
Double parton scattering in p̄p collisions at As51.8 TeV

F. Abe,17 H. Akimoto,36 A. Akopian,31 M. G. Albrow,7 S. R. Amendolia,27 D. Amidei,20 J. Antos,33 S. Aota,36

G. Apollinari,31 T. Asakawa,36 W. Ashmanskas,18 M. Atac,7 F. Azfar,26 P. Azzi-Bacchetta,25 N. Bacchetta,25 W. Badgett,20

S. Bagdasarov,31 M. W. Bailey,22 J. Bao,39 P. de Barbaro,30 A. Barbaro-Galtieri,18 V. E. Barnes,29 B. A. Barnett,15

M. Barone,9 E. Barzi,9 G. Bauer,19 T. Baumann,11 F. Bedeschi,27 S. Behrends,3 S. Belforte,27 G. Bellettini,27 J. Bellinger,38

D. Benjamin,35 J. Benlloch,19 J. Bensinger,3 D. Benton,26 A. Beretvas,7 J. P. Berge,7 J. Berryhill,5 S. Bertolucci,9

B. Bevensee,26 A. Bhatti,31 K. Biery,7 M. Binkley,7 D. Bisello,25 R. E. Blair,1 C. Blocker,3 A. Bodek,30 W. Bokhari,19

V. Bolognesi,2 G. Bolla,29 D. Bortoletto,29 J. Boudreau,28 L. Breccia,2 C. Bromberg,21 N. Bruner,22 E. Buckley-Geer,7

H. S. Budd,30 K. Burkett,20 G. Busetto,25 A. Byon-Wagner,7 K. L. Byrum,1 J. Cammerata,15 C. Campagnari,7

M. Campbell,20 A. Caner,27 W. Carithers,18 D. Carlsmith,38 A. Castro,25 D. Cauz,27 Y. Cen,30 F. Cervelli,27 P. S. Chang,33

P. T. Chang,33 H. Y. Chao,33 J. Chapman,20 M.-T. Cheng,33 G. Chiarelli,27 T. Chikamatsu,36 C. N. Chiou,33

L. Christofek,13 S. Cihangir,7 A. G. Clark,10 M. Cobal,27 E. Cocca,27 M. Contreras,5 J. Conway,32 J. Cooper,7 M. Cordelli,9

C. Couyoumtzelis,10 D. Crane,1 D. Cronin-Hennessy,6 R. Culbertson,5 T. Daniels,19 F. DeJongh,7 S. Delchamps,7

S. Dell’Agnello,27 M. Dell’Orso,27 R. Demina,7 L. Demortier,31 M. Deninno,2 P. F. Derwent,7 T. Devlin,32 J. R. Dittmann,6

S. Donati,27 J. Done,34 T. Dorigo,25 A. Dunn,20 N. Eddy,20 K. Einsweiler,18 J. E. Elias,7 R. Ely,18 E. Engels, Jr.,28

D. Errede,13 S. Errede,13 Q. Fan,30 G. Feild,39 C. Ferretti,27 I. Fiori,2 B. Flaugher,7 G. W. Foster,7 M. Franklin,11

M. Frautschi,35 J. Freeman,7 J. Friedman,19 H. Frisch,5 Y. Fukui,17 S. Funaki,36 S. Galeotti,27 M. Gallinaro,26 O. Ganel,35

M. Garcia-Sciveres,18 A. F. Garfinkel,29 C. Gay,11 S. Geer,7 D. W. Gerdes,15 P. Giannetti,27 N. Giokaris,31 P. Giromini,9

G. Giusti,27 L. Gladney,26 D. Glenzinski,15 M. Gold,22 J. Gonzalez,26 A. Gordon,11 A. T. Goshaw,6 Y. Gotra,25 K. Goulianos,31

H. Grassmann,27 L. Groer,32 C. Grosso-Pilcher,5 G. Guillian,20 R. S. Guo,33 C. Haber,18 E. Hafen,19 S. R. Hahn,7

R. Hamilton,11 R. Handler,38 R. M. Hans,39 F. Happacher,9 K. Hara,36 A. D. Hardman,29 B. Harral,26 R. M. Harris,7

S. A. Hauger,6 J. Hauser,4 C. Hawk,32 E. Hayashi,36 J. Heinrich,26 B. Hinrichsen,14 K. D. Hoffman,29 M. Hohlmann5

C. Holck,26 R. Hollebeek,26 L. Holloway,13 S. Hong,20 G. Houk,26 P. Hu,28 B. T. Huffman,28 R. Hughes,23 J. Huston,21

J. Huth,11 J. Hylen,7 H. Ikeda,36 M. Incagli,27 J. Incandela,7 G. Introzzi,27 J. Iwai,36 Y. Iwata,12 H. Jensen,7 U. Joshi,7

R. W. Kadel,18 E. Kajfasz,25 H. Kambara,10 T. Kamon,34 T. Kaneko,36 K. Karr,37 H. Kasha,39 Y. Kato,24

T. A. Keaffaber,29 K. Kelley,19 R. D. Kennedy,7 R. Kephart,7 P. Kesten,18 D. Kestenbaum,11 H. Keutelian,7 F. Keyvan,4

B. Kharadia,13 B. J. Kim,30 D. H. Kim,7,* H. S. Kim,14 S. B. Kim,20 S. H. Kim,36 Y. K. Kim,18 L. Kirsch,3

P. Koehn,23 K. Kondo,36 J. Konigsberg,8 S. Kopp,5 K. Kordas,14 A. Korytov,8 W. Koska,7 E. Kovacs,7,* W. Kowald,6

M. Krasberg,20 J. Kroll,7 M. Kruse,30 T. Kuwabara,36 S. E. Kuhlmann,1 E. Kuns,32 A. T. Laasanen,29 S. Lami,27 S. Lammel,7

J. I. Lamoureux,3 M. Lancaster,18 T. LeCompte,1 S. Leone,27 J. D. Lewis,7 P. Limon,7 M. Lindgren,4 T. M. Liss,13

J. B. Liu,30 Y. C. Liu,33 N. Lockyer,26 O. Long,26 C. Loomis,32 M. Loreti,25 J. Lu,34 D. Lucchesi,27 P. Lukens7 S. Lusin,38

J. Lys,18 K. Maeshima,7 A. Maghakian,31 P. Maksimovic,19 M. Mangano,27 J. Mansour,21 M. Mariotti,25

J. P. Marriner,7 A. Martin,39 J. A. J. Matthews,22 R. Mattingly,19 P. McIntyre,34 P. Melese,31 A. Menzione,27 E. Meschi,27

S. Metzler,26 C. Miao,20 T. Miao,7 G. Michail,11 R. Miller,21 H. Minato,36 S. Miscetti,9 M. Mishina,17 H. Mitsushio,36

T. Miyamoto,36 S. Miyashita,36 N. Moggi,27 Y. Morita,17 A. Mukherjee,7 T. Muller,16 P. Murat,27 H. Nakada,36 I. Nakano,36

C. Nelson,7 D. Neuberger,16 C. Newman-Holmes,7 C-Y. P. Ngan,19 M. Ninomiya,36 L. Nodulman,1 S. H. Oh,6

K. E. Ohl,39 T. Ohmoto,12 T. Ohsugi,12 R. Oishi,36 M. Okabe,36 T. Okusawa,24 R. Oliveira,26 J. Olsen,38 C. Pagliarone,27

R. Paoletti,27 V. Papadimitriou,35 S. P. Pappas,39 N. Parashar,27 S. Park,7 A. Parri,9 J. Patrick,7 G. Pauletta,27

M. Paulini,18 A. Perazzo,27 L. Pescara,25 M. D. Peters,18 T. J. Phillips,6 G. Piacentino,27 M. Pillai,30 K. T. Pitts,7 R. Plunkett,7

L. Pondrom,38 J. Proudfoot,1 F. Ptohos,11 G. Punzi,27 K. Ragan,14 D. Reher,18 A. Ribon,25 F. Rimondi,2 L. Ristori,27

W. J. Robertson,6 T. Rodrigo,27 S. Rolli,37 J. Romano,5 L. Rosenson,19 R. Roser,13 T. Saab,14 W. K. Sakumoto,30

D. Saltzberg,5 A. Sansoni,9 L. Santi,27 H. Sato,36 P. Schlabach,7 E. E. Schmidt,7 M. P. Schmidt,39 A. Scribano,27

S. Segler,7 S. Seidel,22 Y. Seiya,36 G. Sganos,14 M. D. Shapiro,18 N. M. Shaw,29 Q. Shen,29 P. F. Shepard,28 M. Shimojima,36

M. Shochet,5 J. Siegrist,18 A. Sill,35 P. Sinervo,14 P. Singh,28 J. Skarha,15 K. Sliwa,37 F. D. Snider,15 T. Song,20

J. Spalding,7 T. Speer,10 P. Sphicas,19 F. Spinella,27 M. Spiropulu,11 L. Spiegel,7 L. Stanco,25 J. Steele,38 A. Stefanini,27
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A strong signal for double parton~DP! scattering is observed in a 16 pb21 sample ofp̄p→g/p013 jets
1X data from the CDF experiment at the Fermilab Tevatron. In DP events, two separate hard scatterings take
place in a singlep̄p collision. We isolate a large sample of data (;14 000 events) of which 53% are found to
be DP. The process-independent parameter of double parton scattering,seff , is obtained without reference to
theoretical calculations by comparing observed DP events to events with hard scatterings in separatep̄p
collisions. The resultseff5(14.561.722.3

11.7) mb represents a significant improvement over previous measure-
ments, and is used to constrain simple models of parton spatial density. The Feynmanx dependence ofseff is
investigated and none is apparent. Further, no evidence is found for kinematic correlations between the two
scatterings in DP events.@S0556-2821~97!01619-6#

PACS number~s!: 13.87.Ce, 12.38.Qk, 13.85.Ni, 14.20.Dh

I. INTRODUCTION

Traditionally, studies of proton structure atp̄p colliders
have focused on the kinematics of individual parton constitu-

ents, e.g., on the character and evolution of the structure
functions. New and complementary information on the struc-
ture of the proton can be obtained by identifying and analyz-
ing events in which two parton-parton hard scatterings take
place within onep̄p collision. This process, double parton
scattering@1#, provides information on both the spatial dis-
tribution of partons within the proton, and on possible*Visitor.

3812 56F. ABE et al.



parton-parton correlations, topics difficult to address within
the framework of perturbative QCD. Both the absolute rate
for the double parton~DP! process, and any dynamics that
correlations may introduce, are therefore of interest. Further-
more, an understanding of DP is important for estimating
backgrounds to such processes as diboson~W1W2, etc.! and
boson 1 jets production, and for making accurate predic-
tions of hard-scattering rates at future high energy hadron
colliders such as the CERN Large Hadron Collider~LHC!.

