RAPID COMMUNICATIONS

PHYSICAL REVIEW D 91, 091101(R) (2015)

Measurement of central exclusive 7"z~ production in pp collisions
at /s = 0.9 and 1.96 TeV at CDF

T. Aaltonen,21 M. G. Albrow,15 S. Amerio,”a’39b D. Amidei,3 LA, Anastassov,ls’Z A. Annovi,17 J. Antos,12 G. Apollinari,15
J.A. Appel,15 T. Arisawa,52 A. AI‘tikOV,l3 J. Asaadi,47 W. Ashmanskas,15 B. Auerbach,2 A. Aurisano,47 F. Azfar,3 8
W. Badgett,”” T. Bae,” A. Barbaro-Galtieri,”® V. E. Barnes,” B. A. Barnett,”> P. Barria,*'*'* P. Bartos,'> M. Bauce,”***"
F. Bedeschi,*™® S. Behari,"> G. Bellettini,*"**'* J. Bellinger,”* D. Benjamin,'* A. Beretvas,"” A. Bhatti,”” K.R. Bland,’
B. Blumenfeld,” A. Bocci,'"* A. Bodek,* D. Bortoletto,” J. Boudreau,”* A. Boveia,'' L. Brigliadori,"*® C. Bromberg,*
E. Brucken,”' J. Budagov,” H.S. Budd,* K. Burkett,"” G. Busetto,””**" P. Bussey,”” P. Butti,"'**'" A. Buzatu,"”
A. Calamba,'® S. Camarda,® M. Campanelli,”® F. Canelli,'"#¢ B. Carls,** D. Carlsmith,”* R. Carosi,*"® S. Carrillo,'®°
B. Casal,”’ M. Casarsa,”® A. Castro,”*®® P. Catastini,”® D. Cauz,****** v Cavaliere,” A. Cerri,’*¢ L. Cerrito,”*"
Y. C. Chen,' M. Chertok,” G. Chiarelli,*"* G. Chlachidze,"” K. Cho,” D. Chokheli,"* A. Clark," C. Clarke,”

M. E. Convery,"® J. Conway,’” M. Corbo,' > M. Cordelli,'” C. A. Cox,’ D.J. Cox,” M. Cremonesi,*"* D. Cruz,"” J. Cuevas,”
R. Culbertson,15 N. d’Ascenzo,15 Y M. Datta,15 P de Barbaro,44 L. Demortier,45 M. Deninno,6a M. D’Em’co,”a’3 R Devoto,21
A. Di Canto,""*"® B. Di Ruzza,'>* J.R. Dittmann,” S. Donati,"'**'" M. D’Onofrio,”” M. Dorigo,*****

A. Driutti,®**%#5¢ K Ebina,® R. Edgar,”’ A. Elagin,”’ R. Erbacher,” S. Errede,”> B. Esham,** S. Farrington,*®
J. P. Fernandez Ramos,29 R. Field,16 G. Flanagan, SR, Forrest,7 M. Franklin,20 J.C. Freemfm,15 H. Frisch,ll
Y. Funakoshi,” C. Galloni,""**"® A.F. Garfinkel,” P. Garosi,"'**'° H. Gerberich,”> E. Gerchtein,"” S. Giagu,*®
V. Giakoumopoulou,® K. Gibson,” C. M. Ginsburg,” N. Giokaris,” P. Giromini,'” V. Glagolev," D. Glenzinski,"

M. Gold,34 D. Goldin,47 A. Golossanov,15 G. Gomez,9 G. Gomez—Ceballos,30 M. Gonchatrov,3 % 0. Gonzdlez L(’)pez,29
I Gorelov,3 “AT. Goshaw,14 K. Goulianos,45 E. Gramellini,&l C. Grosso—Pilcher,11 R.C. Group,SI’15 J. Guimaraes da Costa,20
S.R. Hahn,15 J.Y. Han,44 F. Happacher,17 K. Hara,49 M. Hare,50 R.F. Harr,53 T. Harrington—Taber,lS’p K. Hatakeg/ama,5
C. Hays,™ J. Heinrich,"® M. Herndon,” A. Hocker," Z. Hong,"” W. Hopkins,* S. Hou,' R. E. Hughes,’

