Z7Z — (0~ vp production in pp collisions at /s= 1.96 TeV

V.M. Abazov36, B. Abbott™, M. Abolins®®, B.S. Acharya?, M. Adams®', T. Adams*’, E. Aguilo®, M. Ahsan®?,
G.D. Alexeev38, G. Alkhazov®®, A. Alton®»?, G. Alverson®?, G.A. Alves?, M. Anastasoaie®®, L.S. Ancu?,
T. Andeen®?, B. Andrieu!”, M.S. Anzelc®®, M. Aoki®®, Y. Arnoud!4, M. Arov%, M. Arthaud'®, A. Askew??,
B. Asman®!, A.C.S. Assis Jesus®, O. Atramentov??, C. Avila®, F. Badaud'®, L. Bagby®, B. Baldin®°,
D.V. Bandurin®®, P. Banerjee??, S. Banerjee??, E. Barberis®3, A.-F. Barfuss'®, P. Bargassa®’, P. Baringer®®,
J. Barreto?, J.F. Bartlett®®, U. Bassler'®, D. Bauer??, S. Beale®, A. Bean®®, M. Begalli®, M. Begel™?,
C. Belanger-Champagne*!, L. Bellantoni®®, A. Bellavance®®, J.A. Benitez%®, S.B. Beri?’, G. Bernardi'’,

R. Bernhard??, I. Bertram??, M. Besancon'®, R. Beuselinck*?, V.A. Bezzubov??, P.C. Bhat®°, V. Bhatnagar?”,
C. Biscarat?, G. Blazey®?, F. Blekman®?, S. Blessing?”, K. Bloom%”, A. Boehnlein®®, D. Boline%2, T.A. Bolton®?,
E.E. Boos®, G. Borissov*?, T. Bose””, A. Brandt”®, R. Brock®, G. Brooijmans’®, A. Bross®®, D. Brown®!,
X.B. Bu’, N.J. Buchanan*®, D. Buchholz®3, M. Buehler®!, V. Buescher??, V. Bunichev?®, S. Burdin*??,

T.H. Burnett®2, C.P. Buszello*3, J.M. Butler®?, P. Calfayan®’, S. Calvet!6, J. Cammin™, E. Carrera®’,

W. Carvalho®, B.C.K. Casey®®, H. Castilla-Valdez?3, G. Cerminara%3¢, S. Chakrabarti'®, D. Chakraborty®?,
K.M. Chan®®, A. Chandra®®, E. Cheu?®, F. Chevallier'*, D.K. Cho%2, S. Choi*?, B. Choudhary?®, L. Christofek’”,
T. Christoudias*?, S. Cihangir®®, D. Claes®”, J. Clutter®®, M. Cooke®?, W.E. Cooper®®, M. Corcoran®’,

F. Couderc!®, M.-C. Cousinou'®, S. Crépé-Renaudin'4, V. Cuplov®®, D. Cutts™, M. Cwiok3?, H. da Motta2,

A. Das*®, G. Davies*?, K. De™®, S.J. de Jong®®, E. De La Cruz-Burelo®?, C. De Oliveira Martins?, K. DeVaughan®’,
J.D. Degenhardt®, F. Déliot'®, M. Demarteau®®, R. Demina’, D. Denisov®®, S.P. Denisov®?, S. Desai®®,
H.T. Diehl®®, M. Diesburg®®, A. Dominguez®”, H. Dong”?, T. Dorland®?, A. Dubey?®, L.V. Dudko®®, L. Duflot!6,

S.R. Dugad?®”, D. Duggan®®, A. Duperrin'®, J. Dyer®, A. Dyshkant®?, M. Eads®’, D. Edmunds®®, J. Ellison*®,
V.D. Elvira®, Y. Enari””, S. Eno®!, P. Ermolov®®*, H. Evans®®, A. Evdokimov™, V.N. Evdokimov®®, G. Facini%?,
A.V. Ferapontov®®, T. Ferbel™®, F. Fiedler?*, F. Filthaut®®, W. Fisher®®, H.E. Fisk®®, M. Fortner®?, H. Fox*?,
S. Fu®®, S. Fuess®®, T. Gadfort™, C.F. Galea®®, C. Garcia™, A. Garcia-Bellido™, V. Gavrilov®", P. Gay!3,

W. Geist!®, W. Geng!>%, C.E. Gerber®!, Y. Gershtein?®, D. Gillberg®, G. Ginther™, N. Gollub*', B. Gémez®,
A. Goussiou®?, P.D. Grannis”?, H. Greenlee®®, Z.D. Greenwood®’, E.M. Gregores?, G. Grenier??, Ph. Gris'3,
J.-F. Grivaz'®, A. Grohsjean®”, S. Griinendahl®®, M.W. Griinewald3®, F. Guo™, J. Guo™®, G. Gutierrez®®,

P. Gutierrez”™, A. Haas™®, N.J. Hadley®!, P. Haefner?®, S. Hagopian®, J. Haley%®, 1. Hall% R.E. Hall*",

L. Han”, K. Harder**, A. Harel”, J.M. Hauptman®’, J. Hays*?, T. Hebbeker?!, D. Hedin??, J.G. Hegeman?3*,
A.P. Heinson*8, U. Heintz%2, C. Hensel?>¢, K. Herner’?, G. Hesketh®, M.D. Hildreth®®, R. Hirosky®', J.D. Hobbs"?,
B. Hoeneisen'?, H. Hoeth?%, M. Hohlfeld??, S. Hossain®, P. Houben??, Y. Hu"?, Z. Hubacek'?, V. Hynek?,

I. Tashvili®, R. Illingworth®®, A.S. Ito®?, S. Jabeen%?, M. Jaffré!®, S. Jain™, K. Jakobs?3, C. Jarvis®!, R. Jesik*3,
K. Johns?, C. Johnson’®, M. Johnson®®, D. Johnston®’, A. Jonckheere®®, P. Jonsson®?, A. Juste®®, E. Kajfasz'?,
JM. Kalk%, D. Karmanov38, P.A. Kasper®, I. Katsanos™, D. Kau??, V. Kaushik’®, R. Kehoe™, S. Kermiche!®,
N. Khalatyan®®, A. Khanov’®, A. Kharchilava®, Y.M. Kharzheev3%, D. Khatidze®, T.J. Kim?', M.H. Kirby®3,