A DP scattering occuring within ap̄p collision is illus-
trated schematically in Fig. 1. In the simplest model, DP
produces a final state that mimics a combination of two in-
dependent scatterings. It is customary@2–5# to express the
cross section for this process as the product of the cross
sections for the individual hard scatterings divided by a scal-
ing factor,seff , with units of area. For the DP process com-
prised of scatteringsA andB,

sDP[m
sAsB

2seff
. ~1!

The factor of one-half, also customary, incorporates the as-
sumption that the number of parton-parton interactions per
collision is distributed according to Poisson statistics@6#.
The m factor has the valuem52 whenA andB are distin-
guishable scatterings, andm51 when they are indistinguish-
able @7#.

The process-independent parameterseff contains the in-
formation on the spatial distribution of partons@8#. In Eq.
~1!, sB /(2seff) is the probability of hard scatteringB taking
place givenA, and this will be larger or smaller depending
on the parton spatial density. If the parton density were
‘‘clumpy,’’ with partons concentrated within small regions
inside the proton,B would be more likely to occur givenA,
because theA scattering preselectsp̄p collisions in which
‘‘clumps’’ have overlapped. By contrast, a uniform parton
density throughout the proton would produce a largerseff
and a smallersDP, since apart from trivial geometric effects
~Sec. IX A! the presence ofA would not increase the prob-
ability of B. Based on this simple ‘‘solid sphere’’ model of

proton structure, and the measured inelasticp̄p cross section
at As51.8 TeV @9#, the expected value forseff is '11 mb.

Previous measurements ofseff have come from the AFS,
UA2, and Collider Detector at Fermilab~CDF! experiments.
Each experiment searched a four-jet data sample, for which
the DP signature is an uncorrelated pair of two-jet systems
~two dijets! in the final state. For these measurements them
factor in Eq.~1! is unity. The CDF analysis of Ref.@5#, using
jets with momentum transverse to the beam direction (pT)
above 25 GeV/c, found evidence for DP scattering at the
level of 5.422.0

11.6% of the events. The value extracted forseff

was 12.125.4
110.7 mb. The AFS experiment measured

seff;5 mb @3#, while UA2 chose to place a lower limit of
seff.8.3 mb at 95% C.L.@4#.

This paper documents a measurement of the DP process
from the Collider Detector at Fermilab~CDF!. A summary
of this extensive analysis is given in Ref.@10#. The final state
studied is photon1 3 jets (1X). From this point on, unless
specifically stated otherwise, ‘‘photon’’ is taken to mean ei-
ther a single direct photon~g!, or multiple photons from
neutral meson decay in jet fragmentation which approxi-
mately mimic a single photon (p0). In this final state, the DP
process is comprised of a photon-jet scattering and a dijet
scattering. This leads to two observable configurations yield-
ing a photon1 3 jets: a photon1 1 jet system overlaid with
both jets from the dijet, or a photon1 2 jets system~one jet
from gluon bremsstrahlung! plus one observed jet from the
dijet. These two types of DP events are illustrated in Fig. 2.
The single parton-parton~SP! scattering background is
photon-jet production with bremsstrahlung radiation of two
gluons. Compared to the previous CDF analysis, the photon
1 3 jet dataset has two advantages:~1! the jets are accepted
down to low energies where the cross section for the dijet

FIG. 1. Schematic diagram of double parton scattering inp̄p
collisions. Two pairs of partons undergo hard scatterings; the scat-
terings are labeledA andB, and the Feynmanx’s of the four initial
state partons are labeled by the baryon from which they originate
and the scattering to which they contribute.

FIG. 2. Schematic diagrams of the photon1 3 jet final state
produced in a singlep̄p collision. ~a! SP production, in which a
single hard scattering takes place.~b! DP consisting of photon11
jet production overlaid with dijet production.~c! DP consisting of
photon1 2 jet production overlaid with dijet production, where
one of the two jets of the dijet is not seen in the detector.
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scattering in DP is large; and~2! the better energy measure-
ment of photons at CDF~relative to jets! aids in distinguish-
ing DP from SP. In consequence, the present analysis ben-
efits from a substantial DP event sample and an order of
magnitude improvement in the ratio of DP to SP events over
the earlier CDF study. These improvements have permitted
an investigation of the kinematic dependence ofseff and a
search for correlations between the two scatterings. Addi-
tionally, a new technique for extractingseff has been devel-
oped, which is independent of theoretical input and its un-
certainties.

The structure of this paper is as follows. The method for
obtaining seff is outlined in Sec. II. The data sample and
models for signals and backgrounds are described in Secs. III
and IV. Distinguishing kinematic variables are discussed in
Sec. V. In Secs. VI and VII we determine the numbers of
double parton events and multiple collision ‘‘pile-up’’ events
in our data sample, and use these in Sec. VIII to deriveseff .
In Sec. IX the measured value ofseff is used to constrain
simple models of parton spatial density, and searches for
possible Feynmanx dependence ofseff and kinematic cor-
relations between the two scatterings are conducted. Lastly, a
series of appendices describe the following aspects of the
analysis in detail: the properties of low energy jets at CDF
~Appendix A!, higher order backgrounds to DP~Appendix
B!, and additional details on theseff extraction technique
~Appendix C!.

II. METHOD FOR EXTRACTING seff

In previous analysesseff has been derived from measured
DP cross sections, using QCD calculations of the two cross
sections in Eq.~1!. Theoretical calculations of dijet and pho-
ton production suffer from sizable uncertainties@11,12#. In
the present analysis,seff is extracted independently of
theory, through a comparison of the number of observed DP
events to the number of events with hard scatterings at two
separatep̄p collisions within the same beam crossing. This
latter class of events will be referred to as double interactions
~DI’s!. Because this method does not rely on theoretical in-
put, it represents a substantial advance over previous mea-
surements.

The DI process, with a photon1 1 or 2 jets at one colli-
sion, and 1 or 2 jets at another, is shown schematically in
Figs. 3~b! and 3~c!. Note that not all events with two colli-
sions, such as the event shown in Fig. 3~a!, are considered
DI’s, only those with hard scatterings at both collisions. DI
events should be kinematically identical to DP events if scat-
terings in the DP process are uncorrelated.

We now relate DP and DI production. Given a beam
crossing with two non-single-diffractive~NSD! inelastic p̄p
collisions, the probability for a DI in that crossing is

Probability for DI52S sg/p0

sNSD
D S sJ

sNSD
D . ~2!

In symbolic fashion, we writesg/p0 and sJ as the cross
sections for producingg/p011 or 2 jets, and 1 or 2 jets,
respectively, which taken together yieldg/p013 jet events.
These cross sections do not need to be specified in more
detail~see below!. The cross section for NSDp̄p interactions

is writtensNSD. The factor of 2 is combinatorial: the photon
and jet scatterings can be ordered in two ways with respect to
the two collisions. The number of DI events, to first order, is
this probability multiplied by the number of beam crossings
with 2 NSD collisions,Nc(2):

NDI52S sg/p0

sNSD
D S sJ

sNSD
DNc~2!. ~3!

Following the same line of argument, we predict the number
of DP events. For the purposes of this derivation we assume
that DP events have one collision per beam crossing. In Ap-
pendix C, we demonstrate that them factor in Eq.~1! is 2 for
the photon1 3 jet final state used in this analysis. Thus,
given a beam crossing with one NSD collision, the probabil-
ity for DP and the number of DP events are to first order

Probability for DP5
sDP

sNSD
5

sg/p0sJ

seffsNSD
, ~4!

NDP5S sg/p0sJ

seffsNSD
DNc~1!, ~5!

whereNc(1) is the number of beam crossings with a single
NSD p̄p collision. We take the ratio of Eqs.~3! and~5! and
solve forseff :

seff5S NDI

NDP
D S Nc~1!

2Nc~2! DsNSD. ~6!

FIG. 3. Schematic diagrams of the photon1 3 jet final state
produced in events with twop̄p collisions.~a! SP production at one
collision togther with an inelastic~soft! second collision.~b! DI
production consisting of a photon1 1 jet scattering from one col-
lision overlaid with a dijet from the second.~c! DI production con-
sisting of a photon1 2 jet scattering from one collision overlaid
with a dijet from the second, where one of the two jets of the dijet
is not seen in the detector.
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In the above,sg/p0 and sJ , the cross sections which are
uncertain theoretically, have cancelled. Of the remaining pa-
rameters,sNSD is known@9#, and the numbers of eventsNDP
and NDI will be measured. The number of beam crossings
with n NSD collisions,Nc(n), is calculable: for a given
amount of data taken at some instantaneous Tevatron lumi-
nosity, Nc(n) is a Poisson distribution inn, with meann
given by sNSD, the instantaneus luminosity, and the Teva-
tron beam crossing frequency. Modifications to Eq.~6! re-
sulting from the efficiency for identifying collisions and
event acceptance are discussed in Sec. VIII and Appendix C.

III. DATA SAMPLES

Data were taken with the CDF detector, which is de-
scribed in detail elsewhere@13#. We outline here the detector
components important for this analysis. The location of the
collision vertex~or vertices! along the beam line is estab-
lished with a set of time projection chambers~VTX ! around
the beam pipe. The momenta of charged particles are recon-
structed in the central tracking chamber~CTC!, a cylindrical
drift chamber immersed in a 1.4 T axial magnetic field. Pho-
tons are detected in the central calorimeter which spans 2p in
f and 61.1 in pseudorapidityh. Projective towers in the
calorimeter are divided into electromagnetic~EM! and had-
ronic ~HAD! compartments. A strip chamber~CES! embed-
ded in the EM calorimeter near shower maximum measures
transverse shower profiles. A set of preradiator chambers
~CPR! located in front of the central calorimeter counts pho-
ton conversions. The plug and forward calorimeters extend
coverage for jet identification touhu,4.2. Instantaneous lu-
minosity measurements are accomplished using a pair of up-
and down-stream scintillator hodoscopes~BBC counters!.
The CDF coordinate system defines thez axis along the
beam line, and the polar angle with respect to this axis isu.

The data sample consists of an integrated luminosity of
16 pb21 accumulated in the 1992–3 Collider Run. Average
instantaneous luminosity for this running period was ap-
proximately 2.731030(cm2 sec)21. Data were taken with an
inclusive photon trigger which required a transverse energy
deposition@ET5E sin(u)# in the central calorimeter above
16 GeV, predominantly in the EM compartment, with trans-
verse energy flow consistent with a photon shower@14#. The
trigger also required less than 4 GeV of additional calorim-
eterET (EM1HAD) in a cone ofDR,0.7 around the pho-
ton candidate (DR5ADh21Df2). Off-line, photon candi-
dates were required to haveuhu,0.9 to ensure good
containment in the central calorimeter, and a correction for
trigger inefficiency as a function of photonET was applied
@15#. Accepted events include both single direct photons and
merged multiple photons. A second trigger sample of interest
is the minimum bias dataset, collected by requiring coinci-
dent signals in both sets of BBC counters.