U. Husemann,” M. Hussein,”>* J. Huston,”* G. Introzzi,"'**'**"" M. Tori,"**® A. Ivanov,”" E. James,"” D. Jang,"

B. Jayatilaka,"” E.J. Jeon,” S. Jindariani,"> M. Jones,” K. K. Joo,” S. Y. Jun,'’ T. R. Junk,"> M. Kambeitz,** T. Kamon,>*’
P.E. Karchin,”® A. Kasmi,” Y. Kato,””4 W. Ketchum,'"* J. Keung,* B. Kilminster,"*¢ D. H. Kim,” H. S. Kim,”
J.E. Kim,> M.J. Kim," . H. Kim,” S.B. Kim,” Y.J. Kim,” Y. K. Kim,"" N. Kimura,”> M. Kirby," K. Knoepfel,"
K. Kondo,”" D.J. Kong,” J. Konigsberg,'® A.V. Kotwal,'* M. Kreps,** J. Kroll,"® M. Kruse,'"* T. Kuhr,** M. Kurata,"’
A.T. Laasanen,” S. Lammel,'> M. Lancaster,”® K. Lannon,>>* G. Latino,""**'° H. S. Lee,” J. S. Lee,” S. Leo,”* S. Leone,*'*
J.D. Lewis,"” A. Limosani,'*" E. Lipeles,”” A. Lister,'®* H. Liu,”' Q. Liu,” T. Liu,"” S. Lockwitz,”> A. Loginov,”

D. Lontkovskyi,"”" D. Lucchesi,”**® A. Lucd,'” J. Lueck,”* P. Lujan,” P. Lukens,” G. Lungu,” J. Lys,*® R. Lysak,'*¢
R. Madrak,'® P. Maestro,*'**'¢ 1. Makarenko,'>' S. Malik,*> G. Manca,”™® A. Manousakis-Katsikakis,” L. Marchese,®*"
E. Margaroli,*® P. Marino,""**'¢ K. Matera,”> M. E. Mattson,”® A. Mazzacane,"” P. Mazzanti,” R. McNulty,””* A. Mehta,”’
P. Mehtala,”’ C. Mesropian,” T. Miao,” D. Mietlicki,”’ A. Mitra," H. Miyake,” S. Moed,"> N. Moggi,** C. S. Moon,">
R. Moore,' ™ M. J. Morello,"'**! A. Mukherjee,”” Th. Muller,”* P. Murat,"> M. Mussini,”® J. Nachtman,'>” Y. Nagai,"
J. Naganoma,52 I. Nakano,36 A. Napier,50 J. Nett,47 C. Neu,51 T. Nigmanov,42 L. Nodulman,2
S.Y. Noh,” O. Norniella,”® L. Oakes,”® S.H. Oh,'* Y.D. Oh,” 1. Oksuzian,”' T. Okusawa,”’ R. Orava,”' L. Ortolan,’
C. Pagliarone,*™ E. Palencia,”® P. Palni,”* V. Papadimitriou,"”> W. Parker,”* G. Pauletta,******** M. Paulini,"® C. Paus,”
T.J. Phillips,14 G. Piacentino,15 'E. Pianori,40 J. Pilot,7 K. Pitts,22 C. Plager,8 L. Pondrom,54 S. Poprocki,15 * K. Potamia.nos,26
A. Pranko,26 F. Prokoshin,13’dd F. Ptohos,”’h G. Punzi,“a’“b I. Redondo Feméndez,29 P. Renton,3 8 ML Rescisgno,46a
F. Rimondi,”*" L. Ristori,"""> A. Robson," T. Rodriguez,* S. Rolli,”™ M. Ronzani,""**"" R. Roser,'

J.L. Rosner,'' F. Ruffini,""**'® A. Ruiz,” J. Russ,'’ V. Rusu,"> W. K. Sakumoto,” Y. Sakurai,”* L. Santi,"*****¢ K_ Sato,”
V. Saveliev,"™¥ A. Savoy-Navarro, > P. Schlabach,"” E. E. Schmidt,"”” T. Schwarz,” L. Scodellaro,” F. Scuri,*™* S. Seidel,*
Y. Seiya,”” A. Semenov,” F. Sforza,*™*!* S.Z. Shalhout,” T. Shears,”” P.F. Shepard,** M. Shimojima,*”* M. Shochet,""
I Shreyber—Tecker,33 A. Simonenko,13 K. Sliwa,50 J.R. Smith,7 F.D. Snider,15 H. Song,42 V. Sorin,4 R. St. Denis,lg’*
M. Stancari,15 D. Stentz,lS’Z J. Strolo as,34 Y. Sudo,49 A. Sukhanov,15 I. Suslov,13 K. Takemasa,49 Y. Takeuchi,49 J. Tang,ll
M. Tecchio,”' P. K. Teng,' J. Thom,"# E. Thomson,” V. Thukral,"’ D. Toback,"” S. Tokar,'* K. Tollefson,** T. Tomura,*
D. Tonelli,' ™ S. Torre,"” D. Torretta," P. Totaro,™* M. Trovato,""**'¢ F. Ukegawa,* S. Uozumi,” F. Vazquez,'*® G. Velev,"”
C. Vellidis,” C. Vernieri,"**'? M. Vidal,” R. Vilar,” J. Vizan,”" M. Vogel,** G. Volpi,"" P. Wagner,” R. Wallny,"™" S.
M. Wang,' D. Waters,” W. C. Wester III," D. Whiteson,"” A. B. Wicklund,” S. Wilbur,” H. H. Williams,* J. S. Wilson,”"
P. Wilson,"” B. L. Winer,” P. Wittich,'”¢ S. Wolbers,"> H. Wolfe,”> T. Wright,”! X. Wu,"® Z. Wu,” K. Yamamoto,’’
D. Yamato,”’ T. Yang," U. K. Yang,” Y. C. Yan§,25 W.-M. Ya0,”® G.P. Yeh,"” K. Yi,"*? J. Yoh,"” K. Yorita,”> T. Yoshida,*""
G.B. Yu," L. Yu,” A. M. Zanetti,™ Y. Zeng,"* C. Zhou," S. Zucchelli,”*®® and M. Zurek"™"

