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Double parton scattering in pp collisions at s=1.8 TeV
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A strong signal for double partotDP) scattering is observed in a 16 pbsample ofpp— y/7°+ 3 jets
+ X data from the CDF experiment at the Fermilab Tevatron. In DP events, two separate hard scatterings take
place in a singleop collision. We isolate a large sample of data14 000 events) of which 53% are found to
be DP. The process-independent parameter of double parton scattesings obtained without reference to
theoretical calculations by comparing observed DP events to events with hard scatterings in sgparate
collisions. The resulrq4=(14.5+ 1.7f§;§) mb represents a significant improvement over previous measure-
ments, and is used to constrain simple models of parton spatial density. The Feyni®pandence of o is
investigated and none is apparent. Further, no evidence is found for kinematic correlations between the two

scatterings in DP eventgS0556-282(97)01619-6

PACS numbg(s): 13.87.Ce, 12.38.Qk, 13.85.Ni, 14.20.Dh

[. INTRODUCTION ents, e.g., on the character and evolution of the structure
functions. New and complementary information on the struc-
Traditionally, studies of proton structure pp colliders ture of the proton can be obtained by identifying and analyz-
have focused on the kinematics of individual parton constituing events in which two parton-parton hard scatterings take
place within onepp collision. This process, double parton
scattering[1], provides information on both the spatial dis-
*Visitor. tribution of partons within the proton, and on possible
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(a) SP
—@— pp collision
— st scatter
———> ?nd scatter
> unseen
(b) DP Type 1 (c) DP Type 2
FIG. 1. Schematic diagram of double parton scatteringn
collisions. Two pairs of partons undergo hard scatterings; the scat- :
terings are labeleA andB, and the Feynmar's of the four initial N\
state partons are labeled by the baryon from which they originate B,

and the scattering to which they contribute.

parton-parton correlations, topics difficult to address within o o

the framework of perturbative QCD. Both the absolute rate FIG. 2. Schematic diagrams of the photen3 jet final state
for the double partoriDP) process, and any dynamics that produced in a smglepp collision. (a) SP proQuptlon, in which a
correlations may introduce, are therefore of interest. Further3ingle hard scattering takes placb) DP consisting of photor-1
more, an understanding of DP is important for estimatindet production overlaid with dijet productioric) DP consisting of
backérounds to such processes as dibd¥6hW, etc) and photon + 2 jet production overlaid with dijet production, where
boson + jets production, and for making accijraté predic_one of the two jets of the dijet is not seen in the detector.

tions of hard-scattering rates at future high energy hadroproton structure, and the measured inelagpocross section
colliders such as the CERN Large H_adron CollideC). at \/gz 1.8 TeV[g], the expected value fOTeff is ~11 mb.

A DP scattering occuring within @p collision is illus- Previous measurements of¢ have come from the AFS,
trated schematically in Fig. 1. In the simplest model, DPya2, and Collider Detector at FermilgicDF) experiments.
produces a final state that mimics a combination of two in-Each experiment searched a four-jet data Samp]e, for which
dependent scatterings. It is custom@®y-5] to express the the DP signature is an uncorrelated pair of two-jet systems
cross section for this process as the product of the crosgwo dijets in the final state. For these measurementsithe
sections for the individual hard scatterings divided by a scalfactor in Eq.(1) is unity. The CDF analysis of Ref5], using
ing factor, o, with units of area. For the DP process com-jets with momentum transverse to the beam directipg) (
prised of scatteringé andB, above 25 GeW, found evidence for DP scattering at the
level of 5.4 2% of the events. The value extracted fog;
was 12.13%"mb. The AFS experiment measured
oe~5 mb [3], while UA2 chose to place a lower limit of
oe>8.3 mb at 95% C.L[4].

The factor of one-half, also customary, incorporates the as- This paper documents a measurement of the DP process
sumption that the number of parton-parton interactions pefrom the Collider Detector at FermilafCDF). A summary
collision is distributed according to Poisson statistié$.  of this extensive analysis is given in RE0]. The final state
The m factor has the valuen=2 whenA andB are distin-  studied is photort 3 jets (+ X). From this point on, unless
guishable scatterings, ama=1 when they are indistinguish- specifically stated otherwise, “photon” is taken to mean ei-
able[7]. ther a single direct photofty), or multiple photons from

The process-independent parameigy contains the in-  neutral meson decay in jet fragmentation which approxi-
formation on the spatial distribution of partof8]. In Eq.  mately mimic a single photon=°). In this final state, the DP
(1), 0g/(20p) is the probability of hard scatterirg taking  process is comprised of a photon-jet scattering and a dijet
place givenA, and this will be larger or smaller depending scattering. This leads to two observable configurations yield-
on the parton spatial density. If the parton density wereing a photon+ 3 jets: a photont+ 1 jet system overlaid with
“clumpy,” with partons concentrated within small regions both jets from the dijet, or a photof 2 jets systerfone jet
inside the protonB would be more likely to occur giveA, from gluon bremsstrahlungplus one observed jet from the
because the\ scattering preselectgp collisions in which  dijet. These two types of DP events are illustrated in Fig. 2.
“clumps” have overlapped. By contrast, a uniform parton The single parton-parto(SP scattering background is
density throughout the proton would produce a larggg  photon-jet production with bremsstrahlung radiation of two
and a smalleopp, since apart from trivial geometric effects gluons. Compared to the previous CDF analysis, the photon
(Sec. IX A) the presence o would not increase the prob- + 3 jet dataset has two advantagél: the jets are accepted
ability of B. Based on this simple “solid sphere” model of down to low energies where the cross section for the dijet

_0a0B
opp=m 200 (1)
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scattering in DP is large; an@) the better energy measure- (a) SP

ment of photons at CDFelative to jet$ 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 dependenceogf and a

—@— pp collision
— Ist scatter
— 2nd scatter

search for correlations between the two scatterings. Addi- e
tionally, a new technique for extracting.; 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 (k) DI Type 1 (c) DI Type 2

[N
N\
AW

in our data sample, and use these in Sec. VIl to desiye

In Sec. IX the measured value ofy is used to constrain
simple models of parton spatial density, and searches for
possible Feynmamn dependence ofro+ and kinematic cor-
relations between the two scatterings are conducted. Lastly, a FiG. 3. Schematic diagrams of the photen3 jet final state
series of appendices describe the following aspects of thgroduced in events with twpp collisions.(a) SP production at one
analysis in detail: the properties of low energy jets at CDFcollision togther with an inelasti¢soft) second collision(b) DI
(Appendix A), higher order backgrounds to DFRAppendix  production consisting of a photoh 1 jet scattering from one col-
B), and additional details on theg; extraction technique lision overlaid with a dijet from the secon¢t) DI production con-
(Appendix Q. sisting of a photont+ 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.

obtaining o is outlined in Sec. Il. The data sample and

models for signals and backgrounds are described in Secs. lll

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 3
W\

II. METHOD FOR EXTRACTING 0o

In previous ?malyse_s‘eff has been deriyed from measured js written oysp. The factor of 2 is combinatorial: the photon
DP cross sections, using QCD calculations of the two crosgnd jet scatterings can be ordered in two ways with respect to
sections in Eq(1). Theoretical calculations of dijet and pho- the two collisions. The number of DI events, to first order, is

ton production suffer from sizable uncertaintigisl, 12. In this probability multiplied by the number of beam crossings
the present analysisges is extracted independently of with 2 NSD collisions,N¢(2):

theory, through a comparison of the number of observed DP

events to the number of events with hard scatterings at two o0\ o
separatepp collisions within the same beam crossing. This ND|=2( rT ( )NC(Z). 3
latter class of events will be referred to as double interactions INsD/ | INSD

(DI's). Because this method does not rely on theoretical in-

put, it represents a substantial advance over previous mefo!lowing the same line of argument, we predict the number
surements. of DP events. For the purposes of this derivation we assume

The DI process, with a photos 1 or 2 jets at one colli- that DP events have one collision per bgam cros_sing. In Ap-
sion, and 1 or 2 jets at another, is shown schematically ifPendix C, we demonstrate that thefactor in Eq.(1) is 2 for
Figs. 3b) and 3c). Note that not all events with two colli- the photon+ 3 jet final state used in this analysis. Thus,
sions, such as the event shown in Figa)3are considered 9diven a beam crossing with one NSD collision, the probabil-
DI's, only those with hard scatterings at both collisions. DIty for DP and the number of DP events are to first order
events should be kinematically identical to DP events if scat-

terings in the DP process are uncorrelated. . Opp  04/700)
We now relate DP and DI production. Given a beam Probability for DP= ONSD O effONSD S
crossing with two non-single-diffractiveNSD) inelasticpp
collisions, the probability for a DI in that crossing is
O'.y/,n.OO'J
DP:(— Ne(1), %)
. Oyz0\[ 03 T effONSD
Probability for DI=2 . 2
ONsD/ \ ONSD

whereN(1) is the number of beam crossings with a single
NSD pp collision. We take the ratio of Eq$3) and(5) and