No jets were required in the trigger. Off-line, jet recon-
struction @16# was performed using a cone of radius 0.7 in
~h,f! to define jetET . Jet ET’s were corrected for the re-
sponse of the calorimeter as a function ofh but not for en-
ergy losses~such as from calorimeter nonlinearlity and un-
instrumented regions!. Events having three and only three
jets with ET.5 GeV, anywhere in the calorimeter, were ac-

cepted. In decreasing order ofET , the transverse energies of
the three jets areET(1), ET(2), andET(3). Thephoton and
jets were required to be separated byDR.0.8, and pairs of
jets by DR.0.7. A further requirement ofET,7 GeV was
made on the two lowestET jets. This enhances DP over SP,
since theET spectrum of the DP jets is softer than the SP
background~Sec. VI!.

The events were subdivided into double parton and
double interaction candidate samples based on the number of
observedp̄p collisions per crossing. The requirement for DP
candidates was a single collision vertex found in the VTX,
and the requirement for DI candidates was two VTX verti-
ces. No additional VTX vertices were allowed. These candi-
date samples, passing all the selection criteria discussed
above, are referred to as the 1VTX and 2VTX data sets. A
total of 13 747 events in the 1VTX sample and 4904 events
in the 2VTX sample pass all requirements. After the trigger
efficiency correction the effective number of events is 16 853
and 5983. These numbers are reiterated in Table I, along
with the uses to which the data sets will be put.~Additional
data sets described in Secs. VI and VII are also summarized
in Table I.!

The two least energetic jets in the 1VTX and 2VTX data
sets have lowerET than the jets of previously published CDF
measurements@17#. As a result, the interpretation of these
objects as products of hard scatterings must be justified; this
we do in Appendix A. We find that 5 GeV jets are the result
of real jet production, as opposed to instrumental effects. We
note, however, that detector response is poor at such low
ET’s: for partonET;5 GeV, ET losses amount to 20%, calo-
rimeter resolution is 2 GeV and jet-finding efficiency is 30%.
As a result, the relationship between the partonic and ob-
served jet properties is complicated and uncertain. Also, at
low energies, perturbative QCD calculations for jet cross
sections may not be reliable. The virtue of this analysis is
that theseff measurement is independent of these concerns,
since all comparisons to theoretical cross section calculations
are avoided. The presence of observedg/p013 jet systems
in DP and DI events in data is all that is required to obtain
seff .

IV. MODELS FOR SIGNAL AND BACKGROUND

To identify the presence of the DP process in our data,
and to extractseff , predictions are required for the properties
of the DP and DI processes, and for the SP background to the
2VTX sample @Fig. 3~a!#. Models for these processes are
described below, and their uses are summarized in Table I.

Models were obtained by combining pairs of CDF events.
For the DP and DI models, referred to asMIXDP andMIXDI ,
CDF inclusive photon events were mixed with minimum
bias events, with both sets of events required to have a single
VTX vertex and>1 jet. The resulting mixed events, which
by construction include at least one jet from each ‘‘ingredi-
ent event,’’ were required to pass theg/p013 jet event se-
lection. The mixing process is illustrated in Fig. 4. We find
that roughly 75% of these events have a single reconstructed
jet, rather than a dijet, from the minimum bias ingredient
event. TheMIXDP andMIXDI models differ only in the size of
the ‘‘underlying event’’ energy contribution to the jets and
photon, which arises from soft interactions among spectator
partons in thep and p̄. Studies of the DP candidate sample
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indicate that a typical single collision underlying event is
present in these events, whereas for DI events with twop̄p
collisions approximately twice that level is seen@18#. This
difference has an impact primarily on event acceptance~Sec.
VIII !. We note that, by construction, the DP model assumes
independent scatterings.

The non-DI background in the 2VTX sample@Fig. 3~a!#
consists of multiple collision events in which ag/p013 jets
hard scattering is accompanied by a secondp̄p collision
without a hard scattering~specifically, with no jet above 5
GeV ET!. The model for this background,MIX2V , was ob-
tained by mixing single vertexg/p013 jet events and mini-
mum bias events without jets, again with an underlying event
energy appropriate for events with two collisions.

These data-derived models alone are used to determine
the numbers of DP and DI events in data. As a cross check,
however, a prediction for the SP background to the 1VTX
dataset@Fig. 2~a!# was obtained from thePYTHIA Monte
Carlo program@19#. To ensure that both theg andp0 events
in our data were modeled,PYTHIA Version 5.702 was used to
generate all 2→2 partonic processes, with structure function
CTEQ2M (m25pT

2). Multiple parton scatterings within the
p̄p collision were disabled. Event generation was followed
by detector simulation@20#, event reconstruction, and event
selection.

V. DISTINGUISHING VARIABLES

To differentiate between the DP and SP processes in data,
we exploit the independence and pairwise momentum bal-
ance of the two scatterings in DP events. A set of six vari-
ables with distinguishing power was identified. The first
three are thef angles between the photon and the three jets.
The fourth,ET(1)/ET(g), the ratio of lead jet and photon
ET’s, is sensitive to the level of momentum balance between
the two highestET objects. The fifth and sixth variables,S
andDS, were used in the previous CDF analysis@5#. S rep-
resents the significance of pairwise momentum imbalance. It

FIG. 4. Schematic diagram ofMIXDP mixing. Four constructions
of MIXDP events are shown.~a! A CDF photon1 1 jet event mixed
with a CDF dijet event.~b! A photon 1 2 jet event mixed with a
dijet event where one of the two jets of the dijet is not seen in the
detector.~c! A photon1 1 jet event mixed with a double-dijet DP
event where one jet of each dijet is lost.~d! A DP event in the
~photon11 jet!1dijet final state with one jet from the dijet lost,
mixed with a dijet event with one jet lost. Configurations~c! and~d!
model triple parton scattering events.

TABLE I. Summary of the data sets, selection criteria, and models for signal and background used in the
identification of the double parton~DP! and double interaction~DI! processes. In all cases theg/p013 jet
final state is modeled, with photonET.16 GeV and jetET.5 GeV. Unless indicated otherwise, jets are
accepted within the full CDF calorimeter (uhu,4.2). The search for DP~DI! is conducted in datasets and
models with a single~two! observedp̄p vertex. ThePYTHIA shower Monte Carlo program is used as a
crosscheck only.

Process
studied

Data sets and
selection criteria

No. events
in data

Model for
signal

Model for
background

1VTX A set: 16853
DP, 5,ET(2),7 GeV MIXDP event mixing, PYTHIA shower MC,
in 1 VTX >1 jet from each event. SPg/p013 jets.
vertex 1VTX B set: 3727 Underlying eventET Underlying eventET

events 7,ET(2),9 GeV from 1p̄p collision. from 1 p̄p collision.

DP enriched: 2575
5,ET(2),7 GeV,
DS,1.2

2VTX: 5983
DI, 5,ET(2),7 GeV MIXDI event mixing, MIX2V event mixing,
in 2 VTX >1 jet from each event. g/p013 jets from one event.
vertex Jet origin: 1333 Underlying eventET Underlying eventET

events ET(2).5 GeV, from p̄p collisions. from 2p̄p collisions.
uhu,1.3 for all jets,
>1 CTC track per jet
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is also used to dissociate theg/p013 jet event into a
g/p011 jet system and a dijet, based on the best achieved
pairwise balance. Theg/p0 and 3 jets are grouped into two
pairs,g/p01 jet i and jet j 1 jet k, and the following quan-
tity is formed:

S5
1

&
AS upW T~g,i !u

dpT~g,i ! D
2

1S upW T~ j ,k!u
dpT~ j ,k! D

2

, ~7!

where pW T(g,i ) and pW T( j ,k) are the transverse momenta of
the two two-body systems anddpT(g,i ) and dpT( j ,k) the
corresponding uncertainties. Three pairings are possible, and
the minimumS is selected. Most often in the data~87% of
the time! S is minimized by pairing the photon with the
highestET jet.

The last variable,DS, is the azimuthal angle between the
pT vectors of the minimum-S pairs. This is illustrated in Fig.
5. In SP events, momentum conservation biasesDS towards
180°, while in DP events theDS distribution is flatter.

These six variables are kinematically correlated to one
another to varying degrees. Correlations were tested using
the PYTHIA andMIXDP models. For each model, events were
weighted so as to produce significant changes in one of the
distinguishing distributions. Changes in the remaining five
distributions were then noted, and were found to be small on
the scale of the differences in the distributions for the two
models~Sec. VI!.

VI. MEASUREMENT OF THE NUMBER OF DOUBLE
PARTON EVENTS

Distributions of the six distinguishing variables for 1VTX
data are shown in Fig. 6. Also shown for comparison are
distributions from MIXDP ~DP model! and PYTHIA ~SP
model!. It is clear, most notably from the two variables with
greatest sensitivity to DP,DS anddf(g, jet 1), that neither

model alone describes the data@21#. From a visual inspection
of the six distributions, an admixture of approximately 50%
DP 1 50% PYTHIA ~we write this asf DP550%! would best
match the data in every case.

In previous analyses, DP was identified by an actual fit of
kinematic distributions to admixtures of DP and SP Monte
Carlo models. This approach introduces model dependence,
specifically~applied to this analysis! on thePYTHIA predic-
tion for SP, which is derived from theoretical calculations
and phenomenological models which are uncertain. To avoid
such model dependence, the number of DP events in the
1VTX data was determined using a background subtraction
technique developed for this analysis. This technique statis-
tically subtracts SP background from the 1VTX data through
the use of a second CDF photon1 3 jet dataset, chosen to be
somewhat poorer in DP. This ‘‘two-data-set’’ method does
not invoke any prediction or model for the SP component of
the data, but relies only on a comparison of the distributions
of distinguishing variables for the two data samples and
MIXDP.

We give here a brief outline of the two-data-set method,
and provide a full description in Sec. VI A. Twog/p013 jet
selection criteria are applied to data, such that the resulting
data sets,A andB, differ in their signal fractions, i.e., in the
ratio of the number of DP events to total events (f DP

A

Þ f DP
B ). Distributions of a distinguishing variable, for ex-

ampleDS, are plotted for both samples. TheB plot is then
scaled by a parameterk and subtracted from theA plot, with
k varied until the ‘‘A2kB’’ plot has the shape of theMIXDP

prediction for this variable. With this value ofk, the subtrac-
tion has cancelled the SP component of theA plot, leaving
only the DP distribution. The values off DP

A and f DP
B are then

extracted fromk. This method is illustrated in Fig. 7.
The DP-rich and DP-poor photon1 3 jet data sets were

selected as follows. TheA sample is the standard 1VTX
dataset. TheB sample is the same asA with a single change:
we require 7,@ET(2),ET(3)#,9 GeV instead of
5,@ET(2),ET(3)#,7 GeV ~Table I!. Requiring higher jet
energies reduces the DP to SP ratio. This is seen in Fig. 8~a!,
which comparesET(2) spectra forMIXDP and data events
passing the 1VTX selection criteria, apart from the upper
limit on ET(2) andET(3). Theratio of spectra is plotted in
Fig. 8~b!. The second jet inMIXDP events is seen to have a
softer spectrum than the data. Since the data are believed to
be an admixture of DP and SP processes, we conclude that
theET spectrum for DP jets is softer than the spectrum of the
radiated jets in SP events@22#. This difference in spectra is
the justification for theET(2),ET(3),7 GeV selection re-
quirement applied to the 1VTX and 2VTX event samples.
Selecting elsewhere on this spectrum creates a dataset with a
different signal fraction.