(CDF Collaboration)

1550-7998,/2015/91(9)/091101(8) 091101-1 Published by the American Physical Society



RAPID COMMUNICATIONS

T. AALTONEN et al. PHYSICAL REVIEW D 91, 091101(R) (2015)

Unstitute of Physics, Academia Sinica, Taipei, Taiwan 11529,
Republic of China
2Argonne National Laboratory, Argonne, Illinois 60439, USA
3Universil‘y of Athens, 157 71 Athens, Greece
*Institut de Fisica d’Altes Energies, ICREA, Universitat Autonoma de Barcelona,
E-08193 Bellaterra (Barcelona), Spain
5Baylor University, Waco, Texas 76798, USA
%stituto Nazionale di Fisica Nucleare Bologna, 1-40127 Bologna, Italy
6bUniversity of Bologna, I-40127 Bologna, Italy
"University of California, Davis, Davis, California 95616, USA
8University of California, Los Angeles, Los Angeles, California 90024, USA
*Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain
1OCarnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
YEnrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA
2Comenius University, 842 48 Bratislava, Slovakia;
Institute of Experimental Physics, 040 01 Kosice, Slovakia
B Joint Institute for Nuclear Research, RU-141980 Dubna, Russia
“Duke University, Durham, North Carolina 27708, USA
BSFermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
16University of Florida, Gainesville, Florida 32611, USA
YLaboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare,
1-00044 Frascati, Italy
I8University of Geneva, CH-1211 Geneva 4, Switzerland
19Glasgow University, Glasgow G12 80QQ, United Kingdom
“Harvard University, Cambridge, Massachusetts 02138, USA
2 Division of High Energy Physics, Department of Physics, University of Helsinki,
FIN-00014, Helsinki, Finland; Helsinki Institute of Physics, FIN-00014,
Helsinki, Finland
22University of Illinois, Urbana, Illinois 61801, USA
BThe Johns Hopkins University, Baltimore, Maryland 21218, USA
Institut fiir Experimentelle Kernphysik, Karlsruhe Institute of Technology,
D-76131 Karlsruhe, Germany
»Center for High Energy Physics: Kyungpook National University,
Daegu 702-701, Korea; Seoul National University, Seoul 151-742, Korea;
Sungkyunkwan University, Suwon 440-746, Korea;
Korea Institute of Science and Technology Information, Daejeon 305-806, Korea;
Chonnam National University, Gwangju 500-757, Korea;
Chonbuk National University, Jeonju 561-756,
Korea; Ewha Womans University, Seoul 120-750, Korea
*®Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley,
California 94720, USA
27University of Liverpool, Liverpool L69 7ZE, United Kingdom
28University College London, London WCIE 6BT, United Kingdom
P Centro de Investigaciones Energeticas Medioambientales y Tecnologicas,
E-28040 Madrid, Spain
OMassachusetts Institute of Technology, Cambridge,
Massachusetts 02139, USA
31University of Michigan, Ann Arbor, Michigan 48109, USA
32Michigcm State University, East Lansing, Michigan 48824, USA
B Institution for Theoretical and Experimental Physics, ITEP, Moscow 117259, Russia
34University of New Mexico, Albuquerque, New Mexico 87131, USA
®The Ohio State University, Columbus, Ohio 43210, USA
36Okayama University, Okayama 700-8530, Japan
Y 0saka City University, Osaka 558-8585, Japan
38University of Oxford, Oxford OX1 3RH, United Kingdom
3y stituto Nazionale di Fisica Nucleare, Sezione di Padova,
[-35131 Padova, Italy
39bUm'versiz‘y of Padova, 1-35131 Padova, Italy
4OUniversizy of Pennsylvania, Philadelphia, Pennsylvania 19104, USA
Harsituto Nazionale di Fisica Nucleare Pisa, I-27100 Pavia, Italy