In symbolic fashion, we writer,, ;0 and o; as the cross
solve for ogg:

sections for producing/=#°+1 or 2 jets, and 1 or 2 jets,
respectively, which taken together yiejd7°+ 3 jet events.
These cross sections do not need to be specified in more _ [ Noi} [ Ne(1) ) ©
detail (see below. The cross section for NSpp interactions e\ Npp/ | 2N.(2) INSD-
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In the above,o,,,0 and o;, the cross sections which are cepted. In decreasing order Bf, the transverse energies of
uncertain theoretically, have cancelled. Of the remaining pathe three jets ar&(1), E+(2), andE+(3). Thephoton and
rametersgysp is known[9], and the numbers of evenlig,,  jets were required to be separateddR>0.8, and pairs of

and Np, will be measured. The number of beam crossinggets by AR>0.7. A further requirement oE;<7 GeV was

with n NSD collisions,N¢(n), is calculable: for a given made on the two lowesdE jets. This enhances DP over SP,
amount of data taken at some instantaneous Tevatron lumgince theEy spectrum of the DP jets is softer than the SP
nosity, N.(n) is a Poisson distribution im, with meann  backgroundSec. V). N _

given by oygp, the instantaneus luminosity, and the Teva- The _events_ were s_ubd|V|ded into double parton and
tron beam crossing frequency. Modifications to Eg). re-  double interaction candidate samples based on the number of
sulting from the efficiency for identifying collisions and Observedop collisions per crossing. The requirement for DP

event acceptance are discussed in Sec. VIl and Appendix ¢andidates 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-
IIl. DATA SAMPLES date samples, passing all the selection criteria discussed
above, are referred to as the 1VTX and 2VTX data sets. A
Data were taken with the CDF detector, which is de_total of 13 747 events in the 1VTX sample and 4904 events

scribed in detail elsewhef@3]. We outline here the detector I" the 2VTX sample pass all requirements. After the trigger
components important for this analysis. The location of theefficiency correction the effective number of events is 16 853
collision vertex (or vertice$ along the beam line is estab- @Nd 5983. These numbers are reiterated in Table |, along
lished with a set of time projection chambe&TX) around with the uses to which the data sets will be p@dtdditional

the beam pipe. The momenta of charged particles are recoﬁf"ta sets described in Secs. VI and VII are also summarized

structed in the central tracking cham&TC), a cylindrical 1N Table 1) L
drift chamber immersed in a 1.4 T axial magnetic field. Pho- 1€ two least energetic jets in the 1VTX and 2VTX data

tons are detected in the central calorimeter which sparia2  S€ts have loweEr than the jets of previously published CDF

¢ and +1.1 in pseudorapidity;. Projective towers in the measurementfl?7]. As a result, the interpretation of these
calorimeter are divided into electromagnetiEM) and had- objects as products of hard scatterings must be justified; this
ronic (HAD) compartments. A strip chambéEES embed- W€ do in Appendl_x A. We find that 5_GeV jets are the result
ded in the EM calorimeter near shower maximum measure8f €@l jet production, as opposed to instrumental effects. We
transverse shower profiles. A set of preradiator chamber°te: however, that detector response is poor ag such low
(CPR located in front of the central calorimeter counts pho-ET'S: for partonEr~5 GeV, Ey losses amount to 20%, calo-
ton conversions. The plug and forward calorimeters exten§Meter resolution is 2 GeV and jet-finding efficiency is 30%.
coverage for jet identification thy|<4.2. Instantaneous lu- AS & result, the relationship between the partonic and ob-
minosity measurements are accomplished using a pair of ur§_erved jet properties is .compllcated and uncertain. Also, at
and down-stream scintillator hodoscopé&BC counters low energies, perturbative QCD calculations for jet cross

The CDF coordinate system defines theaxis along the SECtions may not be reliable. The virtue of this analysis is
beam line, and the polar angle with respect to this axié is that theo s measurement is independent of these concerns,

The data sample consists of an integrated luminosity ofince al! comparisons to theoretical cross sect_ion calculations
16 pbt accumulated in the 1992—3 Collider Run. Average@'€ avoided. The presence of obserydd®+3 jet systems
instantaneous luminosity for this running period was ap-n DP and DI events in data is all that is required to obtain
proximately 2. 10°(cn? sec) 1. Data were taken with an  7eff-
inclusive photon trigger which required a transverse energy
deposition[ Er=E sin(6)] in the central calorimeter above
16 GeV, predominantly in the EM compartment, with trans-  To identify the presence of the DP process in our data,
verse energy flow consistent with a photon shojill. The  and to extractr, predictions are required for the properties
trigger also required less than 4 GeV of additional calorim-of the DP and DI processes, and for the SP background to the
eterEtr (EM+HAD) in a cone ofAR<<0.7 around the pho- 2VTX sample[Fig. 3@]. Models for these processes are
ton candidate 4R= A 7°+ A $?). Off-line, photon candi- described below, and their uses are summarized in Table I.
dates were required to havey|<0.9 to ensure good Models were obtained by combining pairs of CDF events.
containment in the central calorimeter, and a correction foiFor the DP and DI models, referred to rasbppP andMIxDI ,
trigger inefficiency as a function of photde; was applied CDF inclusive photon events were mixed with minimum
[15]. Accepted events include both single direct photons andbias events, with both sets of events required to have a single
merged multiple photons. A second trigger sample of interesV TX vertex and=1 jet. The resulting mixed events, which
is the minimum bias dataset, collected by requiring coinci-by construction include at least one jet from each “ingredi-
dent signals in both sets of BBC counters. ent event,” were required to pass thér’+ 3 jet event se-

No jets were required in the trigger. Off-line, jet recon- lection. The mixing process is illustrated in Fig. 4. We find
struction[16] was performed using a cone of radius 0.7 inthat roughly 75% of these events have a single reconstructed
(n,¢) to define jetEr. JetEq's were corrected for the re- jet, rather than a dijet, from the minimum bias ingredient
sponse of the calorimeter as a function»pbut not for en-  event. Thevixbp andmixbl models differ only in the size of
ergy lossegsuch as from calorimeter nonlinearlity and un- the “underlying event” energy contribution to the jets and
instrumented regions Events having three and only three photon, which arises from soft interactions among spectator
jets with E;>5 GeV, anywhere in the calorimeter, were ac- partons in thgp andp. Studies of the DP candidate sample

IV. MODELS FOR SIGNAL AND BACKGROUND
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TABLE I. Summary of the data sets, selection criteria, and models for signal and background used in the
identification of the double partofDP) and double interactiofDI) processes. In all cases thén’+3 jet
final state is modeled, with photdg;>16 GeV and jetE;>5 GeV. Unless indicated otherwise, jets are
accepted within the full CDF calorimetef+f| <4.2). The search for DIFDI) is conducted in datasets and
models with a singlgtwo) observedpp vertex. ThepyTHIA shower Monte Carlo program is used as a

crosscheck only.

Process Data sets and No. events Model for Model for
studied selection criteria in data signal background
1VTX A set: 16853
DP, 5<E;(2)<7 GeV MIXDP event mixing, PYTHIA shower MC,
in 1 VTX =1 jet from each event. SP/7°+3 jets.
vertex 1VTXB set: 3727 Underlying everii; Underlying eventE
events KE{(2)<9 GeV from 1pp collision. from 1pp collision.
DP enriched: 2575
5<E;(2)<7 GeV,
AS<1.2
2VTX: 5983
DI, 5<E+(2)<7 GeV MIXDI event mixing, MIX2v event mixing,
in 2 VTX =1 jet from each event. y/7°+3 jets from one event.
vertex Jet origin: 1333 Underlying eveBt Underlying evente
events E{(2)>5 GeV, frompp collisions. from 2pp collisions.

| 7|<1.3 for all jets,
=1 CTC track per jet

indicate that a typical single collision underlying event is  The non-DI background in the 2VTX samplEig. 3@)]
present in these events, whereas for DI events withfwo  consists of multiple collision events in whichmé=°+ 3 jets
collisions approximately twice that level is seft8]. This  hard scattering is accompanied by a secqm collision
difference has an impact primarily on event acceptdSee.  without a hard scatterin¢specifically, with no jet above 5
VIII'). We note that, by construction, the DP model assume&eV E+). The model for this backgroundjix2v, was ob-
independent scatterings. tained by mixing single vertex/ 7%+ 3 jet events and mini-

FIG. 4. Schematic diagram efixop mixing. Four constructions
of mixpP events are showrja) A CDF photon+ 1 jet event mixed
with a CDF dijet event(b) A photon + 2 jet event mixed with a

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 theyTHIA Monte
Carlo prograni19]. To ensure that both thgand =° events
in our data were modeledyTHIA Version 5.702 was used to
generate all 2>2 partonic processes, with structure function

CTEQ2M (,u,2=p$). Multiple parton scatterings within the
pp collision were disabled. Event generation was followed
by detector simulatiof20], 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

dijet event where one of the two jets of the dijet is not seen in thdNrée are thej angles between the photon and the three jets.

detector.(c) A photon + 1 jet event mixed with a double-dijet DP  The fourth, E1(1)/E1(), the ratio of lead jet and photon
event where one jet of each dijet is logt) A DP event in the Et’S, is sensitive to the level of momentum balance between

(photont+1 jet)+dijet final state with one jet from the dijet lost, the two highesEy objects. The fifth and sixth variableS,
mixed with a dijet event with one jet lost. Configuratigesand(d) andAS, were used in the previous CDF analy#s. S rep-
model triple parton scattering events. resents the significance of pairwise momentum imbalance. It
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model alone describes the dé#d]. From a visual inspection
—p Best V+Jet Pair of the six distributions, an admixture of approximately 50%
— — P Best Dijet Pair DP + 50% PYTHIA (we write this asf pp=50%) would best

match the data in every case.