A. Description of the ‘‘two-data-set’’ method

The two-data-set technique is a general approach to the
problem of identifying a signal with known properties amidst
an unknown background. It operates by comparing distribu-
tions of distinguishing variables for two data sets, designed
so that one data set is richer in signal than the other. The
method is strictly valid only if the shapes of the background
distributions in the two data sets are the same.

FIG. 5. Illustration of the definition of theDS variable, applied
to a SP photon1 3 jet event.DS is the azimuthal angle between the
pT vectors of the two best-balancing pairs constructed from the
photon1 3 jet system.
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For this analysis the two-data-set method operates on dis-
tributions for theA and B photon 1 3 jet data sets. We
assume that each distribution can be expressed as a sum of
DP and SP distributions. In the DP-richA data set, the dis-
tribution for any one of the variables,A, is written
Ai5(12 f DP

A )Qi1 f DP
A Mi

A for each bin i , whereQ is the
QCD SP background distribution~unknown!, andMA is the
distribution forMIXDP events passing theA selection. Simi-
larly for the DP-poorB data set,Bi5(12 f DP

B )Qi1 f DP
B Mi

B .
All distributions are normalized to unit area. We have as-
sumed a common SP background distribution,Q. To mini-
mize the impact of this assumption, the two selection criteria
were chosen to be similar, so as to maintain similar kine-
matic constraints in the two data sets. The assumption will
also be tested directly~Sec. VI C!.

Proceeding with the derivation of the method, we elimi-
nateQi from the equations forAi andBi and obtain

Ai2S 12 f DP
A

12C fDP
A DBi5 f DP

A Mi
A2S C fDP

A ~12 f DP
A !

12C fDP
A DMi

B ,

~8!

where C[ f DP
B / f DP

A . Remarkably, this ratio of signal frac-
tions,C, is a known parameter~see below!. Thus Eq.~8! can

be implemented as ax2 test over all bins of the four known
plots,A, B,MA, andMB, with a single free parameterf DP

A .
We now demonstrate how theC parameter is obtained.

The two selection criteria,A andB, are applied to data and
MIXDP. A total of NA

DATA and NA
MIX events survive theA

selection, andNB
DATA andNB

MIX survive theB selection. One
can formally write NA

MIX 5lNA
DP, with NA

DP the unknown
number of actual DP events in sampleA, andl an unknown
parameter. IfMIXDP models the properties of DP events, then
for the B selection one can writeNB

MIX 5lNB
DP, with the

same value ofl. In other words, ifMIXDP models DP accu-
rately, then it models the relative efficiency for DP events to
pass two selection criteria. Therefore,

C[
f DP

B

f DP
A [S NB

DP

NB
DATA D S NA

DATA

NA
DP D 5S lNB

DP

NB
DATA D S NA

DATA

lNA
DP D

5S NB
MIX

NB
DATA D S NA

DATA

NA
MIX D . ~9!

The C parameter is thus determined without knowledge of
the actual amount of DP in data. Given the two selection
criteria, we find NA

DATA516 853, NB
DATA53727, NA

MIX

FIG. 6. The six sensitive kine-
matic variables plotted for 1VTX
data~points!, theMIXDP prediction
for DP ~solid!, and the PYTHIA

prediction for SP events~dashed!.
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521 240, andNB
MIX 53105. ThusC50.66060.002. In other

words, theB data set has a signal fraction 66.0% the size of
the signal fraction in theA set.

B. Results of the ‘‘two-data-set’’ method

The two-data-set technique was applied to the distribu-
tions of the four angle-based distinguishing variables. The
ET ratio andS variables were not suitable for this method,
since their distributions depend on the lower limit onET(2),
which is different for theA andB samples. Results are given
in Table II. The simultaneous fit to all four variables has a
reasonablex2 (167.6/149 DF) and yieldsf DP

A [ f DP5(52.6
62.5)%. Fits to the individual distributions are also listed
@23#.

Results of this simultaneous fit are shown graphically in
Figs. 9–12 for the four variables. Figures 9~a!–12~a! show
distributions for theA selection for both data andMIXDP,

with MIXDP normalized tof DP552.6% of the area. Figures
9~b!–12~b! show the same for theB selection, withMIXDP

normalized tof DP
B 50.660352.6%534.7% of the area. The

next two sets of plots are consistancy checks of the two-data-
set method. Figures 9~c!–12~c! show the ‘‘A2kB’’ distribu-
tions @the LHS of Eq.~8!# which should match theMIXDP

predictions@the RHS of Eq.~8!#. The agreement is generally
good, as reflected by the fitx2 values. Figures 9~d!–12~d!
show the ‘‘extracted SP’’ shapes forA and B, obtained by
subtracting theMIXDP distribution from the data distribution,
for both data sets. This is a check of the assumption that the
two SP distributions have the same shape. Only minor evo-
lution in the extracted SP shapes is seen.

C. Checks of the two-data-set method

In a more quantitative test of whether the assumption of a
common SP background shape is valid, as well as to check
the overall robustness of the method, the two-data-set tech-
nique was applied to mock data constructed fromMIXDP and
PYTHIA events. Note that thePYTHIA model provides a pre-
diction for possible differences in the SP distributions for the
A andB selections. InputMIXDP fractions ranged from 35%

FIG. 7. The ‘‘two-data-set’’ method for extractingf DP, illus-
trated for two hypothetical data samplesA andB. DS distributions
for the two data sets, normalized to unit area, are shown. In theA
sample, DP~‘‘signal’’ ! constitutes 70% of the sample, while in the
B sample DP is 25%. The DP component of each plot is shown in
heavy shading, the SP background~‘‘background’’! in light shad-
ing. The scaled difference of the two distributions,A2kB, is also
shown, withk such that the SP component of theA distribution has
been subtracted off. TheA2kB distribution is then equal to the DP
distribution alone.

FIG. 8. ~a! The ET(2) distributions for data passing the 1VTX
selection criteria apart from the upper limit onET(2),ET(3)
~points!, and for events from theMIXDP model ~dashed histogram!.
The two spectra have been normalized at the first bin.~b! Ratio of
the two spectra,MIXDP/data.

TABLE II. Results for the fraction of double parton events~%! in the 1VTX data, obtained from the
two-dataset method. The associatedx2’s and numbers of degrees of freedom are also shown.

Distinguishing variable tested:
df~g,jet 1! df~g,jet 2! df~g,jet 3! DS All

f DP ~%! 61.564.0 20.2615.3 53.966.3 51.163.6 52.662.5
x2/~No. DF! 41.5/29 27.4/29 18.0/29 69.2/59 167.6/149
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to 65%. The resulting measured fractions tracked the input
fractions well. For example, the data set with input fraction
50.6% was found as having (51.362.0)% DP. Results are
shown graphically in Fig. 13. No systematic bias to the ex-
tracted fractions was observed within the statistics of the

mock samples. A linear fit to the found vs true DP fractions
and its statistical uncertainties was performed. Based on this
fit, systematic uncertainty is assigned to thef DP value ob-
tained for the 1VTX data. We find f DP5@52.6
62.5~stat.!60.9~syst.!#%.

As a check of this large DP fraction, the admixture 52.6%
MIXDP147.4%PYTHIA is compared to 1VTX data in Fig. 14.
All six distinguishing variables are shown. In each case, the
data are well described by this admixture. Figure 15 shows
the comparison for the theDS variable alone, which has the
greatest sensitivity to DP. We note that a simultaneous
PYTHIA1MIXDP fit to the six distributions yields f DP

FIG. 9. Results for the two-data-set fit to theDS distribution.
The simultaneous fit value,f DP552.6%, has been used.~a! Distri-
butions for theA selection, data~points! andMIXDP ~shaded!, with
MIXDP normalized usingf DP. ~b! Same, for theB selection;MIXDP

is normalized using 0.663 f DP. ~c! ‘‘ A2kB, ’’ the difference of the
data distributions in~a! and~b!, scaled so as to best eliminate the SP
contribution toA. This is compared to the pureMIXDP prediction
~shaded!. ~d! The SP distributions in theA andB sets, obtained by
subtractingMIXDP ~normalized byf DP and 0.663 f DP, respectively!
from the data.

FIG. 10. Results for the two-data-set fit to thedf~g,jet 1! dis-
tribution. See Fig. 9 for description.

FIG. 11. Results for the two-data-set fit to thedf~g,jet 2! dis-
tribution. See Fig. 9 for description.

FIG. 12. Results for the two-data-set fit to thedf~g,jet 3! dis-
tribution. See Fig. 9 for description.
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5(51.861.0!% ~statistical uncertainty!, a result that is indis-
tinguishable from the two-data-set result, since the fitx2 is
the same as for a constrained fit tof DP552.6%
(273.0/244NDF).

D. The number of DP events

Before calculatingNDP, the number of DP events, a cor-
rection must be applied for the possible presence of triple
parton scattering events, which because of similar kinematics
would appear as part of the observed double parton signal.
This correction is necessary because theseff extraction tech-
nique ~Sec. II! relies explicitly on Eq.~1!, which we take to
be the cross section for two and only two pairs of parton
scatterings.MIXDP events were used to determine the correc-
tion, based on the possible presence of double parton scat-
tering in the two ingredient event samples. This is described
in Appendix B. We estimate that 1728

14% of the observed DP
signal is triple parton scattering, necessitating that the signal
be reduced by a factor of 0.8320.04

10.08.
It must also be noted that DI is potentially a second

source of background to DP, since not all NSDp̄p collisions
are found by the VTX. Based on the analysis of the DI com-
ponent to the 2VTX data, described in the following section,
we find that the contamination of DI events into the 1VTX
DP signal is negligible@24#, and make no correction. Taking
together the number of 1VTX events,f DP, and the correction
for triple parton scattering, we obtain NDP

5736063602380
1720.