091101-2



RAPID COMMUNICATIONS

MEASUREMENT OF CENTRAL EXCLUSIVE ztz~ ... PHYSICAL REVIEW D 91, 091101(R) (2015)

41bUm'versity of Pisa, I-27100 Pavia, Italy
41CUm'versity of Siena, 1-27100 Pavia, Italy
Scuola Normale Superiore, 1-56127 Pisa, Italy
Y°INFN Pavia, 1-27100 Pavia, Italy
41fUniversity of Pavia, 1-27100 Pavia, Italy
42University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA
BPurdue University, West Lafayette, Indiana 47907, USA
44University of Rochester, Rochester, New York 14627, USA
BThe Rockefeller University, New York, New York 10065, USA
4 stituto Nazionale di Fisica Nucleare, Sezione di Roma 1, 1-00185 Roma, Italy
46bSapienza Universita di Roma, 1-00185 Roma, Italy
*"Mitchell Institute for Fundamental Physics and Astronomy, Texas A&M University,
College Station, Texas 77843, USA
a1 stituto Nazionale di Fisica Nucleare Trieste, 1-34127 Trieste, Italy
48bGruppo Collegato di Udine, 1-34127 Trieste, Italy
Y University of Udine, 1-33100 Udine, Italy, 1-34127 Trieste, Italy
48dUniversiZy of Trieste, 1-34127 Trieste, Italy
49University of Tsukuba, Tsukuba, Ibaraki 305, Japan
5OTufts University, Medford, Massachusetts 02155, USA
51University of Virginia, Charlottesville, Virginia 22906, USA
Waseda University, Tokyo 169, Japan

41d

"Deceased.
“V1s1tor from University of British Columbia, Vancouver, BC V6T 1Z1, Canada.

"Visitor from Istituto Nazionale di Fisica Nucleare, Sezione di Cagliari, 09042 Monserrato (Cagliari), Italy.
Vlsltor from University of California Irvine, Irvine, CA 92697, USA.

Visitor from Institute of Physics, Academy of Sciences of the Czech Republic, 182 21, Czech Republic.
Vlsltor from CERN, CH-1211 Geneva, Switzerland.

'Visitor from University of Cologne, 50937 Cologne, Germany.
ngSltOI' from Cornell University, Ithaca, NY 14853, USA.

"Visitor from University of Cyprus, Nicosia CY-1678, Cyprus.

Visitor from Deutsches Elektronen- Synchrotron DESY, 22607 Hamburg, Germany.
JVlsltor from Office of Science, U.S. Department of Energy, Washington, DC 20585, USA.

“Visitor from University College Dublin, Dublin 4, Ireland.

V1§1t0r from ETH, 8092 Ziirich, Switzerland.

"Visitor from Institute for Nuclear Physics, Forschungszentrum Jiilich GmbH, 52425 Jiilich, Germany.
"Visitor from University of Fukui, Fukui City, Fukui Prefecture, Japan 910-0017.
°Visitor from Universidad Iberoamericana, Lomas de Santa Fe, México, C.P. 01219, Distrito Federal.
PVisitor from University of lIowa, lowa City, IA 52242, USA.
IVisitor from Kinki University, Higashi-Osaka City, Japan 577-8502.
"Visitor from Kansas State University, Manhattan, KS 66506, USA.

*Visitor from Brookhaven National Laboratory, Upton, NY 11973, USA.

Visitor from Istituto Nazionale di Fisica Nucleare, Sezione di Lecce, Via Arnesano, [-73100 Lecce, Italy.
“Visitor from Queen Mary, University of London, London, E1 4NS, United Kingdom.

"Visitor from University of Melbourne, Victoria 3010, Australia.

“Visitor from Muons, Inc., Batavia, IL 60510, USA.

*Visitor from Nagasaki Institute of Applied Science, Nagasaki 851-0193, Japan.

Visitor from National Research Nuclear University, Moscow 115409, Russia.

“Visitor from Northwestern University, Evanston, IL 60208, USA.

“Visitor from University of Notre Dame, Notre Dame, IN 46556, USA.

"®Visitor from Universidad de Oviedo, E-33007 Oviedo, Spain.