M. Kirsch?!, B. Klima®®, J.M. Kohli??, J.-P. Konrath??, A.V. Kozelov®?, J. Kraus%®, T. Kuhl?*, A. Kumar%?,
A. Kupco!'!, T. Kur¢a??, V.A. Kuzmin?®®, J. Kvita®, F. Lacroix'?, D. Lam®®, S. Lammers™®, G. Landsberg’”,
P. Lebrun?’, W.M. Lee®®, A. Leflat®®, J. Lellouch!”, J. Li"®*, L. Li*®, Q.Z. Li°°, S.M. Lietti®, J.K. Lim3!,
J.G.R. Lima®?, D. Lincoln®®, J. Linnemann®®, V.V. Lipaev3?, R. Lipton®®, Y. Liu’, Z. Liu®, A. Lobodenko*°,
M. Lokajicek'!, P. Love??, H.J. Lubatti®?, R. Luna®, A.L. Lyon®®, A K.A. Maciel?, D. Mackin®®, R.J. Madaras*S,
P. Mittig?%, C. Magass®', A. Magerkurth%, P.K. Mal®?, H.B. Malbouisson®, S. Malik®”, V.L. Malyshev3S,
Y. Maravin®®, B. Martin'4, R. McCarthy™?, A. Melnitchouk®®, L. Mendoza®, P.G. Mercadante®, M. Merkin?®,
K.W. Merritt®®, A. Meyer?!, J. Meyer?%¢, J. Mitrevski’®, R.K. Mommsen**, N.K. Mondal?’, R.W. Moore?,
T. Moulik®®, G.S. Muanza?®, M. Mulhearn”™, O. Mundal??, L. Mundim?, E. Nagy'®, M. Naimuddin®®, M. Narain”’,
N.A. Naumann®®, H.A. Neal®®, J.P. Negret®, P. Neustroev?®, H. Nilsen??, H. Nogima?3, S.F. Novaes®,
T. Nunnemann?®, V. O’Dell®®, D.C. O’Neil®, G. Obrant*?, C. Ochando'®, D. Onoprienko®®, N. Oshima®",

N. Osman®3, J. Osta®®, R. Otec!?, G.J. Otero y Garzén®?, M. Owen**, P. Padley®’, M. Pangilinan””, N. Parashar®,
S.-J. Park??¢, SK. Park®', J. Parsons’, R. Partridge””, N. Parua®®, A. Patwa™, G. Pawloski®’, B. Penning?3,
M. Perfilov3®, K. Peters**, Y. Peters?S, P. Pétroff'®, M. Petteni*3, R. Piegaial, J. Piper®, M.-A. Pleier??,
P.L.M. Podesta-Lerma?39, V.M. Podstavkov®?, Y. Pogorelov®®, M.-E. Pol?, P. Polozov®", B.G. Pope®,

A.V. Popov®, C. Potter®, W.L. Prado da Silva®, H.B. Prosper?’, S. Protopopescu™, J. Qian%, A. Quadt??,



B. Quinn®, A. Rakitine*?, M.S. Rangel?, K. Ranjan®®, P.N. Ratoff*?, P. Renkel”™, P. Rich**, J. Rieger®*,

M. Rijssenbeek™, I. Ripp-Baudot!?, F. Rizatdinova’™, S. Robinson*?, R.F. Rodrigues®, M. Rominsky”, C. Royon'®,
P. Rubinov®®, R. Ruchti®®, G. Safronov®’, G. Sajot'4, A. Sanchez-Herndndez??, M.P. Sanders'”, B. Sanghi®®,
G. Savage®®, L. Sawyer®, T. Scanlon*3, D. Schaile?®, R.D. Schamberger™®, Y. Scheglov®’, H. Schellman®?,

T. Schliephake?®, S. Schlobohm®?, C. Schwanenberger®*, A. Schwartzman%®, R. Schwienhorst®, J. Sekaric?,
H. Severini’®, E. Shabalina®', M. Shamim®®, V. Shary'®, A.A. Shchukin®’, R.K. Shivpuri®®, V. Siccardi'?,

V. Simak!®, V. Sirotenko®®, P. Skubic™, P. Slattery”, D. Smirnov®®, G.R. Snow%”, J. Snow™, S. Snyder™,

S. Soldner-Rembold*4, L. Sonnenschein'?, A. Sopczak??, M. Sosebee™, K. Soustruznik®, B. Spurlock™, J. Stark'?,
J. Steele?, V. Stolin3", D.A. Stoyanova3?, J. Strandberg®*, S. Strandberg®!, M.A. Strang®®, E. Strauss’?,

M. Strauss’®, R. Strohmer?®, D. Strom®?, L. Stutte®®, S. Sumowidagdo®®, P. Svoisky®®, A. Sznajder?,

P. Tamburello?®, A. Tanasijczuk!, W. Taylor®, B. Tiller?>, F. Tissandier'®, M. Titov'®, V.V. Tokmenin?3®,

I. Torchiani??, D. Tsybychev’?, B. Tuchming'®, C. Tully®®, P.M. Tuts’®, R. Unalan®, L. Uvarov??,

S. Uvarov?®, S. Uzunyan®?, B. Vachon®, P.J. van den Berg®*, R. Van Kooten®*, W.M. van Leeuwen?*,

N. Varelas®!, E.-W. Varnes®®, I.A. Vasilyev®?, P. Verdier??, L.S. Vertogradov3%, M. Verzocchi®®, D. Vilanova!'®,
F. Villeneuve-Seguier®3, P. Vint*3, P. Vokac'®, M. Voutilainen®”/, R. Wagner®®, H.D. Wahl*?, M.H.L.S. Wang®’,
J. Warchol®®, G. Watts®2, M. Wayne®®, G. Weber?4, M. Weber®%9, L. Welty-Rieger®*, A. Wenger?>" N. Wermes??,
M. Wetstein®!, A. White™, D. Wicke?6, M. Williams*2, G.W. Wilson®®, S.J. Wimpenny*®, M. Wobisch®,
D.R. Wood®, T.R. Wyatt*, Y. Xie™, S. Yacoob®3, R. Yamada®®, W.-C. Yang**, T. Yasuda®®, Y.A. Yatsunenko?®,
H. Yin”, K. Yip™, H.D. Yoo™, S.W. Youn®?, J. Yu®, C. Zeitnitz?%, S. Zelitch®', T. Zhao®?, B. Zhou%,