VII. MEASUREMENT OF THE NUMBER OF DOUBLE
INTERACTION EVENTS

The number of DI events in the 2VTX sample must be
determined in order to extract theseff parameter@Eq. ~6!#.
To obtainNDI , we exploit the fact that the jets in photon1 3
jet DI events originate from separatep̄p collisions @Figs.
3~b! and 3~c!#. The origins of jets along the beam line were
determined using charged particle information from the
CTC. The algorithm for finding jet origins operated as fol-
lows. ~1! Jets were required to haveuhu,1.3 in order for
associated charged particles to be within the volume of the
CTC. ~2! All CTC tracks whose~h,f! lay within a cone
DR,0.7 around the jet direction were considered as candi-
dates for belonging to that jet.~3! The averagez of these
tracks was calculated.~4! The track with the largest deviation
from the mean was removed and a new mean calculated; the
process was repeated until no track had a maximum devia-
tion exceeding 3.0 cm.~5! The jet origin inz was defined as
the averagez of the remaining tracks. For jets withuhu,1.1,
at least one track surviving the algorithm was required; if
1.1,uhu,1.3, 2 such tracks were required.

As a test, the algorithm was applied to the 1VTX data
sample. The difference between thez origin of the jets and
the VTX vertex is shown in Fig. 16~a!. Nearly all jet origins
are found to be within 3 cm of the event vertex. This is not
an artifact of the 3 cm ‘‘outlier’’ cut. Distributions of the
number of accepted tracks per jet are shown in Figs. 16~b!–
16~d! for the three jets. Even for the lowestET jet, at least
one track is found roughly 90% of the time.

The algorithm was next applied to a sample of two vertex

events. The event sample for the jet origin analysis differed
from the standard 2VTX sample in the following ways. A
requirement ofuhu,1.3 was made for all three jets, and the
two VTX vertices were required to be separated by at least
10 cm. The latter cut reduces confusion in the CTC track
finding algorithm. In addition, to increase the size of the
sample, the upper bound on theET of the two least energetic
jets was removed. The total number of events passing these
requirements and the jet tracking algorithm is 1333. The im-
pact of these differences in selection criteria is discussed
below.

In Fig. 17 we plot the difference inz origins for jets 1 and
3 (Dz13) vs jets 1 and 2 (Dz12). The data clearly divide into
four classes:~1! ~Dz12 andDz13!,5 cm; ~2! Dz12,5 cm and
Dz13.5 cm; ~3! Dz13,5 cm and Dz12.5 cm; ~4!
uDz122Dz13u,5 cm. There are virtually no other events in
the sample. In the absence of algorithmic failures or confu-
sion, these classes would correspond to the following pro-
cesses:~1! photon1 3 jets ~SP or DP! from one collision;
~2! DI, with jets 1,2 from one collision and jet 3 from the
other;~3! DI, with jets 1,3 from one collision and jet 2 from
the other;~4! DI, with jets 2,3 from one collision and jet 1
from the other. Experimentally, however, the classes and
processes mix. Errors in jet origin determination occur when
jets actually have few or no observable tracks, but are as-
signed an origin based on tracks from the second collision.
We account for this effect by running the algorithm on
events from the DI~MIXDI ! and background~MIX2V ! models
that pass the selection criteria of the jet origin analysis. The
algorithm performance on data and models, specifically the
breakdown of events into their class assignments, is shown
in Table III. If the algorithm were perfect, then allMIXDI

events would be assigned to classes 2,3,4~DI signal! and all
MIX2V events would be assigned to class 1~multiple collision
background!. In practice, the performance on the models in-
dicates that the misidentification of the DI process as a mul-
tiple collision background, andvice versa, occurs at the level
of 20%.

The numbers of data events found in the four classes were
simultaneously fit to an admixture ofMIXDI andMIX2V . The
data are best described with a (16.861.9)% DI component,
meaning that jets originate at separatep̄p collisions in this
fraction of the two vertex event sample. The uncertainty is
statistical. This result for the DI component is verified in Fig.
18, which comparesDS distributions for events where all
jets have a common origin~class 1! and for events with jets
at separated origins~classes 2, 3, 4!. A clear difference be-
tween the two classes is seen. The strong peaking nearp
seen in class 1 is typical for SP, whereas the flatter shape
seen in the class 2, 3, and 4 category is indicative of the DI
process. The shaded histograms are predictions, obtained by
combining results fromMIXDI and MIX2V in the ratio f DI
50.168. Good agreement is observed.DS distributions for
the four classes are shown individually in Fig. 19, and agree-
ment with the predictions is again good.

The number for the DI fraction obtained above pertains to
an event sample that differs from the standard 2VTX dataset.
We described in Sec. VI A a general technique for calculat-
ing the ratio of signal fractions in two data sets with different
selection criteria@Eq. ~9!#. Applying this, we find that the
16.8% DI fraction found in this study impliesf DI517.7%
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for the standard 2VTX sample. This translation has negli-
gible uncertainty.

To test the robustness of this value forf DI , the selection
criteria for the jet-tracking sample were varied. The require-
ments on jeth and the number of associated tracks were
relaxed and tightened on both data and the mixed models.
The extracted values off DI agreed to 10%, fractionally, and
no trend was observed within statistics. We therefore take
f DI5(17.761.961.8)%. Other possible sources of uncer-
tainty, such as misassignment of vertices for the calculation
of jet h, and tracking confusion in events with close vertices,
have been investigated and are small. Taken together with
the number of 2VTX events, we obtainNDI
5(106061106110).

VIII. EXTRACTING THE seff PARAMETER

The first-order expression for extractingseff from the
comparison of the number of DP and DI events was given in
Eq. ~6!. To obtain a more realistic expression we include~1!
kinematic acceptance for DP and DI events to enter our event
samples, and~2! efficiencies for a beam crossing withn col-
lisions to be observed as having 1 VTX vertex~DP candi-
dates! or 2 VTX vertices~DI candidates!. The vertex effi-
ciency correction accounts for single~double! collision

FIG. 13. Results for the test of the two-data-set method on mock
data constructed fromMIXDP andPYTHIA events. TheMIXDP fraction
was varied from 35% to 65%.

FIG. 14. Comparison of the
six distinguishing kinematic vari-
ables for 1VTX data~points! and
a 52.6%/47.4% admixture of DP
~MIXDP! and SP~PYTHIA! models.
TheMIXDP component is shown in
heavy shading, thePYTHIA compo-
nent in light shading. The level of
the DP component was deter-
mined by thePYTHIA-independent
two-data-set method.
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events lost from the DP~DI! candidate sample, and for
events with more than one~two! collision~s! which contrib-
ute to the DP~DI! sample. These modifications are described
in Appendix C. The updated expression forseff is

seff5S NDI

NDP
D S ADP

ADI
D ~Rc!~sNSD!. ~10!

The acceptances for DP and DI events to pass kinematic
selection requirements, apart from the vertex selection, are
denoted byADP and ADI . The factorRc replaces the ratio
Nc(1)/@2Nc(2)# found in Eq.~6!, and is a function of the
number of beam crossings withn collisions, Nc(n), and
VTX vertex identification efficiencies; see Appendix C.

The ratio of kinematic acceptances in Eq.~10! was ob-
tained by taking the ratio of accepted events fromMIXDP and
MIXDI event mixing, operating on the same samples of ingre-
dient events. The different levels of underlying event in
single and doublep̄p collision events result in different jet-
finding efficiencies and jet multiplicities, and thus different
acceptances. For example, the higher level of this energy in
DI events~1! reduces the efficiency for passing the photon
trigger isolation cut,~2! makes it easier to find three jets
above 5 GeV and thus accept the event, and~3! makes it

FIG. 15. DS distribution for 1VTX data~points!. The DP com-
ponent to the data, determined by the two-data-set background sub-
traction method to be 52.6% of the sample, is shown as the shaded
region ~the shape is taken fromMIXDP!. Also shown is the admix-
ture 52.6%MIXDP147.4%PYTHIA, normalized to the data~line!.

FIG. 16. Results of the jet tracking study on single vertex
g/p013 jet events.~a! Separation between the VTX vertex and the
jet origins inz. ~b!–~d! Charged track multiplicity for the jets.

FIG. 17. Scatterplot of the difference inz origin for jets 1 and 3
(Dz13) vs jets 1 and 2 (Dz12), in g/p013 jet events with two
vertices. The data are subdivided into four classes. Double interac-
tion events, in which jets are produced at separatep̄p collisions,
should appear in classes 2, 3, and 4.

TABLE III. Performance of the jet origin algorithm operating
on two-vertexg/p013 jet data and on models for DI~MIXDI ! and
multiple collision background~MIX2V !. The breakdown of the num-
ber of events into the four origin classes~Sec. VII! is shown for
each of the three samples tested. Based on the numbers in theMIXDI

and MIX2V columns, the jet origin algorithm misidentification rate
~DI found as multiple collision background, andvice versa! is ap-
proximately 20%.

Event
class

# Data events
per class

Frac. of samples assigned to each class

Data MIXDI MIX2V

1 946 0.710 0.224 0.813
2 185 0.138 0.353 0.090
3 105 0.079 0.190 0.064
4 97 0.073 0.233 0.033
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easier to find more than three jets above 5 GeV and thus
reject the event. We findADP/ADI50.958 with negligible
statistical uncertainty. Apart from the fact thatMIXDP explic-
itly models uncorrelated DP scattering, systematic uncer-
tainty on the mixing models and the acceptance ratio is
small.

The number of beam crossings withn collisions,Nc(n),
is needed for the evaluation of theRc term in Eq.~10!. It was
obtained from sNSD and the instantaneous luminosities

(Linst) for the 1992–3 Tevatron Run. For a givenLinst the
number of NSD collisions per crossing is a Poisson distribu-
tion with mean ^n&5(Linst/ f 0)(sNSD), with f 0 the fre-
quency of beam crossings at the Tevatron.Nc(n) was evalu-
ated as a sum of Poisson distributions with different means,
based on theLinst distribution. The first several terms of
Nc(n), expressed as fractions of the total number of cross-
ings, areNc(1)527.2%, Nc(2)57.25%, Nc(3)51.55%.
This means, for example, that 27.2% of the beam crossings
in the 1992–3 CDF data are predicted to have one and only
one NSDp̄p collision.

The first-order expression for theRc term, as it appears in
Eq. ~6!, is Nc(1)/@2Nc(2)#. Given the above, it has the
value 1.87. Using the full expression forRc in terms of
Nc(n) and VTX efficiencies, as it appears in Appendix C, we
find Rc52.0660.0220.13

10.01. The second uncertainty is system-
atic, and is also derived in Appendix C.

The final parameter in Eq.~10! is the NSD cross section.
This was derived from the CDF measurements of Ref.@9# by
subtracting the single-diffractive cross section~9.4660.44
mb! from the inelastic cross section~60.3361.40 mb!. We
obtainsNSD5~50.961.5! mb.

Inserting these values into Eq.~10!, our meaurement of
the process-independent parameter of double parton scatter-
ing is seff5(14.561.722.3

11.7) mb.

IX. IMPLICATIONS OF THE seff MEASUREMENT,
AND KINEMATIC STUDIES

The seff parameter of double parton scattering contains
information on the spatial distribution of partons within the
proton and on possible correlations between the partons. In
the remainder of this paper we investigate these issues. In
Sec. IX A the measuredseff is used to constrain various
models of parton spatial density. In Sec. IX B we ask
whether this density, and thusseff , is dynamic. In Sec. IX C
a search for kinematic correlations between the two scatter-
ings in DP events is described.