CCVlsltor from CNRS-IN2P3, Paris, F-75205 France.

ddyjisitor from Universidad Tecnica Federico Santa Maria, 110v Valparaiso, Chile.

“Visitor from The University of Jordan, Amman 11942, Jordan.

"Visitor from Universite catholique de Louvain, 1348 Louvain-La-Neuve, Belgium.

g"Vlsltor from University of Ziirich, 8006 Ziirich, Switzerland.

"Myisitor from Massachusetts General Hospital, Boston, MA 02114 USA.

iVisitor from Harvard Medical School, Boston, MA 02114 USA.

Jyisitor from Hampton University, Hampton, VA 23668, USA.

kalSltOI‘ from Los Alamos National Laboratory, Los Alamos, NM 87544, USA.

"Visitor from Universita degli Studi di Napoli Federico I, I-80138 Napoli, Italy.

091101-3



T. AALTONEN et al.

RAPID COMMUNICATIONS

PHYSICAL REVIEW D 91, 091101(R) (2015)

53Wayne State University, Detroit, Michigan 48201, USA
54Um'versity of Wisconsin, Madison, Wisconsin 53706, USA
>Yale University, New Haven, Connecticut 06520, USA
(Received 9 February 2015; published 29 May 2015)

We measure exclusive 7+

7z~ production in proton-antiproton collisions at center-of-mass energies

/s = 0.9 and 1.96 TeV in the Collider Detector at Fermilab. We select events with two oppositely charged
particles, assumed to be pions, with pseudorapidity |7| < 1.3 and with no other particles detected in
|| < 5.9. We require the z"z~ system to have rapidity |y| < 1.0. The production mechanism of these
events is expected to be dominated by double pomeron exchange, which constrains the quantum numbers

of the central state. The data are potentially valuable for isoscalar meson spectroscopy and for

understanding the pomeron in a region of transition between nonperturbative and perturbative quantum
chromodynamics. The data extend up to dipion mass M(z*z~) = 5000 MeV/c? and show resonance
structures attributed to f, and f,(1270) mesons. From the z*z~ and K"K~ spectra, we place upper limits

on exclusive y.(3415) production.

DOI: 10.1103/PhysRevD.91.091101

In quantum chromodynamics, the theory of strong
interactions between quarks and gluons, calculations of
hadronic interactions are most reliable in the perturbative
regime of high four-momentum transfer squared, i.e., for
distance scales much less than the size of hadrons, typically
1 fm. Diffractive processes with low transverse-momentum
(pr) [1] hadrons involve nonperturbative physics where
Regge theory describes scattering processes [2,3]. The data
presented in this paper, from proton-antiproton (pp)
collisions at /s = 0.9 and 1.96 TeV, extend the exper-
imental study of central exclusive production to above the
charmonium threshold, where the calculation of exclusive
. production by gluon fusion involves perturbative QCD
processes [4,5]. Elastic scattering and other diffractive
interactions are characterized by a large region of rapidity
[1], Ay (or Ay as an approximation), devoid of hadrons,
called a rapidity gap. Such processes are described in
Regge theory by the exchange of a pomeron, P, which at
leading order is a pair of gluons in a color-singlet state [2].

Central exclusive production is here defined to be
pp—pW @®X@p™, where X is a specific central
(lyx| < 1) state and @ represents a large region of rapidity,
1.3 < |y| <5.9, where no particles are detected. The
incident particles remain intact or dissociate diffractively
(p — p*) into undetected hadrons. In this study we do not
detect outgoing (anti)protons, and we include events where
they dissociate into hadrons with || > 5.9. With two large
rapidity gaps and central hadrons, the process is expected to
be dominated by double pomeron exchange, DPE [2,3].
Only at hadron colliders with center-of-mass energy /s >
50 GeV [6,7] are rapidity gaps larger than Ay = 3 possible
with central state masses M (X) up to about 2500 MeV /2.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOIL.

PACS numbers: 13.85.Ni, 13.75.Lb, 14.40.Be, 14.40.Lb

Calculations of the hadron mass spectrum in this domain
have large uncertainties and do not yet include resonances.
The CDF Collaboration reported the first observations of
exclusive P+ P — yy [8], and P+ P — y. using the
J/w +y decay mode [9], which can be calculated semi-
perturbatively through quark-loop diagrams [4,5,10—12].