In previous analyses, DP was identified by an actual fit of

SP Y4+ 3Jet kinematic distributions to admixtures of DP and SP Monte
Carlo models. This approach introduces model dependence,

PT <7+Jet> specifically (applied to this analysjson 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
AS ~T1 technique developed for this analysis. This technique statis-

tically subtracts SP background from the 1VTX data through

N the use of a second CDF photen3 jet dataset, chosen to be

// A o somewhat poorer in DP. This “two-data-set” method does

= (Di 'et) 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

FIG. 5. lllustration of the definition of thA S variable, applied MIXVE\)/Z' give here a brief outline of the two-data-set method,
to a SP photont+ 3 jet eventASis the_ aznmu_thal angle between the and provide a full description in Sec. VI A. Tvvyzr’7-r°+3 jet
Py vectors .Of the two best-balancing pairs constructed from these e ction criteria are applied to data, such that the resulting
photon + 3 jet system. data setsA andB, differ in their signal fractions, i.e., in the
ratio of the number of DP events to total eventﬁgp(
(:ffDP) Distributions of a distinguishing variable, for ex-

ampleAS, are plotted for both samples. Tigeplot is then

scaled by a paramet&rand subtracted from th& plot, with
k varied until the “A—KkB"” plot has the shape of theixbp
prediction for this variable. With this value &f the subtrac-
K tion has cancelled the SP component of #lot, leaving
S=— \/< [Br(¥.D) ) ('pT I, )|) (77 only the DP distribution. The values 6f and g are then
opr(j.k) extracted fromk. This method is illustrated in Fig. 7.

The DP-rich and DP-poor photofi 3 jet data sets were
where p1(y,i) and p(j,k) are the transverse momenta of selected as follows. Th& sample is the standard 1VTX
the two two-body systems andp(y,i) and dpt(j,k) the dataset. Th@& sample is the same @swith a single change:
corresponding uncertainties. Three pairings are possible, ande  require  &K[E(2),E1(3)]<9 GeV instead of
the minimumS is selected. Most often in the dat&7% of 5<[E{(2),E1(3)]<7 GeV (Table ). Requiring higher jet
the timg S is minimized by pairing the photon with the energies reduces the DP to SP ratio. This is seen in Fi. 8
highestE jet. which compare€,(2) spectra formixbP and data events

The last variableAS, is the azimuthal angle between the passing the 1VTX selection criteria, apart from the upper
pr vectors of the minimun® pairs. This is illustrated in Fig. limit on E{(2) andE+(3). Theratio of spectra is plotted in
5. In SP events, momentum conservation bias84owards  Fig. 8b). The second jet imixpP events is seen to have a
180°, while in DP events thA S distribution is flatter. softer spectrum than the data. Since the data are believed to

These six variables are kinematically correlated to onébe an admixture of DP and SP processes, we conclude that
another to varying degrees. Correlations were tested usingpe E; spectrum for DP jets is softer than the spectrum of the
the PYTHIA andMIXDP models. For each model, events wereradiated jets in SP evenf&2)]. This difference in spectra is
weighted so as to produce significant changes in one of ththe justification for theE{(2),E+(3)<7 GeV selection re-
distinguishing distributions. Changes in the remaining fivequirement applied to the 1VTX and 2VTX event samples.
distributions were then noted, and were found to be small oiselecting elsewhere on this spectrum creates a dataset with a
the scale of the differences in the distributions for the twodifferent signal fraction.
models(Sec. V).

is also used to dissociate thg/7’+3 jet event into a
yl7°+1 jet system and a dijet, based on the best achieve
pairwise balance. The/7° and 3 jets are grouped into two
pairs, y/ 7°+jeti and jetj+jetk, and the following quan-
tity is formed:

opr(y.i)

A. Description of the “two-data-set” method

VI. MEASUREMENT OF THE NUMBER OF DOUBLE h d hni . | h h
PARTON EVENTS The two-data-set technique is a general approach to the

problem of identifying a signal with known properties amidst
Distributions of the six distinguishing variables for 1VTX an unknown background. It operates by comparing distribu-
data are shown in Fig. 6. Also shown for comparison ardions of distinguishing variables for two data sets, designed
distributions from mixop (DP mode]l and PYTHIA (SP  so that one data set is richer in signal than the other. The
mode). It is clear, most notably from the two variables with method is strictly valid only if the shapes of the background
greatest sensitivity to DRAS and §¢(y,jet 1), that neither distributions in the two data sets are the same.
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For this analysis the two-data-set method operates on dide implemented as g test over all bins of the four known
tributions for theA and B photon + 3 jet data sets. We plots, A, B, M*", and M8, with a single free parametéﬁp.
assume that each distribution can be expressed as a sum ofWe now demonstrate how th@ parameter is obtained.
DP and SP distributions. In the DP-ri¢h data set, the dis- The two selection criteriad andB, are applied to data and
tribution for any one of the variablesd, is written  mixpp. A total of NY*™ and NY'™* events survive the\
Ai=(1—1pp) Qi+ fopMy* for each bini, where Q is the  selection, andN2A™ andN¥™ survive theB selection. One
QCD SP baCkgrOUnd diStribUtidlDlnknowr), andMA is the can forma”y write NX"X:)\NRP' with NRP the unknown
distribution formMIXDP events passing tha selection. Simi-  umber of actual DP events in sample and\ an unknown
larly for the DP-poorB data set/5;=(1— fo Qi+ fopMP . parameter. Iixop models the properties of DP events, then
All distributions are normalized to unit area. We have as+gr the B selection one can writdly* =ANE”, with the
sumed a common SP background distributigh,To mini-  same value ok. In other words, ifvixoP models DP accu-

mize the impact of this assumption, the two selection criterigately, then it models the relative efficiency for DP events to
were chosen to be similar, so as to maintain similar k'”ePass two selection criteria. Therefore
I ’

matic constraints in the two data sets. The assumption wi
also be tested directl§Sec. VI Q. 8 NDP | / NDATA ANDP | / NDATA
Proceeding with the derivation of the method, we elimi- C DF’:( B )( A ):< B )( A )

nate Q; from the equations fox; andB; and obtain =f_/3p_ Na AL NG NpATA L ANRY
1-fA, CfAY(1—fAs) NPV NRATA
Ai_(l—cfép Bi= fopM= 1-cfh, M, AN SUNE ) ©

(tS)
The C parameter is thus determined without knowledge of
where C=f2J/f5,. Remarkably, this ratio of signal frac- the actual amount of DP in data. Given the two selection
tions, C, is a known parametésee below. Thus Eq.(8) can  criteria, we find N?A™ =16 853, N5A™A=3727, NY™
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0 ﬂ FIG. 8. (a) The E{(2) distributions for data passing the 1VTX

AS . o .
selection criteria apart from the upper limit oB(2),E+(3)

FIG. 7. The “two-data-set” method for extractinfyp, illus- (points, and for events from theixoP model(dashed histogram
trated for two hypothetical data samplasandB. AS distributions ~ The two spectra have been normalized at the first (inRatio of
for the two data sets, normalized to unit area, are shown. I\the the two spectrayixpp/data.
sample, DR“signal” ) constitutes 70% of the sample, while in the
B sample DP is 25%. The DP component of each plot is shown i
heavy shading, the SP backgroufithackground”) in light shad-
ing. The scaled difference of the two distributiods;- kB, is also
shown, withk such that the SP component of tAalistribution has
been subtracted off. Thie— kB distribution is then equal to the DP
distribution alone.

"With MIxDP normalized tof pp=52.6% of the area. Figures
9(b)—12b) show the same for thB selection, withmIxpP
normalized tof gp=0.660x 52.6%=34.7% of the area. The
next two sets of plots are consistancy checks of the two-data-
set method. Figures(§—-12c) show the “A—kB” distribu-
tions [the LHS of Eq.(8)] which should match thenxpp

=21 240, andNy™* =3105. ThusC=0.660+0.002. In other ~ predictionsthe RHS of Eq(8)]. The agreement is generally
words, theB data set has a signal fraction 66.0% the size ofgood, as reflected by the fit* values. Figures @)—12d)

the signal fraction in thé\ set. show the “extracted SP” shapes fér and B, obtained by
subtracting thevwixpp 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-
The two-data-set technique was applied to the distribus,tion in the extracted SP shapes is seen.

tions of the four angle-based distinguishing variables. The
E ratio andS variables were not suitable for this method,
since their distributions depend on the lower limitBa(2),
which is different for theA andB samples. Results are given
in Table II. The simultaneous fit to all four variables has a In a more quantitative test of whether the assumption of a
reasonabley? (167.6/149 DF) and yieldsﬁépszp=(52.6 common SP background shape is valid, as well as to check
+2.5)%. Fits to the individual distributions are also listed the overall robustness of the method, the two-data-set tech-
[23]. nique was applied to mock data constructed fraxop and
Results of this simultaneous fit are shown graphically inPyTHIA events. Note that theyTHIA model provides a pre-
Figs. 9-12 for the four variables. FiguretaB-12a) show diction for possible differences in the SP distributions for the
distributions for theA selection for both data ansixop, A andB selections. Inpukixpp fractions ranged from 35%

B. Results of the “two-data-set” method

C. Checks of the two-data-set method

TABLE II. Results for the fraction of double parton everi$s) in the 1VTX data, obtained from the
two-dataset method. The associajg®s and numbers of degrees of freedom are also shown.

