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A strong signal for double parton scattering (DP) is observed ih6@b~' sample ofpp —
v + 3 jets + X data from the CDF experiment at the Fermilab Tevatron. The process-independent
DP parameterg.sr, is obtained without reference to theoretical calculations by comparing observed
DP events to events with hard scatterings at sepgpatecollisions. The resulto.s = (14.5 *
1.7737) mb, represents a significant improvement over previous measurements. For the first time,
the Feynmanx dependence of ther.; parameter is investigated, and no dependence is seen.
[S0031-9007(97)03616-8]

PACS numbers: 13.87.Ce, 12.38.Qk, 13.85.Ni, 14.20.Dh
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The double parton scattering (DP) process [1], in whichdouble interactions or DINp;). Because this method
two parton-parton hard scatterings take place within oneloes not rely on theoretical calculations, it represents a
pp collision, can provide information on both the dis- substantial advance over previous analyses. With these
tribution of partons within the proton and on possiblemeasurements we can write
parton-parton correlations, topics difficult to address N A
within the framework of perturbative QCD. The cross Ooff = <ﬂ> <A—DP>(RC) (onsD) » 2

DI

section for DP comprised of scatteringsndB is written Npep

. whereApp andAp; are acceptances for DP and DI events
Opp = ATB , (1) to pass kinematic selection requirements, afdp is the
Teff cross section for non-single-diffractive (NSD) inelastic

with a process-independent parametgf [2—5]. This  pp interactions. Experimentally, DP and DI events will
expression assumes that the number of parton-partdme taken from data sets with one or two obseryes
interactions per collision is distributed according tocollisions per event, respectively. The fac®r is the
Poisson statistics [6], and that the two scatterings are disatio of acceptances for requiring one or two collisions per
tinguishable [7]. Previous DP measurements have comevent, and is calculable in terms of the number of NSD
from the AFS [3], UA2 [4], and CDF [5] experiments. collisions per beam crossing and collision identification
The best value fobregs, 12.1f§ﬁ7 mb, was obtained from efficiencies. We describe below the measurements of DP
the CDF analysis of four jet events. Based on a simpland DI production in the photor 3 jet data, and the
model of proton structure and the measured inelgsgic  evaluation of the other parameters of Eq. (2).
cross section at/s = 1.8 TeV, the expected value is  The CDF detector is described in detail elsewhere [11].
oerr = 11 mb [5]. Instantaneous luminosity measurements are made with
This Letter reports a new measurement of DP froma pair of up- and downstream scintillator hodoscopes
the Collider Detector at Fermilab (CDF). This extensive(BBC). Photons are detected in the Central Calorimeter
analysis is summarized here and is documented fully irfpseudorapidity interval|n| < 1.1). The Plug and
Ref. [8]. The final state studied is photan 3 jets, where Forward Calorimeters extend coverage for jet identifica-
“photon” signifies either a single direct photon, or neutraltion to || < 4.2. Charged particles are reconstructed
mesons from jet fragmentation. In this final state, the DHn the Central Tracking Chamber (CTC). The location of
process is comprised of a photon-jet scattering and a dthe collision vertex (or vertices) along the beam line is
jet scattering. This leads to two observable configurationgstablished with a set of time projection chambers (VTX).
yielding a photon+ 3 jets: a photont+ 1 jet system over- Thez axis is along the beam line.
laid with both jets from the dijet, or a photof 2 jets sys- In the 1992-1993 Collider Run, CDF accumulated
tem (one jet from gluon bremsstrahlung) plus one observetl6 pb~! of data with an inclusive photon trigger [12]
jet from the dijet. The single parton-parton scattering (SPwhich demanded a predominantly electromagnetic trans-
background is photon-jet production with bremsstrahlungrerse energy depositiofEr = E sin(d)] in the Central
radiation of two gluons. Compared to the previous CDFCalorimeter above 16 GeV. No jets were required in the
analysis, the photor 3 jet data set has two advantages:trigger. Off-line, jet reconstruction [13] was performed
(1) the jets are accepted down to low energies where then these events using a cone of radius 0.170n¢) to
cross section for the dijet scattering in DP is large; andlefine jetEy. Events with three and only three jets with
(2) the better energy measurement of photons at CDEr > 5 GeV (uncorrected for detector effects) were ac-
(relative to jets) aids in distinguishing DP from SP. In con-cepted. A further requirement & < 7 GeV was made
sequence, the present analysis benefits from a substant@l the two lowestEr jets, which enhances DP over SP.
DP event sample and an order of magnitude improvemerivents with a single collision vertex found in the VTX
in the ratio of DP to SP events over the earlier CDF study(“1VTX") were taken as DP candidates, while two-vertex
These improvements have permitted an investigation of thevents (“2VTX") formed the DI candidate sample. A to-
kinematic dependence of.¢r and a search for correlations tal of 16 853 and 5983 events pass the two selections. A