J. Zhu™, M. Zielinski™', D. Zieminska®®, A. Zieminski®**, L. Zivkovic™, V. Zutshi®?, and E.G. Zverev®®

(The D@ Collaboration)

Y Universidad de Buenos Aires, Buenos Aires, Argentina
2LAFEX, Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazl
3 Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazl
4 Universidade Federal do ABC, Santo André, Brazil
S Instituto de Fisica Tedrica, Universidade Estadual Paulista, Sio Paulo, Brazil
S University of Alberta, Edmonton, Alberta, Canada,
Simon Fraser University, Burnaby, British Columbia,
Canada, York University, Toronto, Ontario, Canada,
and McGill University, Montreal, Quebec, Canada
" University of Science and Technology of China, Hefei, People’s Republic of China
8 Universidad de los Andes, Bogotd, Colombia
¥ Center for Particle Physics, Charles University, Prague, Czech Republic
10 Czech Technical University, Prague, Czech Republic
Y Center for Particle Physics, Institute of Physics,
Academy of Sciences of the Czech Republic, Prague, Czech Republic
12 Universidad San Francisco de Quito, Quito, Ecuador
BLPC, Université Blaise Pascal, CNRS/IN2P3, Clermont, France
YMLPSC, Université Joseph Fourier Grenoble 1, CNRS/IN2P3,
Institut National Polytechnique de Grenoble, Grenoble, France
15CPPM, Aiz-Marseille Université, CNRS/IN2P3, Marseille, France
S LAL, Université Paris-Sud, IN2P3/CNRS, Orsay, France
Y"LPNHE, IN2P3/CNRS, Universités Paris VI and VII, Paris, France
8CEA, Irfu, SPP, Saclay, France
YIPHC, Université Louis Pasteur, CNRS/IN2P3, Strasbourg, France
20IPNL, Université Lyon 1, CNRS/IN2P3, Villeurbanne, France and Université de Lyon, Lyon, France
2Y[II. Physikalisches Institut A, RWTH Aachen University, Aachen, Germany
22 Physikalisches Institut, Universitit Bonn, Bonn, Germany
23 Physikalisches Institut, Universitit Freiburg, Freiburg, Germany
2 Institut fiir Physik, Universitit Mainz, Mainz, Germany
2 Ludwig-Mazimilians- Universitdét Minchen, Minchen, Germany
26 Fachbereich Physik, University of Wuppertal, Wuppertal, Germany
2" Panjab University, Chandigarh, India
28 Delhi University, Delhi, India
2 Tata Institute of Fundamental Research, Mumbai, India
30 University College Dublin, Dublin, Ireland
31 Korea Detector Laboratory, Korea University, Seoul, Korea
32 SungKyunKwan University, Suwon, Korea



33 CINVESTAV, Megico City, Mezico
34 FOM-Institute NIKHEF and University of Amsterdam/NIKHEF, Amsterdam, The Netherlands
35 Radboud University Nijmegen/NIKHEF, Nijmegen, The Netherlands
36 Joint Institute for Nuclear Research, Dubna, Russia
37 Institute for Theoretical and Experimental Physics, Moscow, Russia
38 Moscow State University, Moscow, Russia
39 Institute for High Energy Physics, Protvino, Russia
10 petersburg Nuclear Physics Institute, St. Petersburg, Russia
4 Lund University, Lund, Sweden, Royal Institute of Technology and Stockholm University,
Stockholm, Sweden, and Uppsala University, Uppsala, Sweden
42 Lancaster University, Lancaster, United Kingdom
43 Imperial College, London, United Kingdom
4 University of Manchester, Manchester, United Kingdom
45 University of Arizona, Tucson, Arizona 85721, USA
46 Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720, USA
47 California State University, Fresno, California 93740, USA
48 University of California, Riverside, California 92521, USA
O Florida State University, Tallahassee, Florida 32306, USA
50 Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
5! University of Illinois at Chicago, Chicago, Illinois 60607, USA
52 Northern Illinois University, DeKalb, Illinois 60115, USA
53 Northwestern University, Evanston, Illinois 60208, USA
5 Indiana University, Bloomington, Indiana 47405, USA
55 University of Notre Dame, Notre Dame, Indiana 46556, USA
56 purdue University Calumet, Hammond, Indiana 46323, USA
5TTowa State University, Ames, Towa 50011, USA
58 University of Kansas, Lawrence, Kansas 66045, USA
% Kansas State University, Manhattan, Kansas 66506, USA
0 Louisiana Tech University, Ruston, Louisiana 71272, USA
51 University of Maryland, College Park, Maryland 20742, USA
52 Boston University, Boston, Massachusetts 02215, USA
53 Northeastern University, Boston, Massachusetts 02115, USA
54 University of Michigan, Ann Arbor, Michigan 48109, USA
55 Michigan State University, East Lansing, Michigan 48824, USA
66 University of Mississippi, University, Mississippi 38677, USA
57 University of Nebraska, Lincoln, Nebraska 68588, USA
58 Princeton University, Princeton, New Jersey 08544, USA
9 State University of New York, Buffalo, New York 14260, USA
0 Columbia University, New York, New York 10027, USA
" University of Rochester, Rochester, New York 14627, USA
"2 State University of New York, Stony Brook, New York 11794, USA
™ Brookhaven National Laboratory, Upton, New York 11973, USA
™ Langston University, Langston, Oklahoma 73050, USA
™ University of Oklahoma, Norman, Oklahoma 73019, USA
"6 Oklahoma State University, Stillwater, Oklahoma 74078, USA
" Brown University, Providence, Rhode Island 02912, USA
™ University of Texas, Arlington, Texas 76019, USA
™ Southern Methodist University, Dallas, Tezas 75275, USA
80 Rice University, Houston, Texas 77005, USA
81 University of Virginia, Charlottesville, Virginia 22901, USA and
82 University of Washington, Seattle, Washington 98195, USA
(Dated: August 2, 2008)