In DIPE the central state X must have isotopic spin / = 0
(isoscalar) with positive parity, C-parity and G-parity, and
dominantly even spin J, so exclusive production of
Sosf2:xc02)» and ypo2) mesons is allowed. Thus, DPE
is a quantum number filter, favoring states having valence
gluons, such as glueballs, i.e., hadrons with no valence
quarks. Such states are expected in QCD, but 40 years after
being proposed [13], their existence is not established [14].
More measurements in different production modes and
decay channels should provide insight on the issue. In
addition to its role in meson spectroscopy, DPE studies
shed light on the nature of the pomeron. Data at different
collision energies provide additional tests of the theory; in
Regge theory the cross section for p + (z777) + p, with
the z 7~ in a fixed central region, decreases approximately
like 1/1In(s) [15,16].

The analysis reported here uses data from the CDF II
detector, a general purpose detector to study pp collisions at
the Fermilab Tevatron, and is described in detail elsewhere
[17]. Here we give a brief summary of the detector
components used in this analysis. Surrounding the beam
pipe is a tracking system consisting of silicon microstrip
detectors and a cylindrical drift chamber in a 1.4 Tesla
solenoidal magnetic field. The tracking system is close to
100% efficient at reconstructing the trajectories of isolated
charged particles with p; > 0.4 GeV/c and || < 1.3. A
barrel of time-of-flight (ToF) counters surrounds the drift
chamber for || < 0.9. The magnet coil is surrounded by the
central, end-wall (|57| < 1.32) and plug (1.32 < |5| < 3.64)
calorimeters. These scintillator/photomultiplier sampling
calorimeters have separate electromagnetic (EM) and had-
ronic (HAD) compartments with pointing tower geometry.
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Gas Cherenkov detectors (CLC) [18] covering 3.7 < || <
4.7 monitor the luminosity and are used in veto to reject
events with charged particles in that rapidity interval. Beam
shower counters (BSC) consisting of 1.7 radiation lengths of
lead followed by scintillation counters are located at
5.4 < |n| <5.9. The uninstrumented regions 4.7 < || <
5.4 contribute to the nonexclusive background.

The data collected at /s = 1.96 and 0.9 TeV correspond
to integrated luminosities of 7.23 and 0.075 pb~!, respec-
tively, with a 6% uncertainty. Only data-taking periods with
<4 inelastic collisions per bunch-crossing could be used.
The 0.9 TeV data are from a special 40 hour period in 2011,
with only three bunches of protons and antiprotons, and
with low luminosity per bunch. The first stage online event
selection (level-1 trigger) requires two calorimeter towers
(EM + HAD) in || < 1.3 to have E; 2 0.5 GeV, with a
veto on any signals in the BSC and CLC counters. A
higher-level trigger rejects events with any significant
energy deposit in the plug calorimeter. These requirements
retain events with activity exclusively in the central region
of the detector and reject most events with additional
inelastic interactions in the same bunch crossing.

We select events with two charged particles, each with
l7] < 1.3 and py > 0.4 GeV/c, and no other activity
significantly above noise levels in the full detector, to
[7] = 5.9. The noise levels are determined for each sub-
detector using bunch-crossing (zero-bias) triggers in which
no tracks or CLC hits are detected. We apply a requirement
(cut) both on the sum of all signals in each subdetector and
on the photomultiplier with the highest signal in each
calorimeter. As we do not detect the final-state (anti)
protons, the data include diffractive dissociation if all the
produced hadrons have |n| > 5.9, with higher p* masses
allowed at /s = 1.96 TeV than at 0.9 TeV.

As we only use bunch-crossings with no other visible
interaction, we define an effective integrated luminosity L.
This is determined from the probability that the full detector
is empty, in zero-bias events, using the above noise criteria,
as a function of the individual bunch luminosity Ly,
The distribution is exponential with the intercept consistent
with 1.0 and slope consistent with the expected visible
(In| < 5.9) fraction [19] of the inelastic cross section [20].
We find Loz = 1.16 (0.059) pb~! at /s = 1.96 (0.9) TeV,
with a 6.7% uncertainty.

We assume the particles to be pions and discuss
non-zz backgrounds later. We require |y(zz)| < 1.0
and study differential cross sections do/dM(zx) up to
5000 MeV/c?. The charged particle tracks are required to
have a good fit with > 25 hits in both the stereo and axial
layers of the drift chamber, with a y?/DoF < 2.5, to both
pass within 0.5 mm of the beam line in the transverse
plane and to be within 1 cm of each other in z at their
closest approach. This rejects cosmic ray background,
nonprompt pairs (e.g. K% — zz7) and events with
poorly measured tracks. Each track is projected to the
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calorimeter, where it is required to deposit an energy that
meets the trigger requirements. We suppress events with
neutral particles, or unreconstructed charged particles, by
requiring no other energy deposits in the central calo-

rimeters outside the cones \/An? + A¢? = 0.3 around the
extrapolated track positions.