Distinguishing variable tested:

Sp(v.jet 1 S¢(v.jet 2 Sg(v.jet 3 AS All
fop (%) 61.5+4.0 20.2-15.3 53.9-6.3 51.1-3.6 52.6-2.5
x?/(No. DF) 41.5/29 27.4129 18.0/29 69.2/59 167.6/149




3820 F. ABE et al. 56
v 0.05 [%) S E S E
g L a) 9 F b) N E a) N 007 b)
L X = 0.06 - =
S S W% 0.06 C - oo (8561 H E E +Data (ASet) . +++§ oo |t Doto (B Set) J(
z F OMIXDP (53%) HH Zz 005 | [IMIXDP (35%) ]lw 005 O MIXDP (53%) ++++Jr > 7 F OMIXDP (35%) H ++
" oo0s [ t " ooos B 1[ 004 | 0-09 E Jr
E H+ﬂ B J( ﬁ + F +++H 004 |- ++H+ +
F E 003 + F
0.02 - . ﬁ### o0 ; mﬁ | § 4++++++ 0.03 [ ' +_|,|.++Jr+
o | ! E W et T
e ;++++m++*++ﬂ+++”*ﬂ+ 001 JfHJfﬁHJrJr 0.01 ? 0.01 5.—+ +
N +J | | §+“+*++++++#+*|+H+H+# | | S N
sl RS ol 1 A ol 1 R
AS (radians) AS (radians) S¢(y,Jet 2) (radians) So(y,Jet 2) (radians)
0.1 £ 1 = S- E
g ) Son b d) z M c) T oos | d) “Extracted SP*:
~ L ~ z r z F
% o.08 - + A—kB, Data Z 014 “Extracted SP": 2 oos :_ + A—kB, Data + 2 007 ; Data—MIXDP
< [ O MIXDPpred. Son Data—MIXDP = [ @ MIXDP pred. Soos By set
006 |- + 0.1 + Aset 008 - 005 B Bset
L J(H 0.08 B B set C 004 E
o0t _+ ++ 0.06 004 = ++ H»J[ ““H 0.03 2
0.02 %+ ‘tﬁ + | 0.04 0.02 LHH H + J[«H {» 0.02 ;—
L + Q.02 L + 0.01 [
P o dl oo anllonas [ N P I
0 0 'll ; :l‘; 0 0 1 2 3 ° o] 1 2 ) 3 0 0 1 2 ) 3
AS (radians) AS (radians) Sp(v,Jet 2) (radians) S¢(y,Jet 2) (radians)

FIG. 9. Results for the two-data-set fit to theS distribution.
The simultaneous fit valudyp=52.6%, has been use@) Distri-
butions for theA selection, datdpointg andmixpr (shaded, with
MixpP normalized using pp. (b) Same, for theB selection;mixpp
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data distributions irfa) and(b), scaled so as to best eliminate the SP
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FIG. 11. Results for the two-data-set fit to the(y,jet 2) dis-
tribution. See Fig. 9 for description.

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 thg value ob-
tained for the 1VTX data. We find fpp=[52.6
+2.5(stat)=0.9(syst)]%.

As a check of this large DP fraction, the admixture 52.6%
MIXDP +47.4%PYTHIA is compared to 1VTX data in Fig. 14.

to 65%. The resulting measured fractions tracked the inpufll Six distinguishing variables are shown. In each case, the
fractions well. For example, the data set with input fractiondat@ are well described by this admixture. Figure 15 shows
50.6% was found as having (51-2.0)% DP. Results are the comparison for the th&S variable alone, which has the
shown graphically in Fig. 13. No systematic bias to the ex-Jreatest sensitivity to DP. We note that a simultaneous
tracted fractions was observed within the statistics of thYTHIA+MIXDP fit to the six distributions yieldsfpp
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FIG. 10. Results for the two-data-set fit to the(y,jet 1) dis-
tribution. See Fig. 9 for description.
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=(51.8+ 1.0/% (statistical uncertainjy a result that is indis- events. The event sample for the jet origin analysis differed
tinguishable from the two-data-set result, since thecfiis ~ from the standard 2VTX sample in the following ways. A
the same as for a constrained fit topp=52.6%  requirement of 7|<1.3 was made for all three jets, and the
(273.0/244Npp). two VTX vertices were required to be separated by at least
10 cm. The latter cut reduces confusion in the CTC track
D. The number of DP events finding algorithm. In addition, to increase the size of the
. sample, the upper bound on tke of the two least energetic
Before calculatindNpp, the number of DP events, & Cor- iats \yas removed. The total number of events passing these
rection must Pe applied for_the possible pr.es.ence. of ”'P' equirements and the jet tracking algorithm is 1333. The im-
parton scattering events, which because of similar k|nemat|c|§act of these differences in selection criteria is discussed
would appear as part of the observed double parton signahe|ow.
This correction is necessary because dhg extraction tech- In Fig. 17 we plot the difference in origins for jets 1 and
nique (Sec. 1) relies explicitly on Eq.(1), which we take to 3 (Az,,) vs jets 1 and 24z;,). The data clearly divide into
be the cross section for two and only two pairs of partonfour classest1) (Az;, andAz;3)<5 cm;(2) Az;,<5 cm and
scatteringsmixpp events were used to determine the correc-Az,;>5cm; (3) Az;;<5cm and Az,>5cm; (4)
tion, based on the possible presence of double parton scdtAz,,— Az, <5cm. There are virtually no other events in
tering in the two ingredient event samples. This is describeghe sample. In the absence of algorithmic failures or confu-
in Appendix B. We estimate that 13% of the observed DP  sion, these classes would correspond to the following pro-
signal is triple parton scattering, necessitating that the signalesses(1) photon+ 3 jets (SP or DB from one collision;
be reduced by a factor of 0.8805. (2) DI, with jets 1,2 from one collision and jet 3 from the
It must also be noted that DI is potentially a secondother;(3) DI, with jets 1,3 from one collision and jet 2 from
source of background to DP, since not all NBp collisions  the other;(4) DI, with jets 2,3 from one collision and jet 1
are found by the VTX. Based on the analysis of the DI com-from the other. Experimentally, however, the classes and
ponent to the 2VTX data, described in the following section,processes mix. Errors in jet origin determination occur when
we find that the contamination of DI events into the 1VTX jets actually have few or no observable tracks, but are as-
DP signal is negligibl§24], and make no correction. Taking Signed an origin based on tracks from the second collision.
together the number of 1VTX evenfi,p, and the correction We account for this effect by running the algorithm on
for triple parton scattering, we obtain Npp ~ events from the D(MixDI) and backgroundmix2v) models

=7360+ 360" 520. that pass the selection criteria of the jet origin analysis. The

algorithm performance on data and models, specifically the

VIl. MEASUREMENT OF THE NUMBER OF DOUBLE breakdown of events into their class assignments, is shown
INTERACTION EVENTS in Table Ill. If the algorithm were perfect, then allixpi

events would be assigned to classes 2(BMsignal) and all

The number of DI events in the 2VTX sample must bemix2v events would be assigned to clasgriultiple collision
determined in order to extract the,; parametefEq. (6)]. backgroungl In practice, the performance on the models in-
To obtainNp,, we exploit the fact that the jets in photerB  dicates that the misidentification of the DI process as a mul-
jet DI events originate from separafg collisions [Figs. tiple collision background, andce versaoccurs at the level
3(b) and 3c)]. The origins of jets along the beam line were of 20%.
determined using charged particle information from the The numbers of data events found in the four classes were
CTC. The algorithm for finding jet origins operated as fol- simultaneously fit to an admixture efixpi andmix2v. The
lows. (1) Jets were required to haye|<1.3 in order for data are best described with a (16.8.9)% DI component,
associated charged particles to be within the volume of theneaning that jets originate at separgie collisions in this
CTC. (2) All CTC tracks whose(7,¢) lay within a cone fraction of the two vertex event sample. The uncertainty is
AR<0.7 around the jet direction were considered as candistatistical. This result for the DI component is verified in Fig.
dates for belonging to that je3) The averagez of these 18, which comparea S distributions for events where all
tracks was calculated4) The track with the largest deviation jets have a common origitlass 1 and for events with jets
from the mean was removed and a new mean calculated; tre separated origin&lasses 2, 3,4 A clear difference be-
process was repeated until no track had a maximum deviaween the two classes is seen. The strong peaking mear
tion exceeding 3.0 cm(5) The jet origin inz was defined as seen in class 1 is typical for SP, whereas the flatter shape
the average of the remaining tracks. For jets witlp| <1.1,  seen in the class 2, 3, and 4 category is indicative of the DI
at least one track surviving the algorithm was required; ifprocess. The shaded histograms are predictions, obtained by
1.1<|#|<1.3, 2 such tracks were required. combining results frommixpl and Mix2v in the ratio fp,

As a test, the algorithm was applied to the 1VTX data=0.168. Good agreement is observéds distributions for
sample. The difference between therigin of the jets and the four classes are shown individually in Fig. 19, and agree-
the VTX vertex is shown in Fig. 18). Nearly all jet origins ment with the predictions is again good.
are found to be within 3 cm of the event vertex. This is not The number for the DI fraction obtained above pertains to
an artifact of the 3 cm “outlier” cut. Distributions of the an event sample that differs from the standard 2VTX dataset.
number of accepted tracks per jet are shown in Figg)t6 We described in Sec. VI A a general technique for calculat-
16(d) for the three jets. Even for the loweBt jet, at least ing the ratio of signal fractions in two data sets with different
one track is found roughly 90% of the time. selection criterigd Eq. (9)]. Applying this, we find that the

The algorithm was next applied to a sample of two vertex16.8% DI fraction found in this study implieky=17.7%
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o 80 - for the standard 2VTX sample. This translation has negli-
= Test of 2—Dataset Method gible uncertainty.

2 To test the robustness of this value figy;, the selection

5 0 L ® Mock samples (PYTHIA+MIXDP) criteria for the jet-tracking sample were varied. The require-
o i — Best Fit ments on jety and the number of associated tracks were
=  Found=True relaxed and tightened on both data and the mixed models.
5 60 L The extracted values dfy, agreed to 10%, fractionally, and
R no trend was observed within statistics. We therefore take
Lo

fo=(17.7£1.9+1.8)%. Other possible sources of uncer-
tainty, such as misassignment of vertices for the calculation
of jet , and tracking confusion in events with close vertices,
have been investigated and are small. Taken together with
the number of 2VTX events, we obtainNp,
=(1060+110+110).