We describe a search for Z boson pair production in pp collisions at /s= 1.96 TeV with the
DO detector at the Fermilab Tevatron Collider using a data sample corresponding to an integrated
luminosity of 2.7 fb™'. Using the final state decay ZZ — £T£~vi (where £ = e or u) we measure
a signal with a 2.6 standard deviations significance (2.0 expected) and measure a cross section of

o(pp — ZZ + X) = 2.01 £ 0.93(stat.) £ 0.29(sys.) pb.
PACS numbers: 12.15.-y, 12.15.Ji, 14.70.Hp, 07.05.Kf, 29.85.F}j.

two charged leptons (either electrons or muons) and the

INTRODUCTION
other Z boson decays into two neutrinos (see Fig. 1). In

We perform a search for Z boson pair production in
pp collisions in the mode where one Z boson decays into



the Standard Model (SM), ZZ production is the double
gauge boson process with the lowest cross section and
is the last remaining unobserved diboson process at the
Tevatron, aside from the expected associated production
of the Higgs boson. Observation of ZZ production there-
fore represents an essential step in Higgs boson searches
in the ZH and W H channels with sensitivity at the level
of the expected SM cross sections. Additionally, the ZZ
process forms a background to Higgs boson searches, for
example, in the channels ZH — (T¢~bb, ZH — vwbb
and H — WYW = — (+*uf~v. Unlike the WW and WZ
processes, there are no expected SM contributions from
triple gauge boson couplings involving two Z bosons and
a measurement of the ZZ cross section represents a test
for production of this final state via anomalous couplings.

The process ZZ — {T¢~ v has a branching ratio six
times larger than that for the other purely leptonic pro-
cess ZZ — {T40T¢~. After removing instrumental
backgrounds, the dominant background in the ZZ —
¢t 0~ v search arises from the process WW — £tul~ i,
which produces the same final state particles. A kine-
matic discriminant against background from WW —
¢t~ is employed. In contrast, a search in the ZZ —
Y0~ ¢'~ channel benefits from having no significant
backgrounds from physics processes with the same final
state.

We select events containing an electron or muon pair
with high invariant mass and significant missing trans-
verse momentum. After the initial event selection, the
dominant source of instrumental background to this sig-
nature arises from events containing a leptonic Z boson
decay in which the apparent missing transverse momen-
tum arises from mismeasurement of the transverse mo-
mentum of either the charged leptons or the hadronic
recoil system. We introduce a variable that is highly dis-
criminating against such instrumental background.

Although the ete™ — ZZ process has been observed
at LEP [1], ZZ production has not yet been observed
at a hadron collider where different physics processes are
allowed and higher energies can be probed. The DO col-
laboration has previously performed a search for the pro-
cess ZZ — LY~ with £,4' = e or p [2], which set a
limit on the cross section of 0(ZZ) < 4.4 pb and also ex-
amined non SM triple gauge boson couplings. The CDF
collaboration has recently produced a result using both
the £T¢=¢'T¢'~ and the £t~ vi channels [3], measuring
the cross section to be 0(Z7) = 1.4J_r8:g pb.

The DO detector [4-6] contains tracking, calorimeter
and muon subdetector systems. Silicon microstrip track-
ing detectors (SMT) near the interaction point cover
pseudorapidity |n| < 3 to provide tracking and vertex-
ing information, where 1 = fln(tang) and 6 is the angle
relative to the beam axis. The SMT contains cylindrical
barrel layers aligned with their axes parallel to the beams
and disk segments. The disks are perpendicular to the
beam axis, interleaved with, and extending beyond, the

FIG. 1: Leading order Feynman diagram for the process
27 — T vb.

barrels. The central fiber tracker (CFT) surrounds the
SMT, providing coverage to about (Jn| = 2). The CFT
has eight concentric cylindrical layers of overlapped scin-
tillating fibers providing axial and stereo (£3°) measure-
ments. A 2 T solenoid surrounds these tracking detec-
tors. Three uranium-liquid argon calorimeters measure
particle energies. The central calorimeter (CC) covers
In] < 1, and two end calorimeters (EC) extend coverage
to about |n| = 4. The calorimeter is highly segmented
along the particle direction, with four electromagnetic
(EM) and four to five hadronic sections, and transverse
to the particle direction with typically An = A¢ = 0.1,
where ¢ is the azimuthal angle. The calorimeters are
supplemented with central and forward scintillating strip
preshower detectors (CPS and FPS) located in front of
the CC and EC. Intercryostat detectors (ICD) provide
added sampling in the region 1.1 < |n| < 1.4 where the
CC and EC cryostat walls degrade the calorimeter en-
ergy resolution. Muons are measured just outside the
calorimeters, and twice more outside 1.8 T iron toroidal
magnets, over the range || < 2. Each measurement
is based on scintillation counters and several layers of
tracking chambers. Scintillators surrounding the exiting
beams allow determination of the luminosity. A three
level trigger system selects events for data logging at
about 100 Hz. The first level trigger (L1) is based on
fast custom logic for several subdetectors and is capable
of making decisions for each beam crossing. The second
level trigger (L2) makes microprocessor based decisions
using multi-detector information. The third level trigger
(L3) uses fully digitized outputs from all detectors to re-
fine the decision and select events for offline processing.

DATA SET AND INITIAL EVENT SELECTION

The data for this analysis were collected with the
DO detector at the Fermilab Tevatron pp Collider, at a
center-of-mass energy /s = 1.96 TeV. An integrated lu-
minosity of 2.7 fb~! is used after applying data quality
requirements. The data are selected using a combination
of single electron or single muon triggers for the respec-



tive dilepton channels.