A. Parton spatial density

In Sec. I we mentioned that a simple model of proton
structure predicted a value of 11 mb forseff . Our measured
value of (14.561.722.3

11.7) mb is consistent with this expecta-
tion. We now describe this prediction, and investigate pre-
dictions from other models of proton structure.

A strictly classical approach for calculatingseff given a
spatial distribution of partons was taken from Ref.@25#.
Given a density, the overlap integral of the product of the
proton and antiproton parton spatial densities was evaluated,
for a p̄p collision with impact parameterD. This quantity,
D(D), is taken to be proportional to the ‘‘parton-parton lu-
minosity’’ for single hard scatterings in collisions with this
impact parameter. Individual hard scattering cross sections
are thus proportional toD(D), while the cross section for
two parton-parton hard scatterings is proportional to its
square. In light of Eq.~1!, the expression forseff is

seff5
1

2

F E
0

`

D~D!2pDdDG2

E
0

`

D~D!22pDdD

. ~11!

FIG. 18. DS distributions for class 1 and class 21314 jet
origin categories, in 2 vertexg/p013 jet events. The shaded plots
are predictions based onMIXDI and MIX2V events, usingf DI

50.168.

FIG. 19. DS distributions for the four jet origin classes, in two
vertexg/p013 jet events. The shaded plots are predictions based
on MIXDI andMIX2V events, usingf DI50.168.
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The integrals are over all impact parameters, assuming azi-
muthal symmetry. The partonic cross sections for the two
scatterings, such asŝA and ŝB in Fig. 1, cancel in Eq.~11!.
The factor of 1/2 comes from the definition ofseff @Eq. ~1!#.

Equation ~11! was evaluated for the simplest ‘‘solid
sphere’’ model, which assumes spherical protons~radiusr p!
with a uniform parton density. We findseff54prp

2/4.6. Using
the measured seff we extract a proton radius of
(0.7360.07) fm, where statistical and systematic uncertain-
ties have been added in quadrature.

The solid sphere model for proton structure also has the
unique feature that it predicts bothseff and sNSD. In this
model the NSD cross section is equal top(2r p)2, meaning
that any scattering in which the spheres ‘‘touch’’ contributes
to sNSD. Thusseff5sNSD/4.6, and one can use the measured
value forsNSD to obtain a numerical prediction forseff . The
value of 11 mb mentioned in Sec. I was obtained in this way.
The factor of 4.6 is a purely geometric enhancement of the
DP cross section: because single parton-parton scatterings
occur with highest probability in small impact-parameterp̄p
collisions, where the overlap of parton densities is largest,
the probability for a second scattering given the first is en-
hanced.

Three other models for the parton density distribution—
Gaussian, exponential, and Fermi—have also been tested.
The Fermi model is analogous to the charge density distri-
bution seen in heavy nuclei@26#. The predictions forseff ,
obtained from Eq.~11!, are functions of the distance-scale
parameter for each model. In the same way thatr p was ex-
tracted from the solid sphere model, we use the measured
seff to determine the scale parameters. Results are summa-
rized in Table IV.

These results can be compared to venerable measure-
ments of proton size fromep elastic scattering. The relevant
quantity determined in these experiments was the rms radius
of the proton charge distribution, found to be
(0.7760.10) fm in scatterings with momentum transferQ2

of order 0.1– 0.5 GeV2 @26#. To compare with this value, the
distance-scale parameters obtained from the density models
were converted to rms radii. The relationships between pa-
rameter and rms radius, and the resulting rms radii, are listed
in Table IV. Despite the difference inQ2 between the ex-
periments, these rms radii are consistant with theep scatter-

ing value. It is interesting that similar rms radii values are
obtained from the different density models.

The Fermi, exponential, and Gaussian models do not pre-
dict sNSD, because they lack a natural cutoff of the density
in radius. For these models we have taken an opposite ap-
proach, and have used the measuredsNSD to specify the
effective proton radius corresponding to NSD interactions. In
particular, we express this ‘‘NSD radius’’ as a multiple of
the distance-scale parameter of each distribution. For ex-
ample, in the case of the exponential distribution of partons,
wheredN}e2r /ld3r , we determinel using seff as before,
then assumesNSD[p(2nl)2 and solve forn. By this defi-
nition, nl is the effective proton radius for NSD collisions.
These cutoff parameters are also given in Table IV.

B. Feynmanx dependence andx correlations

The seff value from the present analysis agrees well with
the previous best measurement of 12.125.4

110.7 mb. However, if
seff were a function of the kinematics of the scatterings in-
volved, the two measurements would not be expected to co-
incide. For example, a dynamic parton spatial density, where
the density depends on the Feynmanx of the partons
(x[pparton/pbeam), would generate anx-dependentseff . As
an illustration, consider a model in which higherx partons
are concentrated in a ‘‘hot core’’ within the proton. At higher
x the effective proton size, and thusseff , would be smaller,
resulting in a DP cross section enhanced for scatterings at
high x relative to lowx.

The possible Feynmanx dependence ofseff was studied
by searching for deviations from the MIXDP model, which
by construction has thex dependence of the two scatterings
only. It is worth noting that, although the analysis of Sec. VI
indicates that DP events in data have several properties that
are well described byMIXDP, this does not rule out an
x-dependentseff . The primary manifestation of such a de-
pendence would be in the DP rate vsx, with possibly negli-
gible effects on other kinematic properties of the photon1 3
jet system.

We begin by establishing an enriched sample of DP can-
didate events, consisting of 1VTX data that pass the cut
DS,1.2 ~2575 events!. Based on theMIXDP1PYTHIA curve
shown in Fig. 14~f!, the data passing this cut should be 90%
DP. Each event was subdivided as usual into the two best-

TABLE IV. Results from the parton spatial density analysis. Predictions for rms radius andseff are shown for several density models.
Equating theseff predictions to the measured value ofseff determines the distance scale parameters. Also, rms radii are derived from the
distance scales. The cutoff parameter for each model,n, defines an effective radius for NSD collisions, and is obtained from the distance
scale, the relationsNSD[p(2n3scale)2, and the CDF measurement ofsNSD. The measured distance scales, rms radii, and cutoffs have
610% uncertainty~statistical and systematic in quadrature!.

Model Form of density, Predictions Measurements
for density dN/d3r rms r seff Scale~fm! rms r ~fm! n

Solid sphere Constant,r ,r p A3/5r p 4pr p
2/4.6 r p50.73 0.56 0.87

Gaussian e2r 2/2S2 )S 4pS2 S50.34 0.59 1.9

Exponential e2r /l A12l 35.5l2 l50.20 0.70 3.2
Fermi,l/r 050.2 (e(r 2r 0)/l11)21 1.07r 0 4.6r 0

2 r 050.56 0.60 1.1
Fermi,l/r 050.5 ‘‘ ’’ 2.01 r 0 14.5r 0

2 r 050.32 0.63 2.0
Fermi,l/r 050.8 ‘‘ ’’ 3.05 r 0 32.8r 0

2 r 050.21 0.64 3.0
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balancing pairs based on minimumS. Four x’s were evalu-
ated, since two partons contribute to each of the two pairs
~see Fig. 1!. Distributions ofx are plotted in Figs. 20~a! and
20~b!, along with a prediction obtained by applying theDS
,1.2 selection to the admixture 90%MIXDP110%PYTHIA.
No systematic deviation of the DP rate vsx, and thus nox
dependence toseff , is apparent over thex range accessible to
this analysis ~0.01–0.40 for the photon1jet scattering,
0.002–0.20 for the dijet scattering!.

Correlations inx between the partons that produce the
two scatterings were investigated by plotting dijetx vs pho-
ton 1 1 jet x. The ‘‘hot core’’ model, for example, predicts
a correlation inx between two partons within the same
baryon. In Fig. 20~c! we plot an average dijetx as a function
of photon1 1 jet x, for partons within the same baryon. The
use of an average dijetx allows any correlations to be more
clearly seen. Because DP events originate from the scattering
of four partons, each event makes two entries into Fig. 20~c!,
one for the pair of partons from the proton, and one for the
pair of partons from the antiproton. For completeness, a
complimentary plot for partons in opposite baryons is shown
in Fig. 20~d!. The 90%MIXDP110% PYTHIA predictions are
also shown. No correlations inx are apparent in either plot.

C. A search for other kinematic correlations

Apart from correlations introduced byx-dependent parton
densities, other kinematic correlations between the two scat-

terings could exist in DP events. Certainly for scatterings at
high ET , overall energy-momentum conservation restricts
thex range available for the second scattering@27#. A second
effect, more relevant for our relatively lowET dataset, is that
higher order processes contributing to DP might introduce a
common transverse boost~‘‘ kT kick’’ ! for the two pairs, as
opposed to the independent boosts present inMIXDP.

We have searched for kinematic correlations using the
DP-enriched data sample and prediction of Sec. IX B. Unlike
the case of anx-dependentseff , however, it is possible that
some types of correlation would affect the distinguishing
variable distributions, used in Sec. VI to establish the level
of DP in the 1VTX sample. If such correlations are present,
the MIXDP model is inadequate, and the value off DP and the
purity of the enriched sample are uncertain. Any discrepan-
cies seen between the properties of DP-enriched data and
those of the 90%MIXDP110% PYTHIA prediction could
therefore reflect either~1! actual distortion of the enriched
data due to DP correlations, or~2! an incorrect assumption
for the purity of the enriched data.

The following variables were investigated: invariant
mass,pT , and longitudinal momentumpz @28#. Each vari-
able was evaluated for the two pairs separately and for the
four-body system as a whole. The comparison of enriched
data to the admixture 90%MIXDP110% PYTHIA for these
three kinematic variables is shown in Figs. 21–23. For ex-
ample, Fig. 21 shows invariant mass distributions for both
pairs, the four-body mass, and the average mass of the dijet
pair as a function of the photon1 1 jet mass. This last is
included to indicate the level of correlation between the
pairs. The four-body and pairwise kinematic distributions are
reasonably well described by the predicted mix ofMIXDP and
PYTHIA. At a detailed level, some differences are seen in the
dijet pT and mass. A low level of correlation is seen in both

FIG. 20. Results of the Feynmanx analysis. Distributions
of ~a! x for the g11 jet system (xp, p̄

gJ [@pT
g/pbeam] @e6hg1e6hJ]),

and ~b! x for the dijet system (xp, p̄
JJ [$@ET( i )1ET( j )]/

(2pbeam)%@e6h i1e6h j#, wherei , j signify the two jets of the dijet!.
Two entries are made in each plot per event, one for each of the two
partons contributing to the particular two-body system. The predic-
tion, 90%MIXDP110%PYTHIA, is shown as the shaded area. Events
were required to haveDS,1.2. A correlation study is also shown:
averagex for the dijet system plotted againstx of the g11 jet
system ~two entries per event!, for ~c! partons within the same
baryon and~d! for partons in opposite baryons. The data and pre-
diction are as in~a!.