50
40

VIIl. EXTRACTING THE ot PARAMETER

The first-order expression for extracting.; from the
‘ l \ \ l comparison of the number of DP and DI events was given in
O T T T3 T a0 se 0 70 T a0 EQ.(6). To obtain a more realistic expression we inclyde
True MIXDP Fraction (%) kinematic acceptance for DP and DI events to enter our event
samples, an@?) efficiencies for a beam crossing withcol-
FIG. 13. Results for the test of the two-data-set method on mockisions to be observed as having 1 VTX vertéP candi-
data cor_lstructed fromixop andPYTHIA events. Theaixpp fraction date$ or 2 VTX vertices(DI candidates The vertex effi-
was varied from 35% 1o 65%. ciency correction accounts for singlédouble collision
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FIG. 15. AS distribution for 1VTX data(pointg. The DP com-

. FIG. 17. Scatterplot of the difference morigin for jets 1 and 3
ponent to the data, determined by the two-data-set background sujps b v J

traction method to be 52.6% of the sample, is shown as the shad
region (the shape is taken fromixpp). Also shown is the admix-

ture 52.6%MIxDP +47.4%PYTHIA, normalized to the datdine).

719 Vs jets 1 and 2 4z;,), in y/7°+3 jet events with two
rtices. The data are subdivided into four classes. Double interac-
tion events, in which jets are produced at sepapgiecollisions,
should appear in classes 2, 3, and 4.

events lost from the DRDI) candidate sample, and for The acceptances for DP and DI events to pass kinematic

events with more than on@wo) collision(s) which contrib-

selection requirements, apart from the vertex selection, are

ute to the DRDI) sample. These modifications are describeddenoted byApp and Ap,. The factorR, replaces the ratio

in Appendix C. The updated expression gy is

N¢(1)/[2N¢(2)] found in Eqg.(6), and is a function of the
number of beam crossings with collisions, N.(n), and
VTX vertex identification efficiencies; see Appendix C.

Ueﬁ:(ﬁ) (AE)(RC)(UNSD)- (10) ‘The ratio of kinematic acceptances in H40) was ob-
Npp/ \ Api tained by taking the ratio of accepted events fmarppP and
MIXDI event mixing, operating on the same samples of ingre-
o dient events. The different levels of underlying event in
SR a)| § % - b) single and doublg@p collision events result in different jet-
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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, &)dmakes it

TABLE lIl. Performance of the jet origin algorithm operating
on two-vertexy/ 7%+ 3 jet data and on models for Mixpi) and
multiple collision backgroundmix2v). The breakdown of the num-
ber of events into the four origin classéSec. VI is shown for
each of the three samples tested. Based on the numbersnmxthe
andmix2v columns, the jet origin algorithm misidentification rate
(DI found as multiple collision background, awite versais ap-
proximately 20%.

Frac. of samples assigned to each class
Event # Data events

T R N N =N class per class Data MIXDI MIX2V
Jet 2 Track Multiplicity Jet 3 Track Multiplicity 1 946 0.710 0.224 0.813
2 185 0.138 0.353 0.090
FIG. 16. Results of the jet tracking study on single vertex3 105 0.079 0.190 0.064
vl 7%+ 3 jet events(a) Separation between the VTX vertex and the 4 97 0.073 0.233 0.033

jet origins inz. (b)—(d) Charged track multiplicity for the jets.
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_ o 0 ‘ (Linsy for the 1992—3 Tevatron Run. For a giveh, the
CDF 16 GeVy/n + 3 Jets number of NSD collisions per crossing is a Poisson distribu-

2—Vertex Events - tion with mean (n)=(Li,/fo)(onsp), With fy the fre-

o guency of beam crossings at the Tevatidp(n) was evalu-
[ @ Class T events ated as a sum of Poisson distributions with different means,

L (All Jets found at same vertex)

r oot or Close 1 based on thel;. distribution. The first several terms of

w N
o <)
o IS)

Number of Events / 0.031 rad.
8
o

(16.8% Double Int. + 83.2% Single Int.) N¢(n), expressed as fractions of the total number of cross-
[ * ings, areN¢(1)=27.2%, N(2)=7.25%, N.(3)=1.55%.
250 - This means, for example, that 27.2% of the beam crossings
f A Closs 2, 3 and 4 events in the 1992-3 CDF data are predicted to have one and only
200 (Jets found at separate vertices) one NSDpp collision.
B Prediction for Class 2, 3, and 4 14 The first-order expression for th, term, as it appears in

T

Eqg. (6), is Nc(1)/[2N¢(2)]. Given the above, it has the
value 1.87. Using the full expression f&, in terms of

150

oo | . : N¢(n) and VTX efficiencies, as it appears in Appendix C, we
" B find R,=2.06+0.02" 591 The second uncertainty is system-
- ] atic, and is also derived in Appendix C.
0 ¢ o ° r— b The final parameter in Eq10) is the NSD cross section.
_kaftg_A_—‘—_‘_ This was derived from the CDF measurements of Fa&fby
T T T subtracting the single-diffractive cross secti¢h46+0.44

mb) from the inelastic cross sectid$0.33+1.40 mbh. We
obtain UNSD:(SO%].S) mb.

AS (p—angle between pairs) (radians)

FIG. 18. AS distributions for class 1 and class+B3+4 jet Inserting these values into E(LO), our meaurement of
origin categories, in 2 vertex/w°+ 3 jet events. The shaded plots the process-independent parameter of double parton scatter-
are predictions based omixpl and mix2v events, usingfp, ing is oef=(14.5* 1.73:;) mb.
=0.168.

IX. IMPLICATIONS OF THE o MEASUREMENT,

easier to find more than three jets above 5 GeV and thus AND KINEMATIC STUDIES
reject the event. We find\pp/Ap,=0.958 with negligible
statistical uncertainty. Apart from the fact thaitxpp explic-
itly models uncorrelated DP scattering, systematic uncer-
tainty on the mixing models and the acceptance ratio i
small.

The number of beam crossings withcollisions,N(n),
is needed for the evaluation of the term in Eq.(10). It was
obtained from oygp and the instantaneous luminosities

The o+ parameter of double parton scattering contains

information on the spatial distribution of partons within the
roton and on possible correlations between the partons. In
he remainder of this paper we investigate these issues. In
Sec. IX A the measured.; is used to constrain various
models of parton spatial density. In Sec. IXB we ask
whether this density, and thus;, is dynamic. In Sec. IXC
a search for kinematic correlations between the two scatter-
ings in DP events is described.

8400 £ B 0
5 350 7 o) Class 1 . 5 ;Z : b) Class 2 H A. Parton spatial density
Em E % f o b + In Sec. | we mentioned that a simple model of proton
5290 F & 4ok o structure predicted a value of 11 mb feg;. Our measured
[ - value of (14.5-1.7° 3% mb is consistent with this expecta-
5 :ZE 3 o 5 5 7 o tion. We now descrlbe this prediction, and investigate pre-
o L - = 0 E f A dictions from other models of proton structure.
5 oo i *+ e nalneand A strictly classical approach for calculating given a
0 e (mdmzns> 5 0 AS (mdm2ns) 3 spatial distribution of partons was taken from RE25].
‘ Given a density, the overlap integral of the product of the
3 P Soos [ ‘ proton and antiproton parton spatial densities was evaluated,
530 = ¢)Class 3 T 5 20 [ d)Class 4 N + for a pp collision with impact parameteA. This quantity,
S o5 SEER= e D(A), is taken to be proportional to the “parton-parton lu-
: 20 [ 5 15 F . + _minosity” for single ha_ro_l scatterings in co_llisions with th_is
5o f+ %12{2 ; + impact parameter. Individual hard scattering cross sections
3 ‘o T . are thus proportional t®(A), while the cross section for
2 0= f + 2 LB f+ two parton-parton hard scatterings is proportional to its
E H 25 7 + square. In light of Eq(1), the expression foo g IS
T N . 2
AS (radians) AS (radians) ) [I D(A)ZWAdA
FIG. 19. AS distributions for the four jet origin classes, in two aeﬁzi OOC . 1y
vertex y/ w°+ 3 jet events. The shaded plots are predictions based J D(A)ZZTrAdA
on MIxpl andmix2v events, usingp,=0.168.
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TABLE IV. Results from the parton spatial density analysis. Predictions for rms radius-gnare shown for several density models.
Equating theo . predictions to the measured value ®fi; determines the distance scale parameters. Also, rms radii are derived from the
distance scales. The cutoff parameter for each madedlefines an effective radius for NSD collisions, and is obtained from the distance
scale, the relatiomrygp=(2nX scale¥, and the CDF measurement of,sp. The measured distance scales, rms radii, and cutoffs have
+10% uncertainty(statistical and systematic in quadrafure

Model Form of density, Predictions Measurements

for density dN/d3r rmsr O eif Scale(fm) rmsr (fm) n
Solid sphere Constant<r, V35, 47r3/4.6 r,=0.73 0.56 0.87
Gaussian o ri2s? V33 4732 3=0.34 0.59 1.9
Exponential e JI2n 35.5:2 A=0.20 0.70 3.2
Fermi, \/ry=0.2 (erroh 4 1)1 1.0%, 4.6 ro=0.56 0.60 1.1
Fermi, \/r,=0.5 won 2.01r, 14.52 ro=0.32 0.63 2.0
Fermi,\/r,=0.8 won 3.05r, 32.82 ro=0.21 0.64 3.0

The integrals are over all impact parameters, assuming azing value. It is interesting that similar rms radii values are

muthal symmetry. The partonic cross sections for the twabtained from the different density models.

scatterings, such as, andog in Fig. 1, cancel in Eq(11). The Fermi, exponential, and Gaussian models do not pre-

The factor of 1/2 comes from the definition of« [Eq. (1)].  dict onsp, because they lack a natural cutoff of the density
Equation (11) was evaluated for the simplest “solid in radius. For these models we have taken an opposite ap-

sphere” model, which assumes spherical protoasiusr,) ~ Proach, and have used the measutagp to specify the

with a uniform parton density. We fimzleff=4wr§/4.6. Using effective proton radius corresponding to NSD interactions. In

the measured o.x We extract a proton radius of particular, we express this “NSD radius” as a multiple of
e