between the two scatterings. second trigger sample of interest is the minimum bias data
In addition to these improvements, a new techniqueset, collected by requiring coincident signals in the BBC.
for extractingo.ss has been developed. Previousdysss Models for the two processes that we must identify, DP

has been derived from measured DP cross sectionand DI, were obtained by combining pairs of CDF events.
using QCD calculations of the two cross sections inCDF inclusive photon events were mixed with minimum
Eqg. (1) which suffer from sizable uncertainties [9,10]. bias events, with both sets of events required to have
In the present analysisr.s; is extracted independently =1 jet. The resulting mixed events were required to pass
of theoretical calculations, through a comparison of thehe photon+ 3 jet event selection. The two models,
number of observed DP even{®pp) to the number MIXDP and MIXDI, differ only in the size of the “un-

of events with hard scatterings at two separgig  derlying event” energy contribution to the jets and pho-
collisions within the same beam crossing, referred to ason, which arises from soft interactions among spectator
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partons in thep and p. Studies of the DP candidate tainty). The robustness of the background subtraction
sample indicate that a typical single collision underlyingmethod was tested by applying it to mock data con-
event is present in these events, whereas for DI events wittructed from MIXDP events and SP background events
two pp collisions approximately twice that level is seen. from the PYTHIA shower Monte Carlo (with multiple in-
This difference has an impact primarily on the acceptancéeractions within thg p collision disabled) [14]. The re-
ratio in Eq. (2). We note that, by construction, the DPsulting measured MIXDP fractions agreed well with the
model assumes independent scatterings. input fractions. Assigning a systematic uncertainty based
Six variables were identified which exploit the indepen-on this test, we obtairypp = 52.6% * 2.5% * 0.9%.
dence and pairwise momentum balance of the two scatteAs a check of this large DP fraction, Fig. 1 compares
ings in DP events. In this Letter we concentrate on theAS distributions for the 1VTX data and the admixture
most sensitive variable)S [5,8], which is the azimuthal 52.6% MIXDP + 47.4% PYTHIA. The data are well de-
angle between the transverse momeni{ym) vectors of scribed by this admixture [16], as are the distributions
the two best-balancing pairs (the event is divided intofor the other five variables examined. Taking together
photon+ 1 jet and dijet systems). In SP events, momen-the number of 1VTX eventsfpp, and a~15% correc-
tum conservation biaseAS towards 180, while in DP  tion for higher order muItig)Ie parton scatterings [8], we
events theAS distribution is flatter. The\S distribution  obtainNpp = 7360 = 360752,
for 1VTX data is shown in Fig. 1. The second measurement needed for the determination
In previous analyses, DP was identified by fitting of o.s, Np1, was obtained by identifying 2VTX events
distributions of kinematic variables (likAS) to admix-  which have jets originating from bof#p collisions. CTC
tures of DP and SP Monte Carlo models. In this analytracks were used to specify jet origins. The 2VTX data
sis, dependence on theoretical Monte Carlo calculationare best described withi®.8% * 1.9% = 1.8% DI com-
is avoided through the use of the data-driven MIXDPponent. This result is verified in Fig. 2, which com-
model for DP, and a background subtraction techniqugaresAS distributions for events found with common and
[8] that does not invoke any prediction or model for separated jet origins. The flatter shape seen in separate
the SP component of the data. SP background was starigin events is indicative of DI. The shaded histograms
tistically removed from the 1VTX data using a secondare predictions from 16.8% MIXD¥ 83.2% multiple col-
photon+ 3 jets data set, selected to be poor in DP bylision background (photor- 3 jets from onep p collision
requiring higherEy jets 7 < Er = 9 GeV for the two accompanied by a second soft collision; modeled by event
lowest Er jets). We find that the fraction of DP events mixing). Good agreement is observed. Based on the DI
in 1VTX data, fpp, is 52.6% = 2.5% (statistical uncer- percentage and the number of 2VTX events, and after a 5%