FIG. 21. Comparison of invariant mass for 1VTX data~points!
and the mixture 90%MIXDP110% PYTHIA ~shaded!. Events were
required to haveDS,1.2. ~a! The photon1jet system.~b! The dijet
system. ~c! The four-body system.~d! Average dijet mass vs
photon1jet mass. The data are well described by the prediction,
which is dominated by the uncorrelatedMIXDP model for DP.
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the data and prediction, and results from the fact that, accord-
ing to MIXDP, the majority of DP events have the configura-
tion shown in Fig. 2~c!. For this event configuration the sub-
division into photon1 1 jet and dijet systems is incorrect,
and results in correlations between the two systems. The lev-
els of correlation in DP-enhanced data are again reasonably
well described by the prediction. We find no clear evidence
of kinematic correlations in mass,pT , or pz .

X. SUMMARY

A strong signal for the presence of double parton scatter-
ing has been observed in a sample of;14 000 CDFg/p0

1 3 jet events. We determine that the fraction of DP events
in the sample is (52.662.560.9)%, using a technique that
does not rely on models for the single parton-parton scatter-
ing background processes. This represents nearly a factor of
10 increase in the ratio of DP to SP background, and a factor
of 8 increase in the statistics of the DP candidate sample,
over the previous CDF measurement. The process-
independent parameter seff is measured to be
(14.561.722.3

11.7) mb, and was determined without reliance on
theoretical QCD calculations. This measurement agrees well
with the previous CDF value.

The seff measurement has been used to constrain various
models for the parton density distribution within the proton.
Within the context of each of these models,seff was used to
evaluate a value of rms proton radius which was compared to
measurements fromep elastic scattering experiments.

The high statistics and large DP signal fraction of this
analysis have permitted searches for Feynmanx dependence
of seff and kinematic correlations between the two hard scat-
terings. We find no evidence forx dependence toseff within
the x range of this analysis~0.01–0.40 for theg/p01 jet
scatter, 0.002–0.20 for the dijet!, and likewise no evidence
for x correlations among the four partons involved in DP
scattering. A search for kinematic correlations in mass,pT ,
and pz was also undertaken, and no correlations are ob-
served.
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APPENDIX A: THE PROPERTIES OF CDF JETS
WITH OBSERVED ET;5 GeV

In this appendix we investigate whether the lowET jets of
this analysis are the result of actual jet production, or of
instrumental effects such as electronic noise, phototube dis-
charge, or gas calorimeter sparking.

An inclusive 5 GeV jet data set was obtained from a
sample of minimum bias trigger events. A total of 25 202
events were found with at least one jet above 5 GeVET and
a single VTX vertex~9% of single vertex minimum bias
events have one or more jets above 5 GeV!. Of these, 706
events were flagged as resulting from obvious instrumental
effects, with the jets originating with anomalously high rate
from four specific calorimeter towers. We note that the re-
maining 24 496 events constitute the minimum bias ingredi-
ent events used in the creation ofMIXDP events.

The strongest indicator of 5 GeV jets as being products of

FIG. 22. Comparison of transverse momentum for 1VTX data
~points! and the mixture 90%MIXDP110% PYTHIA ~shaded!. See
Fig. 21 for a description.

FIG. 23. Comparison of longitudinal momentum for 1VTX data
~points! and the mixture 90%MIXDP110% PYTHIA ~shaded!. See
Fig. 21 for a description.
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hard scattering is the presence of dijet structure. If two 5
GeV jets in an event are approximately opposite one another
in f, then the jets are real and not the result of instrumental
effects. In Fig. 24 we plotdf in a sample of events with two
jets, with both jets above 5 GeV and no third jet above 2
GeV. The third jets originate from either higher order QCD
processes or DP scattering, and in either case tend to decor-
relate the two leading jets. Strong correlation is seen in the
1119 events passing this tight selection.

Clearly, these observed two-jet events are real dijets, but
this very clean data set represents only 5% of the inclusive 5
GeV jet sample. As a test of the remaining sample, the prop-
erties of inclusive 5 GeV jets and jets from the dijet sample
were compared. The following comparisons are shown in
Fig. 25: ~a! the jet uhu and ~b! f distributions,~c! the ET
spectra,~d! the ratio of the total momentum of CTC tracks
within the jet cone to jetET ~for jets with uhu,1!, ~e! the
ratio of EM calorimeterET to total ET , and~f! average EM
fraction vs jetuhu. The two data sets match well. The slight
differences seen in some distributions are attributable to bi-
ases in the two samples, arising from the affect ofET reso-
lution coupled with the different requirements on the number
of 5 GeV jets. By contrast, the properties of the 706 noise-
produced jets are entirely different~CTC fraction ,0.1,
spikes in the EM fraction, etc.!.

Apart from the explicit elimination of jets from four spe-
cific calorimeter regions we find no evidence for the con-
tamination of 5 GeV jets by instrumental effects. Jets origi-
nating from noise in these regions were also eliminated from
the g/p013 jet data samples and the event-mixing models
of Sec. IV.

APPENDIX B: CORRECTION TO NDP

FOR TRIPLE PARTON SCATTERING

We use theMIXDP model to estimate the contamination of
triple parton~TP! scattering events to the observed DP signal

in data. For some fraction ofMIXDP events, it is possible that
a double parton scattering has occured in one of the two
ingredient events. The resultingMIXDP events model triple
parton scattering.

The DP process can in principle occur in either of the two
MIXDP ingredient events. Two combinations of ingredient
events are possible which both yield a photon1 3 jets final
state and include a double parton scattering in one of the
ingredient events. These are shown in in Figs. 4~c! and 4~d!.
In both cases, a total of two jets must fall below 5 GeV and
thus be uncounted. The contribution of each of the two po-
tential channels were evaluated separately.

The channel shown in Fig. 4~d! contributes toMIXDP

events having the configuration~photon12 jets!1~1 jet!.
To estimate the DP contribution to this channel, correlations
within the photon1 2 jet ingredient event were studied. The
angle inf between the lowestET jet and thepT vector of the
remaining photon1 1 jet system was formed. This variable
is similar toDS for photon1 3 jet events. The distribution
of this variable was seen to have a flat tail extending to small
angles, representing poorpT balance, and was fit to a sum of
predictions from SP~PYTHIA! and DP~event mixing used to
produce photon1 2 jet events!. We find that 30% of photon
1 2 jet ingredient events are consistent with being DP. An
upper limit on the DP contribution was obtained by assuming
that all events at smalldf are DP, and extrapolating to all
df; this yields 38%. The lower limit is taken to be zero~i.e.,
no DP contribution to the photon1 2 jet MIXDP ingredient
events! since higher order QCD processes, perhaps imper-

FIG. 24. Study of 5 GeV dijet events in minimum bias trigger
data. The angle inf between jets is plotted for a clean dijet sample,
with both jets havingET.5 GeV and no others above 2 GeV.

FIG. 25. Properties of inclusive 5 GeV jets in minumum bias
trigger data~line! compared to jets from a clean dijet data set
~points!. The dijet distributions have entries for both jets.~a! Jet
uhu, ~b! f, ~c! ET , ~d! the ratio of total associated CTC trackpT to
jet ET , ~e! the fraction of jetET seen in the EM calorimeter com-
ponent, and~f! the average EM fraction vs jetuhu. Good matching
is seen for the two data sets.

3828 56F. ABE et al.



fectly modeled byPYTHIA, would also contribute to the poor-
balance tail. Uncertainties are assigned such that these limits
are reached at two standard deviations. Thus the DP contri-
bution is (30215

14 )% to MIXDP events using photon1 2 jet
ingredient events. This configuration,~photon12 jets!
1~1 jet!, comprises 72% ofMIXDP events.

The second possible channel for DP contribution, Fig.
4~c!, pertains to MIXDP events with the configuration
~photon11 jet!1~2 jets!. Correlations in the two-jets ingre-
dient event were studied. Thef angle between the two jets
was plotted, and a tail extending to small angles was again
seen. This flat tail when extended to all angles constitutes
43% of the events, and this value was taken to represent the
maximum amount of double parton contribution to the two
jet events. The minimum contribution was again taken to be
0, since higher order QCD processes would contribute to the
small-angle tail. Taking the average of these values, and
again defining uncertainties such that the limits are reached
at two standard deviations, we find a DP contribution to the
~photon11 jet!1~2 jets! configuration of (22611)%. This
configuration constitutes 28% ofMIXDP events.

Combining the results for the twoMIXDP configurations,
we find (28214

17 )% as the overall fraction ofMIXDP events
which use DP ingredient events. In principle, this should be
the prediction for the TP contribution to the observed DP
signal in 1VTX data. However, the assumption that the num-
ber of parton-parton scatterings perp̄p collision is distrib-
uted in a Poisson fashion@6# indicates that the prediction for
the ~photon12 jets!1~1 jet! configuration is too large by a
factor of 2. This results from the character of event mixing.
In event mixing, the total number of independent hard scat-
terings in a mixed event is the sum of number of independent
scatterings in the ingredient events. For example, when a SP
photon12 jet ingredient event is combined with a SP 1 jet
ingredient event, the resultingMIXDP event models DP. In
the same way, the combination of a DP photon12 jet event
and a SP 1 jet event yields aMIXDP event that models the TP
process. Thus in event mixing the ratio of double to single
scatters in photon12 jet ingredient events is equal to the
ratio of triple to double scatters in the correspondingMIXDP

events. On the other hand, under the Poisson assumption the
ratio of triple to double scatters should be suppressed by
one-halfrelative to the ratio of double to single scatters. This
suppression is absent from event mixing. We therefore re-
duce the predicted fraction of DP in photon12 jets ingre-
dient events from (30215

14 )% to (1528
12)%. No such reduction

of the prediction is necessary for the~photon11 jet!1~2 jets!
configuration. The TP contribution to allMIXDP events is
then 1728

14%, and the corresponding correction factor forNDP

is 0.8320.04
10.08.

APPENDIX C:
MODIFICATIONS TO THE seff EXPRESSION

In this appendix we discuss modifications to the expres-
sion for determiningseff @Eq. ~6!# resulting from event ac-
ceptance and vertex-finding efficiency, and assign an uncer-
tainty to the vertex-related factor in the updatedseff
expression. Additionally, we examine whether the two scat-
terings in our DP events in data are distinguishable or indis-
tinguishable.

1. A special case: Constant instantaneous luminosity

As an aside, we first note an interesting simplification of
Eq. 6 under special circumstances. TheNc(1)/@2Nc(2)# fac-
tor in Eq. ~6! is present because, to first order, DI events
occur in beam crossings with twop̄p collisions while DP
events occur in single-collision crossings. To gain insight
into this factor, we note that if the instantaneous Tevatron
luminosity were constant thenNc(1)/@2Nc(2)#5^n&21,
where^n& is the mean number of NSD collisions per beam
crossing. This follows directly from the fact that the number
of collisions per crossing has a Poisson distribution with
mean^n&. For this special case Eq.~6! reduces to a simple
form:

seff5S NDI

NDP
D S Nc~1!

