

boson mass for the distributions shown in Figs. 1 and 3.
Figure 1 shows the distribution of dilepton masses (two
entries per event), Fig. 2 the transverse momentum of the
Z[v*Z/v* system. Figure 3 displays the azimuthal an-
gle @gecay, i-€., the angle through which the lepton side
of one of the Z/v* boson decay planes is rotated into
the lepton side of the other Z/v* boson decay plane, as
measured in the Z/vy*Z/~v* center-of-mass frame. This
angle is discriminating against background for high mass
Higgs bosons. The construction of pgecay used in this
Article follows the definition in [17]. Figure 4 displays
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FIG. 3: Distribution of the azimuthal angle ¢qecay for the
decay planes of the Z/v* bosons compared to the expected
signal and background.
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FIG. 4: Distribution of four-lepton invariant mass compared
to the expected signal and background.

the invariant mass of the Z/v*Z/~v* system. Additional
differential distributions and event information for the
selected sample of events are shown in [18].

The distributions shown are consistent with the expec-
tation of a SM Z/v*Z/~* signal and small background.
We therefore proceed to measure the pp — Z/v*Z/v*
production cross section o = o(pp — Z/~v*Z/v*). Using
the following likelihood function:

7 Nobs

obs H — g
LONY™, 15) = T 5™ (1)
j=1""7

where NJ‘»’bS is the observed number of events given an
expected signal and background yield of

pj =0 x Aj x Bj x Lj + N . (2)

7

Here, A; is the acceptance times efficiency, £; is the in-
tegrated luminosity, B; is the branching fraction, and
N]bkgd is the expected background for channel j. The
cross section o is obtained by minimizing —In(L). The
statistical uncertainty on o is obtained by varying the
—In(L) by half a unit above the minimum. Systematic
uncertainties are propagated to cross section uncertain-
ties via variations in the likelihood function due to each
independent systematic source. These likelihood varia-
tions are then summed in quadrature to obtain the total
systematic uncertainty.

The production cross section within the kinematic re-
gion with high Z/+* invariant masses is measured to be
o(pp — Z/v*Z/v*) = 1.33705%0 (stat) £ 0.12 (syst) +
0.09 (lumi) pb. This result is consistent with the SM pre-
diction of 1.4 4+ 0.1 pb. The total uncertainty reflects an
improvement by a factor of approximately 2.5 relative to
our previous four charged lepton measurement [6]. Based
on this result we also quote a measurement of the on-shell
o(pp — ZZ) cross section. A correction factor of 0.93 is
used to convert the measured cross section for Z/vy*Z/~v*
into that for ZZ production. This factor is estimated us-
ing PYTHIA by turning off the v* contributions in the sim-
ulation. Using this conversion factor, we measure o(pp —
ZZ) = 1247537 (stat) £0.11 (syst) £ 0.08 (lumi) pb.

The significance of the observed event distribution is
found by using a negative log-likelihood ratio (NLLR)
test statistic defined as —2In(Ls4+p/Lg), where Lp and
Lsip are Poisson likelihood functions for background
and signal plus background, respectively [19]. As in-
put we use the expected numbers of events from sig-
nal and background, separated into the seven chan-
nels, compared to the observed numbers of data events.
The significance is obtained by generating many pseudo-
experiments which are created by varying the signal and
background around their central predicted values, thus
creating a distribution of NLLRs. The mean numbers
of expected signal and background events per pseudo-
experiment are varied according to their systematic un-
certainties. The method gives the probability (p-value)
of the background fluctuating to give the observed yields
or higher. In 2x10° background pseudo-experiments, we
find zero trials with an NLLR value smaller or equal to
that observed in data. This gives a p-value of less than
10~°. The equivalent probability for a Gaussian distri-
bution is greater than 6 standard deviations.

Finally, this result is combined with the result from
the independent ZZ — (¢~ vi analysis [§8]. The com-
bination is done by adding the ZZ — ¢T¢~vi results in
dielectron and dimuon final states to our likelihood calcu-
lation as additional channels. Correlations of systematic
uncertainties are accounted for between the two analyses.
The combined result is o(pp — ZZ) = 1.407033 (stat) +
0.14 (syst) pb.