The data taking period prior to March 2006 is refered
to as Run Ila, IIb denotes that taken after. This break
corresponds to the installation of an additional silicon
vertex detector, trigger upgrades, and a significant in-
crease in the rate of delivered luminosity.

In each of the two channels we require that there be
exactly two oppositely charged leptons with transverse
momentum pyr > 15 GeV and dilepton invariant mass
70 < Mg < 110 GeV.

Electrons are required to be within the central (|n| <
1.1) or forward (1.5 < || < 2.5) regions of the calorime-
ter. We do not use electron candidates which point to-
wards the transition region of the central and forward
cryostats. Electrons must pass tight selection criteria
on the energy close to them in AR, where AR is the
distance between two objects in (n,¢) space, AR =

(0¢)? + (0m)?, by requiring that

Eyo1(0.4) — Fgp(0.2)
Ern(0.2)

< 0.15,

where Eio(0.4) is the total energy within a cone of
AR < 0.4 and Egp(0.2) is the EM energy within a cone
of AR < 0.2. Additionally, a seven parameter multivari-
ate discriminator compares the energy deposited in each
layer of the calorimeter and the total shower energy to
distributions determined from electron GEANT MC [7].
This discriminator also uses the correlations between the
various energy distributions to ensure that the shower
shape is consistent with that produced by an electron.

Each muon is required to have an associated track in
the central tracking system which has at least one hit
in the SMT and a distance of closest approach to the
primary vertex in the plane transverse to the beam of
|b] < 0.02 cm. Furthermore, the muons must be isolated
in both the calorimeter and the tracker. For the former, a
requirement is made that the sum of calorimeter energies
in cells within an annulus 0.1 < AR < 0.4 around the
muon track is smaller than 10% of the muon pr:

eells Br fpp(u) < 0.1

For the latter, the sum of track pr within a cone AR <
0.5 around the muon track (not included in the sum)
must be smaller than 10% of the muon pr:

S pr [pr(p) < 0.1,

To suppress background from W Z production, we veto
events with one or more leptons (e, y, or 7) in addition
to those forming the Z candidate. Additional lepton can-
didates must be separated by AR > 0.2 from both Z—
candidate leptons. Electron candidates used in the veto
must have either a central track match or satisfy shower
shape requirements and must have Epr > 5 GeV. Muons
are rejected based on looser quality requirements than

those from Z decay. Multi-prong hadronic taus are used
to form the veto if they have been identified using the
standard DO algorithms [8]. Finally, events are vetoed if
they have any isolated tracks with pr > 5 GeV and a
separation distance between the track intercept with the
beam line and the primary vertex satisfying |Az| < 1 cm.

Events with relatively large calorimeter activity are re-
jected by vetoing on the presence of more than two jets
in the detector. These jets are reconstructed using the
Runn ITa cone algorithm [9] with a radius of 0.5 and
must satisfy AR(jet, lepton)> 0.3 and jet Ep > 15 GeV.
This requirement significantly reduces background from
tt production.

Missing transverse energy (K7 ) is the magnitude of the
vector sum of transverse energy above a set threshold in
the calorimeter cells, corrected for the jets in the event.
At the dilepton selection stage, we do not make a require-
ment on this Zp.

BACKGROUND AND SIGNAL PREDICTION

Background yields were predicted using a combina-
tion of control data samples and MC simulation. The
primary background after the initial selection is inclu-
sive Z/y* — £*t{~ production. After making the final
selection described later, the dominant background is
WHW = — £tul~v events. Additional backgrounds in-
clude tt production, W Z production and W~ or W+jets
events in which the v or jet is misidentified as an electron.

The WW, WZ, Z/v*, and tf backgrounds are esti-
mated based on simulations using the PYTHIA [10] event
generator, with the leading order CTEQ6L1 [11] pa-
rameterization used for the parton distribution functions
(PDFs). We pass the simulated events through a de-
tailed DO detector simulation based on GEANT and re-
construct them using the same software program used to
reconstruct the collider data. The Z/v* MC events are
assigned a weight as a function of generator level pr, to
match the pr spectrum observed in unfolded data [12].
Randomly triggered collider data events are added to the
simulated PYTHIA events. These randomly triggered data
events are taken at various instantaneous luminosities to
provide a more accurate modeling of effects related to
the presence of additional pp interactions and detector
noise. We also apply corrections for trigger efficiency, re-
construction efficiency and identification efficiency. The
corrections are derived from comparisons of control data
samples with simulation.

The W~ background is estimated using a calculation
of the Next to Leading Order (NLO) production cross
section [13] which we use to normalize events generated
by PYTHIA. The probability for a photon to be misiden-
tified as an electron has been measured in a Z — £74™~
control data sample. This probability is then applied to
the W+ yield predicted from simulation to determine the



contribution to our selected sample in which the photon
is mistakenly reconstructed as the second electron.

The kinematic distributions of the W+jet events are
determined from simulation based on ALPGEN [14]. The
overall yield from W +jet events is determined from data.
We measure the probabilities that an electron or a jet
which satisfy looser selection requirements will also pass
our candidate selection in data. We solve a set of lin-
ear equations involving these probabilities, the number
of candidate events, and the number of events in which
one of the requirements on one of the candidates has
been loosened. The solution to this set of linear equa-
tions is used to determine the number of W+jet events
in the final sample. The fraction of jets misidentified as
an electron is 2 x 1073, and the probability that a jet
fakes a muon is 4 x 10~* (averaging over Run Ila and
Run IIb).

The relative normalization of the background sources
determined from simulation is taken from ratios of NLO
cross sections, and the absolute normalization of the to-
tal background is then determined by matching the ob-
served yield under the Z dilepton mass peak to the pre-
dicted background sum after applying the basic Z selec-
tion and extra—activity event veto. The normalization
factor agrees with the prediction using the integrated
luminosity to within the associated uncertainties. We
choose this normalization method because the normal-
ization sample is dominated by inclusive Z production,
dominating our signal by four orders of magnitude, and
this approach allows cancellation of multiplicative scale
uncertainties and systematics related to the modeling of
the selection efficiencies.