The events with same-sign hadrons are approximately
6.5% of the total, and are rejected. These are nonexclusive
events with at least two undetected charged particles, either
due to an inefficiency or having very low p; with no
reconstructed track and no calorimetric energy above the
noise level.

There is also a background from opposite-sign hadron
pairs that are not 77z~ This is determined using the timing
information from the ToF counters, available only when
both particles have |57] < 0.9. Only 67% of all pairs have
both particles identified as z, K, or p, and for these
(89 £ 1)% are ntn~. As a check we restrict both tracks
to have || < 0.7, and then 90% of the pairs are identified;
there is no significant change in the composition. All the
spectra presented are for hadron pairs with assigned pion
masses and include non-ztz~ backgrounds. The final
sample contains 127 340 (6240) events at /s = 1.96
(0.9) TeV with two opposite-charge particles in the chosen
kinematic region, p; > 0.4 GeV/c and || < 1.3, and
with |y(zx)| < 1.0.

We present acceptance-corrected and normalized differ-
ential cross sections do/dM (zx) in two kinematic regions:
integrated over all py(zz) for M(zx) > 1000 MeV/c?
and integrated over pr(zz) > 1 GeV/c for M(nx) >
300 MeV/c?. The region with smaller p(zz) and
M (zr) has limited acceptance and trigger efficiency. We
calculate the acceptance and reconstruction efficiency by
generating single pions, simulating the CDF detector
response with a GEANT-3 Monte Carlo program [21],
and applying the selection criteria. This gives the four-
dimensional product of geometrical acceptance, detection
and reconstruction efficiencies, A[pr(z™), pr(z~),n(z"),
n(z~)], that we fit with an empirical smooth function. The
trigger efficiency is obtained from minimum-bias data,
selecting isolated tracks and determining the probability
that the towers hit by the particle fire the trigger.

To compute the event acceptance, we generate states
X = zx~, uniform in rapidity over |y(zz)| < 1.0, in
[M (), pr(zz)] bins, using a mass range M(zz) from
2m, to 5000 MeV/c? with py(zz) from 0 to 2.5 GeV/c
and with an isotropic z* z~ distribution in the X-frame. The
data, binned in M(zz) and py(nx), are divided by the
acceptance and L to obtain the differential cross sections.
The systematic uncertainty on the cross sections is domi-
nated by the luminosity (6%) and the choice of exclusivity
cuts, which affect both the candidate event selection and
L. These cuts are varied in the data over a reasonable
range, and the resulting systematic uncertainty is shown in
the plots as shading.
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FIG. 1 (color online). (a) Differential cross section do/dM (zrx)
for two charged particles, assumed to be z'z~, with
pr>04GeV/e, |n| <13 and |y(zz)| < 1.0 between two
rapidity gaps 1.3 < |§| <5.9. Red open circles for /s =
0.9 TeV and black points for /s = 1.96 TeV. (b) Ratio of cross
sections at /s = 0.9 and 1.96 TeV.

We first discuss differential cross sections for M (zz) >
1000 MeV/c? integrated over pr(zz); unless otherwise
stated we show only /s = 1.96 TeV data, which are more
abundant. Figures 1 and 2 show the differential cross
section as a function of M(zz) and the ratio of the cross
sections at /s = 0.9 and 1.96 TeV. The data show a peak
centered at 1270 MeV/c?> with a full width at half
maximum of approximately 200 MeV/c?, consistent with
the f,(1270) meson. The f(1370) may be the cause of the
shoulder on the high-mass side of the f,(1270). An abrupt
change of slope is observed at 1500 MeV/c?, as noted at
lower /s [6,7] where it is a dip, possibly due to interference
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FIG. 2. Differential cross section do/dM(zz) at /s =
1.96 TeV for two charged particles, assumed to be 7z, with
pr>04GeV/e, |n| <13 and |y(zz)| < 1.0 between two
rapidity gaps 1.3 < || < 5.9. Only statistical errors are shown;
systematic uncertainties contribute approximately 10% at all
masses. The lines show predictions of Ref. [23] with two different
pion form factors.
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FIG. 3 (color online). (a) Differential cross section at 1.96 TeV
in the stated region, with a fit to a fourth-order polynomial.
(b) Relative difference between data and fit as a function of
M(zn).

between resonances. Structures in the mass distribution are
observed up to approximately 2400 MeV/c?, suggesting
production of higher-mass resonances. Figure 3 shows the
mass region from 1600 MeV/c? to 3600 MeV/c?, with a
fit to a fourth-order polynomial. There is some structure up
to 2400 MeV/c?. Reference [22] lists five established
resonances above M = 1400 MeV /c? with seen 7z decays
and quantum numbers allowed in DPE reactions:
f0(1500), £, (1525), fo(1710), f,(1950), and f,(2050).
The f,(1500) and the f,(1710) are both considered to
be glueball candidates [14], but mixing with quarkonium
states complicates the issue. From 2400 to 5000 MeV/c?,
the data fall monotonically with M(zx), apart from the
small excess at 3100 MeV/c?, which is consistent with the
photoproduction reaction y + P — J/y — e*e™ [9].