(0.73+0.07) fm, where statistical and systematic uncertain e distance-scale parameter of each distribution. For ex-
tie.s havé been ladded in quadrature ample, in the case of the exponential distribution of partons,

. wheredNee " d%, we determine\ using oo as before,
The solid sphere _model .for proton structure also hfas th?hen assumerysp=(2n\)2 and solve fom. By this defi-
unique feature that it predicts both.s and oygp. In this

C S nition, n\ is the effective proton radius for NSD collisions.
model the NSD cross section is equal#62r )<,

 Cross se meaning  These cutoff parameters are also given in Table IV.
that any scattering in which the spheres “touch” contributes

to ongp- Thusogs=onsp/4.6, and one can use the measured
value foroygp to obtain a numerical prediction fers;. The B. Feynmanx dependence andk correlations

value of 11 mb mentioned in Sec. | was obtained in this way. The O af value from the present ana|ysis agrees well with
The factor of 4.6 is a purely geometric enhancement of thehe previous best measurement of 124’ mb. However, if
DP cross section: because single parton-parton scatterings . were a function of the kinematics of the scatterings in-
occur with highest probability in small impact-paramed@r  volved, the two measurements would not be expected to co-
collisions, where the overlap of parton densities is largestincide. For example, a dynamic parton spatial density, where
the probability for a second scattering given the first is enthe density depends on the Feynmanof the partons
hanced. (X=Ppartor/ Pream)» WoUld generate ar-dependentrqs. As
Three other models for the parton density distribution—an illustration, consider a model in which highempartons
Gaussian, exponential, and Fermi—have also been testedre concentrated in a “hot core” within the proton. At higher
The Fermi model is analogous to the charge density distrix the effective proton size, and thus;, would be smaller,
bution seen in heavy nucl¢R6]. The predictions foro, resulting in a DP cross section enhanced for scatterings at
obtained from Eq(11), are functions of the distance-scale high x relative to lowx.
parameter for each model. In the same way thatvas ex- The possible Feynmax dependence ofr.; was studied
tracted from the solid sphere model, we use the measurday searching for deviations from the MIXDP model, which
oo t0 determine the scale parameters. Results are summhby construction has the dependence of the two scatterings
rized in Table IV. only. It is worth noting that, although the analysis of Sec. VI
These results can be compared to venerable measurixdicates that DP events in data have several properties that
ments of proton size frorep elastic scattering. The relevant are well described bywixpp, this does not rule out an
quantity determined in these experiments was the rms radiusdependentr;. The primary manifestation of such a de-
of the proton charge distribution, found to be pendence would be in the DP ratexswith possibly negli-
(0.77+0.10) fm in scatterings with momentum transf@f  gible effects on other kinematic properties of the phetdh
of order 0.1-0.5 Ge¥[26]. To compare with this value, the jet system.
distance-scale parameters obtained from the density models We begin by establishing an enriched sample of DP can-
were converted to rms radii. The relationships between padidate events, consisting of 1VTX data that pass the cut
rameter and rms radius, and the resulting rms radii, are listed S<1.2 (2575 events Based on theaxpp +PYTHIA curve
in Table IV. Despite the difference i®? between the ex- shown in Fig. 14f), the data passing this cut should be 90%
periments, these rms radii are consistant withdpescatter- DP. Each event was subdivided as usual into the two best-
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. S FIG. 21. Comparison of invariant mass for 1VTX dé#fmint9

f FIG. f20. hResuIts. of the Fe&?la“ yanaly&s.;?strdzg;nons and the mixture 90%uixpP+10% PYTHIA (shadegl Events were
of (8 x for the y+1 jet system (p,p_[pT/ﬁbea”][e 7+e" "), required to have\S<1.2. (a) The photortjet system(b) The dijet
and (b) x for the dijet system Xop=UEr()+Ex()l/ system.(c) The four-body system(d) Average dijet mass vs
(2Pvear}[€” 71 +€7 7], wherei, | signify the two jets of the dijet  photontjet mass. The data are well described by the prediction,
Two entries are made in each plot per event, one for each of the tw@ i1 is dominated by the uncorrelatenkop model for DP.
partons contributing to the particular two-body system. The predic-

tion, 90%MIXDP +10%PYTHIA, is shown as the shaded area. Eventsterings could exist in DP events. Certainly for scatterings at
were required to havAS<1.2. A correlation study is also shown: hjgh E;, overall energy-momentum conservation restricts
averagex for the dijet system plotted againgtof the y+1 jet  thex range available for the second scattefiag]. A second
system(two entries per evet for (c) partons within the same gaffact, more relevant for our relatively lof dataset, is that
baryon and(d) for partons in opposite baryons. The data and pre-pigher order processes contributing to DP might introduce a
diction are as ir(a). common transverse boo6tky kick”) for the two pairs, as

balancing pairs based on minimugn Fourx's were evalu-  OPPOsed to the independent boosts presemmp.

ated, since two partons contribute to each of the two pairs We have searched for kinematic correlations using the
(see Fig. 1 Distributions ofx are plotted in Figs. 2@) and ~ DP-énriched data sample and prediction of Sec. IX B. Unlike
20(b), along with a prediction obtained by applying th& the case of am-dependgntreﬁ, however, it is po.ssllble _tha}t
<1.2 selection to the admixture 90%xDP +10%pPYTHIA.  SOME types of correlation would affect the distinguishing
No systematic deviation of the DP rate xsand thus no variable distributions, used in Sec. VI to establish the level

dependence to, is apparent over the range accessible to of DP in the 1VTX sample. If such correlations are present,
this analysis (0.01-0.40 for the photonjet scattering, the Mixpp model is inadequate, and the valuefgp and the
0.002-0.20 for the dijet scattering purity of the enriched sample are uncertain. Any discrepan-

Correlations inx between the partons that produce theCi€s seen between the properties of DP-enriched data and

two scatterings were investigated by plotting dijets pho- those of the 90%mixpP+10% PYTHIA prediction could
ton + 1 jetx. The “hot core” model, for example, predicts therefore reflect eithefl) actual distortion of the enriched

a correlation inx between two partons within the same data due to DP correlations, @2) an incorrect assumption

baryon. In Fig. 2(c) we plot an average dijet as a function for the purity c_)f the er)rlched data. . . o .

of photon+ 1 jetx, for partons within the same baryon. The The following v_arla_lbles were investigated: |nvar_|ant
use of an average dijat allows any correlations to be more mellss,pT, andl lon%'tlfjd'nﬂl momenturp, [28]. Elach \éafr" h
clearly seen. Because DP events originate from the scatterirfif ¢ t\)N?-jS evaluated for t E TWOT%a"S separately afn tht g
of four partons, each event makes two entries into Fi¢c)20 ur-body system as a whole. The comparison of enriche

one for the pair of partons from the proton, and one for thedat"’l to the admixture 90%IxDP +10% PYTHIA for these

pair of partons from the antiproton. For completeness, éhreel kir;_emz;tilc vr?riabl_es is_shown in l;igs._b21_—23. fForbexr;
complimentary plot for partons in opposite baryons is showrfMP'e, FIg. SNows invariant mass distributions for Ot..
in Fig. 20(d). The 90%MIXDP +10% PYTHIA predictions are  PaIrs: the four-body mass, and the average mass of the dijet

also shown. No correlations ¥ are apparent in either plot. pair as a functlpn of the photos 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 mixofor and
Apart from correlations introduced bydependent parton PYTHIA. At a detailed level, some differences are seen in the

densities, other kinematic correlations between the two scatlijet p; and mass. A low level of correlation is seen in both

C. A search for other kinematic correlations
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%1 g . o X. SUMMARY
>u. CDF y/n° + 3 Jets, | > %" F 7/ )
5012 S<1.9 D 016 || A strong signal for the presence of double parton scatter-
<o 8 < . .
= | + Data = Z‘Z ing has been observed in a sample~o14 000 CDFy/7°
0.08 it H+ | | [3DP.SP mix LB + 3 jet events. We determine that the fraction of DP events
0.06 fy Gonomy H in the sample is (52:62.5+0.9)%, using a technique that
E n p . g q
0.04 |t , 005 £ e+ does not rely on models for the single parton-parton scatter-
0.00 L oo i ing background processes. This represents nearly a factor of
a P ooz B N 10 increase in the ratio of DP to SP background, and a factor
o S . L : . D g _
0 10 20 30 ° oo s of 8 increase in the statistics of the DP candidate sample,
Pr (7 + Jet) (Gev/c) Pr (Dijet) (GeV/c) over the previous CDF measurement. The process-
o 2 F g independent parametero.;s IS measured to be
So1e = ©) Hy Qb #oae | (14.5-1.7" 35 mb, and was determined without reliance on
2012 oot > DP.SPmix l theoretical QCD calculations. This measurement agrees well
01 L Esr =1+ with the previous CDF value.
0.08 g ) =S a The o measurement has been used to constrain various
0.06 0 = il models for the parton density distribution within the proton.
0.04 m % : Within the context of each of these modedgy was used to
002 A g 2 evaluate a value of rms proton radius which was compared to
T T Y P B S measurements frorap elastic scattering experiments.
’ o n ’ N - * The high statistics and large DP signal fraction of this
P; (y + 3Jets) (GeV/c) Pr (v + Jet) (Gev/c) 9 g g

analysis have permitted searches for Feynmalependence
FIG. 22. Comparison of transverse momentum for 1VTX dataOf o and kinematic correlations between the two hard scat-

(points and the mixture 90%ixpP+10% PYTHIA (shadedl See  terings. We find no evidence fardependence to within

Fig. 21 for a description. the x range of this analysi$0.01-0.40 for they/ 7%+ jet

scatter, 0.002-0.20 for the dijetand likewise no evidence

the data and prediction, and results from the fact that, accord®’ X correlations among the four partons involved in DP

ing to MIxDP, the majority of DP events have the configura- scattering. A search for kinematic correlations N MAPES,

tion shown in Fig. 2c). For this event configuration the sub- and p, was also undertaken, and no correlations are ob-

division into photon+ 1 jet and dijet systems is incorrect, served.

and results in correlations between the two systems. The lev-

els of correlation in DP-enhanced data are again reasonably ACKNOWLEDGMENTS
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o0¢ B oo £ T APPENDIX A: THE PROPERTIES OF CDF JETS
O'Oé T R WITH OBSERVED E;~5 GeV
0 50 100 150 200 250 0 50 100 150
P, (y + Jet) (GeV/c) P, (Dijet) (GeV/c) In this appendix we investigate whether the IByjets of

. 45 this analysis are the result of actual jet production, or of

%o.og c) 540 £ instrumental effects such as electronic noise, phototube dis-

S 008 35 Bty - charge, or gas calorimeter sparking.