The signal events were simulated using PYTHIA with
the CTEQG6L1 PDFs. These samples were corrected for
the same detector effects as the background samples.

VERIFICATION OF MISSING TRANSVERSE
MOMENTUM

The basic event signature for this analysis is a high
mass pair of charged leptons from the decay of a Z boson,
produced in association with significant missing trans-
verse momentum [ arising from the neutrinos produced
in the decay of a second Z boson. Substantial background
comes from single inclusive Z production in which mis-
measurement results in a mistakenly large Fr value. Be-
cause the cross section times branching ratios for inclu-
sive Z production and Z Z signal differ by a factor of more
than 10*, stringent selection criteria against inclusive Z
production are required. We present a novel approach to
this challenge. In particular, we do not attempt to make
an unbiased or accurate estimate of the missing trans-
verse momentum in the candidate events. Rather, our
approach is to construct a variable F/. which is a rep-
resentation of the minimum K feasible given the mea-

surement uncertainties of the leptons and the hadronic
recoil. Thus, this is not intended to be the best estimator
of true Fr, but rather to be robust against reconstruc-
tion mistakes. This approach is inspired by the OPAL
collaboration which used a similar variable to search in
final states similar to that of this analysis [15].

The /. variable is constructed in five steps. The first
step is the computation of a reference axis chosen such
that effects from leptonic resolution occur dominantly
along this axis, and the decomposition of the dilepton
system transverse momentum into components parallel
and perpendicular to this reference axis. The second step
is determination of a recoil variable based on measured
calorimeter jet or total calorimeter activity. In events
with no significant neutrino energy or mismeasurement,
the quantities calculated in the first two steps should be
approximately balanced. The third step is the calcula-
tion of a correction based on recoil track ppr for tracks
which are well separated from the candidate leptons and
calorimeter jets. The fourth step is the computation of
a correction term accounting for lepton transverse mo-
mentum measurement uncertainties. The final step is a
combination of the quantities computed in the first four
steps into the F7. variable.

In the first step, to minimize the sensitivity to mis-
measurement of the pp of the individual leptons, the pp
of the lepton pair is decomposed into two components,
one of which is almost insensitive to lepton pp resolu-
tion for Z candidates with moderate values of transverse
momentum. This decomposition is achieved as follows.
In the transverse plane a dilepton thrust axis is defined
(see Fig. 2). This axis maximizes the scalar sum of the

thrust axis -~

di-lepton p,
// pT(])

FIG. 2: Representation of the transverse plane of the event
and of the decomposition of the dilepton transverse momen-
tum along the thrust axis.

projections of the pr of the two leptons onto the axis. It



is defined as

f=pp" =i,
where ﬁT(l) and ﬁT(Q) are the transverse momenta of the
higher and lower pr leptons respectively.

We then define two unit vectors @; and d; which are
parallel and perpendicular to the thrust axis as shown in
Fig. 2. For the rest of this paper, a subscript ¢ denotes the
component of a vector in the d@; direction and a subscript
l denotes the component in the a; direction.

The dilepton system transverse momentum is decom-
posed into components parallel to d; (af*) and perpen-
dicular to d; (af?). These are given by

o S0
a; = Pr -Gt
o S0 A
a = pr -

in which pif* = ﬁT(l) + ﬁT(Q) is the dilepton system trans-

verse momentum. The resolutions of the two components
are shown in Fig. 3 from Z — pup Monte Carlo (MC).
Resolution effects are more pronounced in the Z — pp
channel than in the Z — ee. As expected, the lepton
momentum resolution effects are significantly more pro-
nounced in the d; direction than in the d; direction.

£ 7bd @ 08" ®
;10_1; Mean 3.20 GeV ] [ Mean 0.29 GeV ]
el RMS 5.75 GeV ] RMS 154 GeV
(510 E E
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1 L [Tnanl . n ]
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FIG. 3: The difference between measured and true dilepton
pr in simulated Z — pu events projected along the (a) d; and
(b) d: axes.

The decomposition is performed only for events in
which A¢® > 7/2, where A¢* is the angle between the
two charged leptons in the transverse plane. For the case
A¢? < /2, the direction of the dilepton transverse mo-
mentum ﬁjfe, is used to define dy, and all components in
the @; direction are set to zero.

The second step in the process uses calorimeter en-
ergy to assess whether or not it might generate appar-
ent, though false, F7. Two measures of net calorimeter
transverse energy are considered: (a) a vector sum of
the Er of selected reconstructed jets and (b) the uncor-
rected missing transverse energy r for the event from
the calorimeter. When computing the jet pr sum, we
consider only those jets whose pr is in the direction op-
posite to the dilepton system for each of the d; and d;
directions. That is, if 5/ - @ < 0, then this amount is
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added to the a; correction, and if ﬁTjet -ap < 0, it is added
to the a; correction.

The calorimeter activity correction is then defined us-
ing either the jets or the uncorrected . We chose the
one with the largest projected magnitude along each of
the two axes in the hemisphere opposite to the dilepton
pair. Additionally, we allow for the possibility that only
some of the true recoiling energy is underestimated by
multiplying the observed energy by two. The calorime-
ter correction is thus defined as

6aft = 2 x min(Xp7’®"* - dy, —Fr - dy,0)
5(1?“[ = 2x min(Ep}jEts - dy, fE} - dy, 0)

in which a jet is used in the d;(d;) component sum only
if it satisfies pr - @ < 0 (pr - 4 < 0). The presence
of the zero term in the min—function ensures that the
calorimeter activity correction is used only if it decreases
the apparent value of a/* and/or afl. In this way we try
to minimize the possibility that a well-balanced event ac-
quires an apparently significant net missing momentum
due to calorimeter noise or a jet with a grossly overesti-
mated energy.