The differential cross sections at the two energies are
similar in shape. The ratio R(0.9:1.96) of the differential
cross sections at 0.9 and 1.96 TeV is shown in Fig. 1(b),
and for 1000 < M(zx) < 2000 MeV it is R(0.9:1.96) =
1.284 £+ 0.039, consistent with the ratio of approximately
1.3 expected by Regge phenomenology (when both protons
are intact), which falls as 1/ In(s) [3,16]. However, our data
include dissociation, with higher masses M(p*) allowed at
Vs = 1.96 TeV, since we require gaps to 7 = £5.9 at both
energies. For 2000 < M (zz) < 3000 MeV R(0.9:1.96) =
1.560 + 0.056.

For pr(zz) > 1 GeV/c the acceptance extends down to
M(zr) = 300 MeV/c?; we show the acceptance-corrected
differential cross section in Fig. 4. This is approximately
uniform up to a sharp drop at M (zz) = 1000 MeV/c? seen
in previous experiments [3], where the f,(980) and the
KK~ threshold occur. The absence of a p° signal is
expected, as it is forbidden in DPE, and the cross section
for photoproduced p°-mesons is small, especially for
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FIG. 4. As Fig. 1 at /s =1.96 TeV, but with py(zz) >
1.0 GeV/c for which the acceptance extends to low M (zx).

pr > 1 GeV/c. Above M(nz) = 1000 MeV/c? the same
features are observed as in the full sample.

We previously observed exclusive ¥ production in the
J/w + y decay channel [9], but the mass resolution was not
sufficient to resolve the three y,. states, and the y.; and .,
mesons have much higher branching fractions to the J/y +
y final state than the y.(3415). If all the J/w + y events
were attributed to the y.(3415), do/dy|,_,=76+
10(stat) +=10(syst)nb. The y.(3415) decays to ztzn~
(0.56%) and K"K~ (0.61%), and the yx.(3510) and
¥(3556) mesons have smaller branching fractions to
these channels. In addition, the CDF II mass resolution
is approximately 25 MeV/c?, less than the mass difference
between these states. We do not see significant excesses
of events at M (zx) = 3415 MeV/c? or at M (zr) approx-
imately 3280 MeV/c?> where the KTK~ final state
would appear in this distribution. Using the known branch-
ing fractions [22], efficiency, and L., we find
do/dy|,_o(x.0) <355 (23.4) nb at 90% C.L. in the
atn~ (KT¥K~) decay channels, respectively. These limits
imply that <50% of our previous J/y + y events were
from the y.0(3415) [9].

Cross section values restricted to the kinematic range of
this measurement with M (zz) > 2600 MeV/c? have been
calculated in the DIME Monte Carlo [23]. There are large
uncertainties arising from the unknown zzP form factor in
this regime, but while this MC with an exponential form
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factor agrees with the data at 3000 MeV/c?, it predicts a
steeper M (nz) dependence and is lower than the data by a
factor of 3 at 5000 MeV/c?. The Orear-like form factor is
strongly disfavored, as illustrated in Fig. 2. We are not
aware of any predictions of the cross sections for exclusive
f0(980), f2(1270) mesons, other low-mass resonances, or
cross sections below 2500 MeV/c>.

In summary, we have measured exclusive 7zt 7~ produc-
tion with |y(zx)| < 1.0 and rapidity gaps over 1.3 < || <
59 in pp collisions at /s =09 and 1.96 TeV.
The cross section at /s = 1.96 TeV shows a sharp decrease
at 1000 MeV/c? (for py(zz) > 1GeV/c), a strong
f2(1270) resonance, and indications of other features of
uncertain origin at higher mass. The cross section at 0.9 TeV
is similar in shape but higher by a factor 1.2-1.6. As the
production is expected to be dominated by double pomeron
exchange, selecting isospin / = 0 and spin J = 0 or 2 states,
the data can be used to further our knowledge of the isoscalar
mesons. We have placed upper limits on exclusive y.
production using the ztz~ and K'K~ decay modes.
Measurements of DIPE mass spectra in other channels should
advance our understanding of scalar and tensor glueballs.
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