0
o
o
T
3
o

CDF 16 GeV y/r° + 3 Jets

1—Vertex Events

a2 CDF 16 GeV 7/n°+ 3 Jets
L 2—Vertex Events

~
o
o
T
]
a
=}
T

B Data ® Jets found at common origin

600 = [ Prediction for common origin events

(16.8% Double Int. + 83.2% Single Int.) *

A Jets found at separate origins

D DP component, from background
subtraction method (52.6%)

o
[}
s}
T
N
a
(=]
T

— Monte Carlo admixture: +

52.6%DP + 47.4%PYTHIA [H Prediction for separate origin events

N

o

o
T

N
3
Number of Events / 0.31 radians
8
T

150 |

Number of Events / 0.052 radians
W
o
o

200 | 100 |

100 50

v v v b v v b v b b Ly
0 0
] 0.5 1 1.5 2 2.5 3 0.5 1 1.5 2

AS, p—angle between pairs (radians) AS, p—angle between pairs (radians)
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correction for selection criteria applied to facilitate CTC
tracking, we findVp; = 1060 = 110 = 110.

The ratio of kinematic acceptances in Eq. (2) was ob-
tained by taking the ratio of accepted events from MIXDP
and MIXDI event mixing, operating on the same sample
of input events. The different levels of underlying event 10
in single and doublgp collision events result in differ- ++++++H+ (90%/10%)
ent jet-finding efficiencies and jet multiplicities, and thus J[HJ%
slightly different acceptances. We fidgyp/Ap; = 0.958 10—3 Jf
with negligible uncertainty. The NSD cross section,
onsp = (50.9 * 1.5) mb, was obtained from the CDF '
measurements of Ref. [17]. The fact®. in Eg. (2) —4 | }l

0.2 0.4

- CDF y/7m° + 3 Jets a)
AS<1.2

+ Data

+  [] DP,QCD mix

+

1/N dN/dx
|

o

TT I|II|I|+
i

o
[

was derived from vertex identification efficiencies and
a prediction for the distribution of the number of NSD
collisions per beam crossing. We calcul&e= 2.06 = Parton x for (y + Jet)
0.0273% " Inserting these values into Egq.(2), we
find oerr = (14.5 = 1.7737) mb.
The possible Feynman (= pparton/ Poeam) dependence

of o, such as would arise from a dynamic parton
spatial density, was studied by searching for deviations
from the MIXDP model, which by construction has the
x dependence of the two scatterings only. We first 10
established an enriched sample of DP candidate events,
consisting of 1VTX data events that pass the agt < -3
1.2 (2575 events). Based on the MIXDP PYTHIA 10
curve shown in Fig. 1, the data passing this cut should be
90% DP. Each event was subdivided into the two best- —4
balancing pairs. Four values were evaluated, since two il
partons contribute to each of the two pairs. Distributions
of x are plotted in Fig. 3, along with the admixture
90% MIXDP + 10% PYTHIA. No systematic deviation
of the DP rate vsy, and thus nor dependence t@.s;, FIG. 3. Results of the Feynman analysis on DP-enriched
is apparent over the range accessible to this analysis 1VTX data. Distributions, two entries per event, of (a)
(0.01 —0.40 for the photon+ jet scatter, 0.002—0.20 for ¥ + 1 jet x values[x)% = (p}/poeam) (€™ + )] and
the dijet scatter). Tests far correlations between the (b) dijet x values(x)s = {[Er(i) + Er(j)]/2pveam} (€™ +
scatterings, and for correlations in invariant mags, ¢ "/), wherei,j signify the two jets of the dijet). The
and longitudinal momentum were also studied [g]. InPrediction, 90% MIXDP + 10% PYTHIA, is shown as the

. . shaded area. The distributions are presented without acceptance
all cases, the DP-enriched data are well described by t

= rrections.

uncorrelated prediction.
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