R !}‘ S %%‘F‘Jﬁu? An inclusive 5 GeV jet data set was obtained from a
o0s BN B E T sample of minimum bias trigger events. A total of 25 202
0.04 E Ml O T J( events were found with at least one jet above 5 Gg\and
005 £ Hy élz E TToRsPm a single VTX vertex(9% of single vertex minimum bias
oor E i s b events have one or more jets above 5 Ge®f these, 706

0 B M et Vg B events were flagged as resulting from obvious instrumental
0 100 200 300 0 50 100 150 200

P, (¥ + Jet) (GeV/c) effects, with the jets originating with anomalously high rate

from four specific calorimeter towers. We note that the re-

FIG. 23. Comparison of longitudinal momentum for 1VTX data maining 24 496 events constitute the minimum bias ingredi-
(point9 and the mixture 90%ixpP+10% PYTHIA (shadedl See  ent events used in the creationmixbp events.

Fig. 21 for a description. The strongest indicator of 5 GeV jets as being products of

P, (y + 3Jets) (GeV/c)
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FIG. 24. Study of 5 GeV dijet events in minimum bias trigger o P o Liivs
data. The angle i between jets is plotted for a clean dijet sample, “Jet EM Fraction

with both jets havinge;>5 GeV and no others above 2 GeV.

L .. FIG. 25. Properties of inclusive 5 GeV jets in minumum bias
hard _Scat_terlng is the presence of dijet Struqture. If two 5[rigger data(line) compared to jets from a clean dijet data set
GeV Jetsin an.event are approximately opposne. one anomeﬁboints. The dijet distributions have entries for both jeta) Jet
in ¢, then the jets are real a_md not the result of |nst.rumenta1 71, (6) &, (¢) Ex, (d) the ratio of total associated CTC trapk to
effects. In Fig. 24 we plob¢ in a sample of events with two Zjet E+, () the fraction of jetE; seen in the EM calorimeter com-

jets, with bo_th j_ets ab_o‘_’e 5 GeV ahd no _third jet above ponent, andf) the average EM fraction vs jé|. Good matching
GeV. The third jets originate from either higher order QCD g geen for the two data sets.

processes or DP scattering, and in either case tend to decor-
relate the two leading jets. Strong correlation is seen in th
1119 events passing this tight selection.
Clearly, these observed two-jet events are real dijets, b
this very clean data set represents only 5% of the inclusive .
. 7. arton scattering.
GeV jet sample. As a test of the remaining sample, the prop- g

i . ; i . - The DP process can in principle occur in either of the two
erties of inclusive 5 GeV jets and jets from the dijet sampl_e IXDP ingredient events. Two combinations of ingredient

\I/:v_erezgc.)mp?rr]ed_. ;I'he foIISV\t/)ing ((:jqn;psritsons arethshgwn "bvents are possible which both yield a photor8 jets final
ig. 25: (a) the ]e.|77| and (b) ¢ distributions, (c) the Ey state and include a double parton scattering in one of the
spectra,(d) the ratio of the total momentum of CTC tracks ingredient events. These are shown in in Figs) and 4d).

wit_hin the jet cone to jeEy (for jets with |7|<1), (¢) the In both cases, a total of two jets must fall below 5 GeV and
ratlo_of EM_canrlmeterET to total Ey, and(f) average EM thus be uncounted. The contribution of each of the two po-
fraction vs jet| »|. The two data sets match well. The slight tential channels were evaluated separately.

differences seen in some distributions are attributable to bi- The channel shown in Fig.(d) contributes tomixpp

ases in the two samples, arising from the affecEefreso- g\ ents having the configuratiofphoton+2 jets+(1 je.
lution coupled with the different requirements on the numberr, ggtimate the DP contribution to this channel, correlations
of 5 GeV jets. By contrast, the properties of the 706 noisey,jihin the photon+ 2 jet ingredient event were studied. The
prqducgd Jets are en_t|re|y differedCTC fraction <0.1, angle in¢ between the lowed jet and thep; vector of the
spikes in the EM fract!o_n, e_tl:._ . . remaining photort 1 jet system was formed. This variable
Apart from the explicit elimination of jets from four spe- is similar toAS for photon+ 3 jet events. The distribution

cific calorimeter regions we find no evidence for the oMt this variable was seen to have a flat tail extending to small

tamination of 5 GeV jets by instrumental effects. Jets Or'g"angles, representing popr balance, and was fit to a sum of

nating f(r)om n_oise in these regions were also elim_inated fro redictions from SRPYTHIA) and DP(event mixing used to
the v/7°+ 3 jet data samples and the event-mixing model roduce photont 2 jet events We find that 30% of photon
of Sec. IV. + 2 jet ingredient events are consistent with being DP. An
upper limit on the DP contribution was obtained by assuming
that all events at smalbp are DP, and extrapolating to all
o¢; this yields 38%. The lower limit is taken to be zdie.,

We use thevixpP model to estimate the contamination of no DP contribution to the photort 2 jet MixDP ingredient
triple parton(TP) scattering events to the observed DP signalevent$ since higher order QCD processes, perhaps imper-

$h data. For some fraction ofixop events, it is possible that
double parton scattering has occured in one of the two
%gredient events. The resultingxbp events model triple

APPENDIX B: CORRECTION TO Npp
FOR TRIPLE PARTON SCATTERING
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fectly modeled byYTHIA, would also contribute to the poor- 1. A special case: Constant instantaneous luminosity
balance tail. Uncertainties are assigned such that these limits p¢ gn aside, we first note an interesting simplification of

are reached at two standard deviations. Thus the DP contrEq 6 under special circumstances. Thé1)/[ 2N.(2)] fac-
. . 4 . . . . c
bution is (3019% to MIXDP events using photor- 2 jet o iy Eq. (6) is present because, to first order, DI events
ingredient events. This configurationiphotont2 jets  gccur in beam crossings with twop collisions while DP
+(1 jet), comprises 72% oftixDp events. o _ events occur in single-collision crossings. To gain insight
The second possible channel for DP contribution, Figinto this factor, we note that if the instantaneous Tevatron
4(c), perta[ns to MIXDP events' W|th the con.f|gu.rat|on luminosity were constant themo(1)/[2N.(2)]=(n) %,
(photont1 jeh+(2 jets. Correlations in the two-jets ingre- \yhere(n) is the mean number of NSD collisions per beam

dient event were studied. Thg angle between the two jets ¢yossing. This follows directly from the fact that the number
was plotted, and a tail extending to small angles was agaig¢ collisions per crossing has a Poisson distribution with

seen. This flat tail when extended to all angles constitute%ean<n>_ For this special case E¢B) reduces to a simple
43% of the events, and this value was taken to represent thg, -

maximum amount of double parton contribution to the two

jet events. The minimum contribution was again taken to be Npi | [ Ne(2) Npi\ [ 1

0, since hlgher_order QCD processes would contribute to the Oeff= ( NDP) ( ZNC(Z)) ONsD™ ( NDP)<<n>) ONsD

small-angle tail. Taking the average of these values, and

again defining uncertainties such that the limits are reached Npi\[ fo

at two standard deviations, we find a DP contribution to the - (_ Linsl”

(photont-1 jet)+(2 jet9 configuration of (2211)%. This

configuration constitutes 28% ofixoP events. In the last step we used the relatiomy= (Li.e/ o) (onsD) s
Combining the results for the twaixpp configurations,  with £, the instantaneous luminosity arfiglthe frequency

we find (28 7)% as the overall fraction oftixDP events  of beam crossings. Thus, in this special casgis a simple

which use DP ingredient events. In principle, this should beunction of the number of DP and DI events and two accel-

the prediction for the TP contribution to the observed DPerator parameters.

signal in 1VTX data. However, the assumption that the num-

ber of parton-parton scatterings pep collision is distrib- 2. Acceptance and vertex finding inefficiency
uted in a Poisson fashidi®] indicates that the prediction for

the (photont2 jetg+(1 jet) configuration is too large by a lUminosit introd the affects of ¢
factor of 2. This results from the character of event mixing.neous uminosity, we introduce the aflects ot event accep-
tance and vertex-finding efficiencies into E8), the expres-