The third step identifies events in which the recoil ac-
tivity is not observed in the calorimeter as jets. We con-
sider tracks that are AR > 0.5 away from all calorimeter
jets, AR > 0.5 from the candidate leptons, have a fit sat-
isfying x?/NDF < 4.0, and pr > 0.5 GeV and use these
to build track jets using a cone algorithm. A track jet is
seeded by the highest pr track not yet associated with
any track jet. All tracks which are within AR < 0.5 of the
seed track and are not yet associated with a track jet are
added to the current track jet. The track jet transverse
momentum pgfet is the vector sum of the pr values of all
tracks forming the track jet. This is repeated until no
unused tracks outside the calorimeter jet cones remain.
A track—based correction is then defined as

dai™ = (Sp7) - dy
saf™ = (SpH) - d.

As with the calorimeter jets, a track jet is included in
the correction for the d;(d;) direction only if it satisfies
P da < 0 (- dy < 0).

In the fourth step of the algorithm, corrections §a‘ and
5@1“ arising from the uncertainties in the lepton trans-
verse momenta are derived. The basic approach taken is
to fluctuate the lepton transverse momenta by one stan-
dard deviation of their uncertainty so as to minimize,
separately, the a; and a; components of the dilepton pgf .
The transverse component, afe, is minimized by decreas-
ing the transverse momenta of both leptons to give the
modified quantity:

o =5t .

— 4 ~ . —
Here que and d, correspond, respectively, to que and

(1) = (2)

dy, redefined using pp ™’ x (1 —o1) and pp”’ x (1 —o2) in



place of the unscaled quantities. The uncertainty is then
simply given by:
2 74 2
da; =a;" —ay .
The longitudinal component, afe, is minimized by de-
creasing ﬁT(l) and increasing ﬁT(2)
uncertainties o7 and os:

using their fractional

6af€ = (—alﬁT(l) + O'QﬁT(Q)) - ay

If the fractional uncertainty on either of the lepton trans-
verse momenta is larger than unity, then the fractional
uncertainties on both a’ and af’ are set to unity.

Electrons falling at calorimeter module boundaries of
the central calorimeter require special treatment as their
calculated uncertainties do not reflect the probability for
such electrons to have very significantly underestimated
energies. To account for this, if the lower pr electron is
within a central calorimeter module boundary, then the
fractional uncertainty on al“ is set to unity.

In the final step, the variable £/ is computed from the
quantities calculated in the previous steps. We compute
components:

ar = a +0af + K x 5al"F + k x datt
ar = aff +6af" + k' x dal"™* + k x dal’,

where k and k' are constants defined below. Recall that
by construction the da; (where ¢ = t or l) terms are
always zero or negative while afz is positive.

For events with significant transverse energy from neu-
trinos and no mismeasurements, the a; variables are large
and positive. If a; < 0 then there is no significant missing
transverse momentum along direction ¢ and that compo-
nent is ignored in the subsequent analysis by setting:

a; = max(at,0),

a; = max(a, 0).

The final discriminating variable is then calculated as
a weighted quadrature sum of the two components:

B =\/a? + (1.5a})2.

By construction F7. is less that Fp. The factor of 1.5
is used with the d; component to give extra weight to
the better—measured direction. As mentioned earlier, if
A¢" < m/2, then instead of using the thrust axis, the
reference axis direction d; is simply the ﬁjﬂ direction,
and the @; components are ignored.

The values k and k&’ were optimized by applying a loose
cut in ¥} (such that the background in the sample is
dominated by Z — £T¢~ events) and maximizing S/v/'B,
where S is the number of signal events and B is the num-
ber of background events. The chosen values for dielec-
tron events are k = 2.2 and k£’ = 2.5. For dimuon events,
k=k =15.

The power of this new variable (£/.) is shown in Fig-
ure 4, which shows the distribution of £7., for the dielec-
tron and dimuon channels separately.

The separation of sources with true Er (e.g. WW and
ZZ) from those without, especially inclusive Z produc-
tion, is clearly visible. The rejection of events from single
Z boson production using this method and a simple K
cut is shown in Figure 5.
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FIG. 4: The ¥7 distributions for dielectron (a) and dimuon
(b) events.

FINAL SELECTION, LIKELTHOOD AND YIELDS

In addition to the initial event selection requirements,
events selected for further analysis must satisfy

BL > 27 GeV, dielectron, Ila
F) > 30 GeV, dimuon, Ila
KL > 27 GeV, dielectron, IIb
Bl > 35 GeV, dimuon, ITb
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FIG. 5: The efficiency of WW, W Z, and ZZ events vs single
Z events using the Fr (labeled as MET in the figure) and ¥/
variables in the dielectron (a) and dimuon (b) channels.

The values of these requirements were chosen so as to
optimize the expected significance of a ZZ observation
in the four individual analysis channels, assuming the
SM cross sections for signal and backgrounds. The ef-
fect of systematic uncertainties, as described below, were
used in the significance calculation for the optimization.
Tables I and II show the predicted and observed yields
after the initial selection and after the F7. selection for
the dielectron and dimuon channels respectively. The
requirement on F7 reduces the predicted instrumental
background yields well below those for our signal and re-
maining physics backgrounds. In the dielectron channel,
we observe 8 events (8.9 expected) in the ITa data, with
another 20 events (10.7 expected) in the ITb data. Of
these, we expect 1.8 and 2.3 to be signal events respec-
tively. In the dimuon channel, we observe 10 events (7.0
expected) in the ITa data and 5 events (7.3 expected) in
the IIb data. Here, we expect 1.7 signal events in each
data set.

TABLE I: Number of predicted dielectron events and yield
observed in data after the dilepton selection and after the
requirement on Z%. The uncertainties in the final column are
statistical only. If not present, the statistical uncertainty is
negligible.

Sample dilepton selection [} requirement
Z -0t 1.18 x 10° 0.5 + 0.2
Z— 1t 48.3 0.35
W+Jets 18.2 2.7+ 0.4
tt 16.4 0.34

WWw 28.0 10.6 &+ 0.1
Wz 19.2 1.08

Wy 2.0 0.03
Predicted Background 1.19 x 10° 15.6 + 0.4
Z7 — 000 2.9 0.02

Z7 — Y vp 8.9 4.03
Predicted Total 1.19 x 10° 19.6 £ 0.4
Data 118,850 28

The ZZ signal is separated from the remaining back-
grounds with significant %/, using a likelihood with the
following input variables: the invariant mass of the dilep-

TABLE II: Number of predicted dimuon events and yield ob-
served in data after the dilepton selection and after the re-
quirement on F%. The uncertainties in the final column are
statistical only. If not present, the statistical uncertainty is
negligible.