2Nc~2! DsNSD5S NDI

NDP
D S 1

^n& DsNSD

5S NDI

NDP
D S f 0

Linst
D . ~C1!

In the last step we used the relation^n&5(Linst/ f 0)(sNSD),
with Linst the instantaneous luminosity andf 0 the frequency
of beam crossings. Thus, in this special caseseff is a simple
function of the number of DP and DI events and two accel-
erator parameters.

2. Acceptance and vertex finding inefficiency

Returning to the general case of nonconstant instanta-
neous luminosity, we introduce the affects of event accep-
tance and vertex-finding efficiencies into Eq.~3!, the expres-
sion for the expected number of DI events, and obtain

NDI5ADIS sg/p0

sNSD
D S sJ

sNSD
D (

n52

`

n~n21!Nc~n!e2~n!.

~C2!

ADI is the kinematic acceptance for DI events to pass the
event selection, apart from the vertex requirement. The sum
is over the number of collisions per beam crossing; at least
two collisions are required for the DI process. The combina-
torial factor of 2 in Eq.~3! generalizes ton(n21), n colli-
sions taken two at a time.Nc(n) is the number of beam
crossings withn collisions.e2(n) is the efficiency for a DI
event with n collisions to satisfy the 2VTX vertex requir-
ments.

Similarly, Eq.~5!, the expression for the expected number
of DP events, becomes

NDP5ADPS sg/p0sJ

seffsNSD
D (

n51

`

nNc~n!e1~n!, ~C3!

whereADP is the kinematic acceptance for DP, then factor is
combinatorial~n collisions taken 1 at a time!, ande1(n) is
the efficiency for ann-collision DP event to pass the 1VTX
vertex requirements. The sum over the number of collisions
begins at 1. Taking the ratio of Eqs.~C2! and ~C3!, the
updated expression forseff is

seff5S NDI

NDP
D S ADP

ADI
D ~Rc!~sNSD!, ~C4!
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where

Rc[

(
n51

`

nNc~n!e1~n!

(
n52

`

n~n21!Nc~n!e2~n!

. ~C5!

3. Rc and its uncertainty

The Rc factor results from the vertex requirements made
to segregate the data into DP and DI candidate samples. The
sum in the numerator~denominator! represents contributions
to the 1VTX ~2VTX! data set from crossings withn NSD
collisions. These contributions are modulated by VTX vertex
identification efficiencies. This is shown pictorially in Fig.
26. These inefficiencies arise both from detector and algo-
rithmic inefficiencies, and the merging of close collisions
into a single observed vertex.

VTX efficiencies were estimated in data. The overall ef-
ficiency for a DP scattering in ann-collision beam crossing
to be found with 1 VTX vertex ise1(n), and was constructed
from measured VTX efficiencies. The term forn51 is 92%.
The term forn52 applies to events having a DP scattering
and an accompanying NSD collision, where one collision is
observed and the other lost; this is 22%. Other terms are
negligible. Similarly,e2(n) is the overall efficiency for a DI
event withn collisions to be found as 2VTX. The first non-
zero term,e2(2), is 83%. The next term,e2(3), in which
one of three collisions is unseen, is 20%.

Predictions forNc(n) are given in Sec. VIII. Combining
these with e1(n) and e2(n), we find Rc52.06460.024,
where the uncertainty is statistical. If only the first term in
each series is considered, meaning that only single collision
beam crossings are taken to contribute to DP and double
collisions to DI, thenRc52.09, showing that the leading
terms dominate.

We now assign an uncertainty toRc . This parameter de-
pends on the number of NSDp̄p collisions per beam cross-
ing and VTX reconstruction efficiencies. If our understand-
ing of these issues is correct, a prediction can be made for
the number of observed VTX vertices in any sample of CDF

data. TheRc expression@Eq. ~C5!# is nearly identical to the
expression for the ratio of the number of single to double
VTX vertex events in any CDF hard-scattering sample:

single VTX

double VTX
5

(
n51

`

nNc~n!e18~n!

(
n52

`

nNc~n!e28~n!

. ~C6!

As a specific case, the inclusive photon trigger data set was
chosen.

Vertex finding efficiencies in the VTX were found to be
process dependent. As a result the efficiencies in Eq.~C6!
differ from those in Eq.~C5!. For example, consider the
efficiency for two collision beam crossings to contribute to
an event sample with two VTX vertices. In Eq.~C5! this is
e2(2), andapplies to DI events which have hard scatterings
at both collisions. By contrast,e28(2) in Eq. ~C6! applies to
inclusive photon events, which predominantly do not have a
hard scattering at the second collision. The numerical values
of the efficiencies are different@e28(2)50.44 compared to
e2(2)50.83, for this example#, but the dominant first terms
in the ratio of sums have the same form in Eqs.~C5! and
~C6!.

The measured ratio of single VTX vertex to double VTX
vertex events in inclusive photon data is 4.9660.0220.3

10 ,
where systematic uncertainty arises from a subtraction of
beam-gas background to the double VTX vertex data~i.e.,
events with one hard scattering vertex and one beam-gas
vertex!. Equation~C6! also yields 4.96. Because of the for-
mal similarity in their expressions, we use the level of agree-
ment between Eq.~C6! and the corresponding measurement
as systematic uncertainty onRc . The ratio of measurement
to prediction is 1.00020.064

10.005, where statistical and systematic
uncertainties on the measurement have been taken in quadra-
ture. Applying this as systematic uncertainty onRc , we ob-
tain Rc52.0660.0220.13

10.01.
As a further check of the understanding of vertex related

issues, the more demanding calculation of the ratio of the
numbers of 3 VTX vertex events to single VTX vertex

FIG. 26. Schematic representation of the sums over the number ofp̄p collisions per beam crossing in Eqs.~C3! and ~C2!. Collisions
found as VTX vertices are shown as solid circles, with unseen collisions shown as open circles. For example, a number of configurations
contribute to the 1VTX DP sample. Singlep̄p collision beam crossings contribute, scaled by the efficiency for finding the collision as a VTX
vertex@e1(1)#. Two collision crossings also contribute, scaled by a combinatorial factor of 2, since the scatter can be at either collision, and
by the efficiency for finding one and only one of the collisions as a VTX vertex@e1(2)#, etc. Similarly for 2VTX DI events, where terms
are scaled by larger combinatorial factors and the efficiency for finding 2 and only 2 VTX vertices in each configuration@e2(2), e2(3),
etc.#. The efficiencies include the combinatorics of which collision~s! is found in each configuration.
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events was also evaluated, and compared to a measurement
made in the inclusive photon data. The ratio is 46.660.5 in
data, and the calculated value is 44.4. While not consistent
with the data result within uncertainties, the calculation of
this more complicated ratio is good to 5%.

4. Distinguishability: The m factor

In the derivations of Eqs.~6! and ~C4! for seff , it was
stated that the cross sections for the individual scatterings
cancel in the ratio ofNDI to NDP. The question we address
now is whether this cancellation is strictly true.

In Eq. ~1! the m factor is 2 for DP final states consisting
of two distinguishable scatterings. Indistinguishable scatter-
ings havem51. For theg13 jet final state in DP scattering
the two constituent scatterings are clearly distinguishable.
On the other hand, thep013 jet process arises from a pair
of scatterings which each results in a dijet. For the latter final
state, it is possible that the scatterings are distinguishable
because of the ‘‘asymmetric’’ kinematic cuts we impose,
which insist that one scattering be ‘‘hard’’~resulting in a
ET>16 GeVp0 and a jet! and that the accompanying scatter
be ‘‘soft’’ ~resulting in a dijet with two 5–7 GeV jets!. This
would argue for a factor of 2 for thep013 jet final state.

This question was answered empirically. We first expand
Eq. ~1! to explicitly show the two processes:

sDP5
2sgsJ1~m!sp0sJ

2seff
. ~C7!

In analogy with the derivations in Sec. II, we writesg sym-
bolically as the cross section forg11 or 2 jets production,
andsJ as production of 1 or 2 jets, such that taken together
they yield ag13 jet final state. Similarly,sp0 symbolically
refers to 2 or 3 jet production including an energeticp0 from
jet fragmentation.

It is clear that them factor affects the relative weighting
of true photon events top0 events in the DP process. We
determinem by comparing the fraction of true photons in

MIXDP events to a DP-enriched sample of data. ForMIXDP,
the relative weighting of photons top0’s is equivalent to
havingm52 in Eq. ~C7!, since the two scatterings are from
separate events. Ifm52 for thep013 jet DP events in data,
then the true photon fractions of data and MIXDP should
agree; ifm51, they should not.

To obtain the fraction of true photons in DP events in the
data, we examined 1VTX events withDS,1.2. The ratio-
nale is that the smallDS region is DP enriched. Based on
Fig. 14~f! the data after this cut havef DP590%. A total of
2575 data events satisfy theDS,1.2 requirement.

Three methods were employed to measure the fraction of
true photons inMIXDP and DP-enriched 1VTX data. The first
two are standard CDF techniques@15# that make use of~1!
transverse shower shape in the CES and~2! the number of
conversions seen in the CPR. In both methods, events are
weighted by the probability that the photon candidate is a
true photon. Summed over all events, the total weight is the
estimated number of true photons. The third method fits the
distribution of calorimeter energy seen in a coneDR,0.7
around the photon candidate to a sum of distributions for true
photons andp0’s. Using these techniques the true photon
fraction for DP-enriched data was determined to be
(14.961.561.8)%, including a small correction for the es-
timated SP background remaining after theDS cut. The un-
certainties are statistical and systematic, respectively. After
applying the sameDS cut to MIXDP events, we find a true
photon fraction of (14.760.360.5)%.

Clearly, the two true photon fractions are consistent
within uncertainties. A value ofm can be extracted from the
comparison of the two fractions, and we findm
51.9760.2460.29. This measured value supports the view
that thep013 jet DP events in our data are composed of
distinguishable scatterings. We therefore takem52 for this
analysis, in the extraction ofseff . Alternatively, hadm51
been true forp013 jet DP events in data, we would have
expected to measure a photon fraction of 22.6%, nearly twice
the MIXDP value.

@1# C. Goebelet al., Phys. Rev. D22, 2789 ~1980!; B. Humpert
et al., Phys. Lett.154B, 211 ~1985!.

@2# L. Ametller et al., Phys. Lett.169B, 289 ~1986!.
@3# AFS Collaboration, T. Akessonet al., Z. Phys. C34, 163

~1987!.
@4# UA2 Collaboration, J. Alitti et al., Phys. Lett. B268, 145

~1991!.
@5# CDF Collaboration, F. Abeet al., Phys. Rev. D47, 4857

~1993!.
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