In event mixing, the total number of independent hard scat-" for th ted ber of DI ¢ d obtai
terings in a mixed event is the sum of number of independen?fIon or the expected humber o events, and obtain

scatterings in the ingredient events. For example, when a SP oo\l o o

photon+2 jet ingredient event is combined with a SP 1 jet NDI:ADI( v )( J ) > n(n—1)Ng(n)eyx(n).
ingredient event, the resultingixoP event models DP. In ONsD/ \ ONsD/ n=2

the same way, the combination of a DP photef jet event (C2

and a SP 1 jet event yields\axpp event that models the TP Ap, is the kinematic acceptance for DI events to pass the

process. Thus in event mixing the ratio of double to single . :
. . ; . event selection, apart from the vertex requirement. The sum
scatters in photont-2 jet ingredient events is equal to the

ratio of trible to double scatters in the correspondingoP is over the number of collisions per beam crossing; at least
P resp goP wo collisions are required for the DI process. The combina-

events. On the other hand, under the Poisson assumption t I3l factor of 2 in E (3) generalizes tay(n—1), n colli-
ratio of triple to double scatters should be suppressed bgions taken two at gltimg\l (n) is the numbe} of beam
one-halfrelative to the ratio of double to single scatters. ThisCrossings withn collisions 6‘ En) is the efficiency for a DI
suppression 15 absent from event_mlxmg. We_ the.refore reévent withn collisions to's;tisfy the 2VTX vertex requir-
duce the predicted fraction of DP in photan2 jets ingre- ments

. 2 . .
dient event.s ‘fro”.‘ (31)‘115)% to (155)%. No suph redgctlon Similarly, Eq.(5), the expression for the expected number
of the prediction is necessary for tfghotont1 jet) +(2 jets of DP even’ts becc’)mes
configuration. The TP contribution to allixpp events is '
then 17,*3%, and the corresponding correction factor Kgyp
is 0.83.5,0s- NDP:ADP(

Ner (C)

Returning to the general case of nonconstant instanta-

u) > nN(ney(n), (€3
O effONSD

n=1

APPENDIX C: whereApp is the kinematic acceptance for DP, théactor is
MODIFICATIONS TO THE  oet EXPRESSION combinatorial(n collisions taken 1 at a timeande,(n) is
In this appendix we discuss modifications to the expresthe efficiency for am-collision DP event to pass the 1VTX
sion for determiningoo [EQ. (6)] resulting from event ac- vertex requirements. The sum over the number of collisions
ceptance and vertex-finding efficiency, and assign an uncePe9ins at 1. Taking the ratio of EqéC2) and (C3), the
tainty to the vertex-related factor in the updatecy, UPdated expression farq is
expression. Additionally, we examine whether the two scat- N A
i i i isti I i iS- DI DP
t_erlngs in our DP events in data are distinguishable or indis Oofi= (N_) (A_)(Rc)(O'NSD)y (C4)
tinguishable. DP DI
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Contributions to
TVTX DP: 1€,(1) + 26,(2) + 3e,(3) + .
Contributions to
OVTX DI 2€,(2) + Be,(3) + 12€,(4) +

FIG. 26. Schematic representation of the sums over the numi@p abllisions per beam crossing in Eq€3) 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. Singdp collision beam crossings contribute, scaled by the efficiency for finding the collision as a VTX
vertex[ €,(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 vdrtgk2)], 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 confidusé8on €,(3),
etc.]. The efficiencies include the combinatorics of which colligris found in each configuration.

where data. TheR, expressiofEqg. (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:

©

>, nNg(n)ex(n)

n=1 )
R.= — _ c5) |
. NN:(n n
> n(n—1)Ng(n)ex(n) single VTX_nZ‘l (N)ey(n) .
e double VTX_ =
> nNg(n)ey(n)

3. R, and its uncertainty n=2

The R, factor results from the vertex requirements made . i , i
to segregate the data into DP and DI candidate samples. THE @ SPecific case, the inclusive photon trigger data set was
sum in the numeratdidenominator represents contributions €Nosen. L
to the 1VTX (2VTX) data set from crossings with NSD Vertex finding efficiencies in the VTX were found to be
collisions. These contributions are modulated by VTX vertexPr0cess dependent. As a result the efficiencies in(Eg)
identification efficiencies. This is shown pictorially in Fig. differ from those in Eq.(CS). For example, consider the
26. These inefficiencies arise both from detector and algo€fficiency for two collision beam crossings to contribute to
rithmic inefficiencies, and the merging of close collisions 2" €vent sample with two VTX vertices. In EQS) this is
into a single observed vertex. €,(2), andapplies to DI events which have hard scatterings
VTX efficiencies were estimated in data. The overall ef-at both collisions. By contrast;(2) in Eq. (C6) applies to
ficiency for a DP scattering in an-collision beam crossing inclusive photon events, which predominantly do not have a
to be found with 1 VTX vertex ig;(n), and was constructed hard scattering at the second collision. The numerical values
from measured VTX efficiencies. The term for=1 is 92%. Of the efficiencies are differerfte;(2)=0.44 compared to
The term forn=2 applies to events having a DP scattering €2(2)=0.83, for this examplg but the dominant first terms
and an accompanying NSD collision, where one collision igh the ratio of sums have the same form in E(S5) and
observed and the other lost; this is 22%. Other terms ar€C6)- ) _
negligible. Similarly,e,(n) is the overall efficiency for a DI The measured ratio of single VTX vertex to doublg VTX
event withn collisions to be found as 2VTX. The first non- Vertex events in inclusive photon data is 49802 5,
zero term,e,(2), is 83%. The next terme,(3), in which ~ Where systematic uncertainty arises from a subtraction of
one of three collisions is unseen, is 20%. beam-gas background to the double VTX vertex dag,
Predictions forN(n) are given in Sec. VIIl. Combining €vents with one hard scattering vertex and one beam-gas
these with e;(n) and e,(n), we find R,=2.064+0.024, verte>_¢. _qu_Jat_lon(C_6) also yields 4.96. Because of the for-
where the uncertainty is statistical. If only the first term in mal similarity in their expressions, we use the level of agree-
each series is considered, meaning that only single collisiofent between EqC6) and the corresponding measurement
beam crossings are taken to contribute to DP and doubl@s Systematic uncertainty d®.. The ratio of measurement

collisions to DI, thenR,=2.09, showing that the leading to prediction is 1.0000.3%, where statistical and systematic
terms dominate. uncertainties on the measurement have been taken in quadra-
We now assign an uncertainty Ry. This parameter de- ture. Applying this as systematic uncertainty g, we ob-

pends on the number of NSPp collisions per beam cross- tain Rg=2.06+0.02" 3%,

ing and VTX reconstruction efficiencies. If our understand- As a further check of the understanding of vertex related
ing of these issues is correct, a prediction can be made fassues, the more demanding calculation of the ratio of the
the number of observed VTX vertices in any sample of CDFnumbers of 3 VTX vertex events to single VTX vertex
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events was also evaluated, and compared to a measuremenxppP events to a DP-enriched sample of data. HowmP,
made in the inclusive photon data. The ratio is 46065 in  the relative weighting of photons te®’s is equivalent to

data, and the calculated value is 44.4. While not consisteriavingm=2 in Eq.(C7), since the two scatterings are from
with the data result within uncertainties, the calculation Ofseparate events. =2 for the 7%+ 3 jet DP events in data,

this more complicated ratio is good to 5%. then the true photon fractions of data and MIXDP should
agree; ifm=1, they should not.
4. Distinguishability: The m factor To obtain the fraction of true photons in DP events in the

In the derivations of Eqs(6) and (C4) for o, it was data, we examined 1VTX events withS<1.2. The ratio-

stated that the cross sections for the individual scatteringg@le is that the smalAS region is DP enriched. Based on
cancel in the ratio oNp, to Npp. The question we address Fig- 14f) the data after this cut havig,»=90%. A total of
now is whether this cancellation is strictly true. 2575 data events satisfy teS<1.2 requirement. _

In Eq. (1) the m factor is 2 for DP final states consisting ~ Three methods were employed to measure the fraction of
of two distinguishable scatterings. Indistinguishable scattertru€ photons inixpp and DP-enriched 1VTX data. The first
ings havem= 1. For they+ 3 jet final state in DP scattering tWo are standard CDF techniquikb] that make use of1)
the two constituent scatterings are clearly distinguishablelfansverse shower shape in the CES &dthe number of
On the other hand, the®+ 3 jet process arises from a pair CONVersions seen in the_ _CPR. In both methods, events are
of scatterings which each results in a dijet. For the latter finafveighted by the probability that the photon candidate is a
state, it is possible that the scatterings are distinguishabiéU€ photon. Summed over all events, the total weight is the
because of the “asymmetric” kinematic cuts we impose,e_St'matefd number qf true photons. The t_hlrd method fits the
which insist that one scattering be “harditesulting in a  distribution of calorimeter energy seen in a coh®<0.7
E;=16 GeV~° and a jet and that the accompanying scatter around the photon ca_nd|date toasum of distributions for true
be “soft” (resulting in a dijet with two 5—7 GeV jexsThis phot_ons andr’s. Us_mg these techniques the true photon
would argue for a factor of 2 for the®+3 jet final state. ~ fraction for DP-enriched data was determined to be

Eq. (1) to explicitly show the two processes: timated SP background remaining after th& cut. The un-
certainties are statistical and systematic, respectively. After
20,05+ (M)o 00, applying the sam@ S cut to mixbp events, we find a true
Opp~ 20 o ' (C7) photon fraction of (14.Z0.3=0.5)%.

Clearly, the two true photon fractions are consistent

In analogy with the derivations in Sec. Il, we writg, sym-  within uncertainties. A value ai can be extracted from the
bolically as the cross section far+ 1 or 2 jets production, comparison of the two fractions, and we finch
and o as production of 1 or 2 jets, such that taken together=1.97+0.24=0.29. This measured value supports the view
they yield ay+3 jet final state. Similarlyg_o symbolically  that the#°+3 jet DP events in our data are composed of
refers to 2 or 3 jet production including an energetftfrom  distinguishable scatterings. We therefore take 2 for this
jet fragmentation. analysis, in the extraction af.;. Alternatively, hadm=1

It is clear that them factor affects the relative weighting been true forz°+ 3 jet DP events in data, we would have
of true photon events tar® events in the DP process. We expected to measure a photon fraction of 22.6%, nearly twice
determinem by comparing the fraction of true photons in the MiIxDpP value.
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