Sample dilepton selection [} requirement
Z — 070~ 1.30 x 10° 0.1 +0.1
Z — 1t 53.3 0.09
W+Jets - < 0.01
tt 16.0 0.21

Ww 32.0 9.7 £ 0.1
WZ 18.3 0.82
Predicted Background 1.30 x 10° 10.9 £ 0.3
27 — 000~ 2.89 0.00

Z7Z — 0t vp 9.48 3.39
Predicted Total 1.30 x 10° 143 £ 0.3
Data 127,960 15

ton pair, My, (for the dielectron channel), x? probability
resulting from a refit of the measured lepton momenta
under the constraint that their dilepton mass gives the
Z mass (for the dimuon channel), the transverse momen-
tum of the higher pr lepton, p}(l), the opening angle
between the dilepton pair and the leading lepton, Ag,
and the cosine of the negative lepton scattering angle in
the dilepton rest frame, cos(6*). Figures 6 and 7 show
the data and predicted distributions of the variables used
in the likelihood for the dielectron and dimuon channels
respectively. Fig. 8 shows the likelihood distributions for
signal and backgrounds after all selection requirements.

SYSTEMATIC UNCERTAINTIES

Systematic uncertainties are evaluated separately for
the dielectron and the dimuon samples and for each of
the data taking periods. The uncertainties affecting the
overall scale factor of the MC cross sections are canceled
out by normalizing to the data before the . cut. The re-
maining systematic uncertainties contributing to the sig-
nificance and cross section are dominated by the normal-
ization of the W+jets background, the uncertainty on the
WW cross section, the lepton resolution, and the number
of Z events surviving the £7. cut. The large uncertainty
on the W+jets and remaining Z are due to the uncertain-
ties on the jet to lepton misidentification rate used in the
normalization of the W+jets background and the small
statistics available after the £/ cut (for both). Varying
the parameters of the electron and muon smearing in the
MC shows that the effect on the final result is within the
statistical uncertainty in almost all bins. It is therefore
propagated as an uncertainty in the shape of the likeli-
hood, as are the contributions from jet energy resolution,
and the shape of the ZZ pp spectrum. The dominant
uncertainties are listed in Table III in which Az is the
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acceptance times efficiency for Z/v* — (Y0~ and Azz
is the acceptance times efficiency for ZZ/y* — (T4~ vp
where contributions from Z/y* — 777~ decays are in-
cluded.
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FIG. 8 The likelihood distributions for signal and back-
ground: dielectron events (a) and dimuon events (b). All
selection requirements have been applied.

CROSS SECTION AND SIGNIFICANCE

A negative log-likelihood ratio (LLR) test statistic is
used to evaluate the significance of the result, taking as
input the binned outputs of the dielectron and dimuon
likelihood discriminants for each of the two data taking
periods. A modified frequentist calculation is used [16]
which returns the probability of the background only
fluctuating to give the observed yield or higher (p-value)
and the corresponding Gaussian equivalent significance.
The combined dielectron and dimuon channels yield an
observed significance of 2.6 standard deviations (2.0 ex-
pected), as reported in Table IV.

Because of the background normalization method de-
scribed earlier, the measurement of the ZZ — (¢~ vp
production cross section can be therefore expressed in
terms of relative number of events with respect to the
Z — {0~ sample.

We define a background hypothesis to include the dis-
tributions of the predicted backgrounds shown in Tables I
and II, and a signal hypothesis to include these back-
grounds and the events from the ZZ process.

To determine the cross section the likelihood distri-
bution in the data has been fitted allowing the signal
normalization to float. The scale factor f with respect to
the SM cross section and its uncertainty are determined
by the fit. The ZZ production cross section is computed
by scaling the number of events predicted by the MC to
obtain that in data:

Ay fN]VIC
o(ZZ)=0(Z)—— L, N,
Az is found to be 4.73 £ 0.03% in the dielectron chan-
nel and 4.91 + 0.03% in the dimuon channel. We as-
sume the theoretical cross section for Z/y* — (T4~
in the mass window 60 < My < 130 GeV: o(Z)
256.673;', pb [17, 18]. Using the ratio of the ZZ to
Z Z [~* cross sections computed with MCFM [19] at NLO,
we scale the ZZ/~v* cross section down by 3.4% to give
a pure ZZ cross section. The resulting cross section for



pp — ZZ + X is
0(ZZ) = 2.01 £0.93(stat.) = 0.29(sys.) pb.
This can be compared with the predicted SM cross sec-

tion of 1.4 + 0.1 pb [19] at /s = 1.96 TeV.

TABLE III: The values assumed by the dominant systematic
uncertainties for the various Monte Carlo signal and back-
ground samples in the dielectron and dimuon channels.

Systematic uncertainty dielectron dimuon
(%) (%)

W +Jets normalization 16 -

WW and WZ

Theoretical cross sections 7 7

Number of Z events surviving

the /4 cut 18 3

Systematic uncertainty on the Uncertainty

cross section (%)

Z/y* — 00

theoretical cross section t20 t2o

Az /Azz ratio from pdf

uncertainties 1.8 1.8

Az/Azz ratio from modeling

of the veto efficiency 0.8 0.8

Az/Azz ratio from modeling

of the ZZ pr spectrum 3.0 3.0

CONCLUSION

We performed a measurement of the production cross
section of ZZ — (T{~vv using 2.7 fb~! of data col-
lected by the DO experiment at a center of mass energy
of 1.96 TeV. We observe a signal with a 2.6 standard de-
viations significance (2.0 expected) and measure a cross
section o(pp — ZZ) = 2.01 + 0.93(stat.) & 0.29(sys.) pb.
This is in agreement with the standard model prediction
of 1.4 pb [19].
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