In summary, the Z/v*Z/v* cross section in pp interac-
tions at v/5=1.96 TeV is measured to be 1.3370-30 (stat)+
0.12 (syst) £ 0.09 (lumi) pb. The on-shell ZZ pro-
duction cross section is 1.247537 (stat) 4 0.11 (syst) +



0.08 (lumi) pb. The new D0 combined result is o(pp —
ZZ) = 140703 (stat) + 0.14 (syst) pb. These re-
sults constitute the most precise measurement to date
of the pp — Z/v*Z/v* and pp — ZZ cross sections
and demonstrate sufficient statistics for an examination
of Z/v*Z/~* kinematic distributions. The kinematic dis-
tributions of the 10 observed events are consistent with
the SM predictions.

We thank the staffs at Fermilab and collaborating
institutions, and acknowledge support from the DOE

and NSF (USA); CEA and CNRS/IN2P3 (France);
FASI, Rosatom and RFBR (Russia); CNPq, FAPERJ,
FAPESP and FUNDUNESP (Brazil); DAE and DST (In-
dia); Colciencias (Colombia); CONACyT (Mexico); KRF
and KOSEF (Korea); CONICET and UBACyT (Ar-
gentina); FOM (The Netherlands); STFC and the Royal
Society (United Kingdom); MSMT and GACR (Czech
Republic); CRC Program and NSERC (Canada); BMBF
and DFG (Germany); SFI (Ireland); The Swedish Re-
search Council (Sweden); and CAS and CNSF (China).

[1] J. M. Campbell and R. K. Ellis, Phys. Rev. D 60, 113006
(1999).

[2] U. Baur and D. Rainwater, Phys. Rev. D 62, 113011
(2000).

[3] M. Kober, B. Koch, and M. Bleicher, Phys. Rev. D 76,
125001 (2007).

[4] R. Barate et al. [ALEPH Collaboration], Phys. Lett. B
469, 287 (1999); J. Abdallah et al. [DELPHI Collabo-
ration], Eur. Phys. J. C 30, 447 (2003); M. Acciarri et
al. [L3 Collaboration], Phys. Lett. B 465, 363 (1999);
G. Abbiendi et al. [OPAL Collaboration], Eur. Phys. J.
C 32, 303 (2003).

[5] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett.
100, 201801 (2008).

[6] V. M. Abazov et al. [DO Collaboration], Phys. Rev. Lett.
101, 171803 (2008).

[7] V.M. Abazov et al. [DO Collaboration], Phys. Rev. Lett.
100, 131801 (2008).

[8] V. M. Abazov et al. [DO Collaboration], Phys. Rev. Rev.
D 78, 072002 (2008).

[9] Statements concerning particles should also be inter-
preted to include antiparticles.

[10] T. Andeen et al., FERMILAB-TM-2365 (2007).
[11] V. M. Abazov et al. [DO Collaboration]|, Nucl. Instrum.

Meth. Phys. Res. A 565, 463 (2006).

[12] The DO coordinate system is cylindrical with the z-axis
along the proton beamline and the polar and azimuthal
angles denoted as 6 and ¢ respectively. The pseudora-
pidity is defined as n = —In[tan(6/2)], measured with
respect to the event’s vertex, where ng4et is the pseudora-
pidity measured with respect to the detector’s center.

[13] T. Sjostrand et al., Comput. Phys. Commun. 135, 238
(2001).

[14] R. Brun and F. Carminati, CERN Program Library Long
Writeup W5013, 1993 (unpublished).

[15] M. L. Mangano, J. High Energy Phys. 07, 001 (2003).

[16] Missing transverse energy Hr is defined as the opposite
of the vector sum of the transverse energies found in the
calorimeter. This Er takes into account energy which is
carried away by identified muons.

[17] Q. Cao, C. B. Jackson, W. Keung, I. Low, and J. Shu,
Phys. Rev. D 81, 015010 (2010).

[18] Supplementary material is provided at
http://link.aps.org/supplemental /XX.YYYY/
PhysRevD . XX.YYYYYY.

[19] T. Junk, Nucl. Instrum. Meth. Phys. Res. A 434, 435
(1999).



