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Events inp̄p collisions atAs51.8 TeV with total transverse energy exceeding 500 GeV are used to set
limits on quark substructure. The data are consistent with next-to-leading order QCD calculations. We set a
lower limit of 2.0 TeV at 95% confidence on the energy scaleLLL for compositeness in quarks, assuming a
model with a left-left isoscalar contact interaction term. The limits onLLL are found to be insensitive to the
sign of the interference term in the Lagrangian.

PACS number~s!: 12.38.Qk, 12.60.Rc, 13.85.Rm
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The first limit on the size of the atomic nucleus was o
tained by Geiger and Marsden in the Rutherford@1# scatter-
ing of a particles from nuclei. In an analogous way, we c
set a limit on the size of quarks by observing the scatter
03110
-

g

of the highest energy quarks and antiquarks at the Ferm
Tevatron Collider atp̄p center-of-mass energies of 1.8 TeV
The scattered quarks from within the proton emerge in
laboratory as collimated showers of hadrons, called jets.
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scalar sum of the transverse energies of the jets in any e
provides a measure of the hardness~the impact parameter! of
collision. The summed transverse energy of the event
simply expressed

HT [ (
i 51

N

ET
i ,

where N is the number of jets in the event above som
threshold, andET

i is the transverse energy of jeti, essentially
the momentum component of the jet in the plane transve
to the beams@2#.

HT is a robust quantity in the multiple interaction env
ronment of the Tevatron, where often a hard scattering
accompanied by one or more soft interactions that do
produce highET jets. Such overlapping events contribu
only a small and easily corrected bias toHT . For individual
jets, the precise measurement of the hard-scattering vert
crucial for determiningET

i , but changes inET
i induced by

changing the position of the vertex are partially compensa
in HT . Efficiencies and resolutions are measured as fu
tions ofET

i ; these are correlated weakly withHT because of
an effective averaging over final-state topologies. By treat
the event as a whole, this analysis complements the m
traditional probes of QCD, such as measurements of the
clusive jet cross section@3,4#, the dijet mass spectrum@5#,
and the dijet angular distribution@6,7#. A measurement of
ds/dHT has been published by the Collider Detector at F
milab ~CDF! Collaboration@8#.

This analysis focuses on a test of quark compositen
within the formalism of Eichtenet al. @9# for events with
HT.500 GeV. In the Lagrangian of Ref.@9#, we test for
compositeness of left-handed quarks in the left-left isosc
term:

Lqq5A~g2/2LLL
2 !q̄Lg mqLq̄LgmqL ,

whereA561 is the sign of the interference term,LLL is the
compositeness scale, and the dependence onas is contained
in the compositeness coupling constantg2. The model is
completely determined by specifying the two parametersA
andLLL . In this model, all three families of quarks are a
sumed to be composite, and both signs of the interfere
term @resulting in constructive (21) and destructive (11)
interference# are investigated. In this search for quark co
positeness at jet energies well above the mass of the
quark, with HT . 500 GeV. 2mt'350 GeV, the only
backgrounds considered are from instrumental sources.
comparison to these results, Table I shows the previ
quark compositeness limits.

The DO” detector is described in detail in Ref.@10#. The
principal components of the detector used in this analysis
the calorimeter for measuring jets, and the central track
system for determining the hard-scattering vertex. The ps
dorapidity,h52 ln„tan(u/2)…, of the calorimeter extends t
uhu<4.2, corresponding to a polar angle relative to the in
dent proton ofu'2°. The depth of the DO” calorimeter var-
ies from 6 to 10 nuclear interaction lengths, thereby prov
ing good containment for jets. Jet energy resolution
03110
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approximately 80%/AE, and the resolution on thez position
of the hard-scattering vertex is68 mm.

Our analysis is based on 91.965.6 pb21 @11# of data
taken during the 1994–1995 run of the Tevatron. The ha
ware trigger required a minimum transverse energy exce
ing 45 GeV in a regionDh3Df50.831.6 of the calorim-
eter, wheref is the azimuthal angle. In addition, beam ha
effects from the Main Ring, the preaccelerator to the Te
tron, were minimized through timing restrictions. The so
ware filter required at least one jet withET.115 GeV. The
combined selection efficiency was found to exceed 99%
events withHT.500 GeV.

A significant fraction of the data were taken at high i
stantaneous luminosity, which resulted in more than onep̄p
interaction in a beam crossing leading to an ambiguity
selecting the primary event vertex. After event reconstr
tion, the two vertices with the largest track multiplicity we
retained. When there was a second reconstructed verte
the event, the imbalance in transverse momentum or mis
ET (E” T) was calculated using transverse vector energies

E” T[u(
i 51

N

EW T
i u.

This was evaluated for both event vertex candidates, with
primary vertex chosen to minimizeE” T . Thez position of the
vertex was required to satisfyuzvtxu<50 cm. The efficiency
for this cut was measured to be approximately 90%, indep
dent ofHT .

Offline jet reconstruction used a fixed-cone algorith
with radius

R5A~Dh!21~Df!250.7

and was fully efficient forET.20 GeV, the threshold ap
plied to each jet for inclusion inHT . The jet energy scale
corrections applied to the data are described in Ref.@12#.
Additional offline cuts were applied to the events to min
mize instrumental background and ambiguities in defin
ET

i andE” T .
All jets with ET.20 GeV and withuh j u,3.0 were re-

quired to pass jet selection criteria, which included the f
lowing: ~i! the electromagnetic fraction of the jet energ
measured in the first layers of the uranium-liquid-argon ca
rimeter, was required to be between 0.05 and 0.95, exce
the region between the central and end cryostats, where
the upper limit was imposed;~ii ! the fraction of energy in the
outermost hadronic section was required to be,0.40; and,

TABLE I. Previous 95% C.L. limits, given in TeV, on the left
left isoscalar quark compositeness model.

Method LLL
1 LLL

2

Dijet mass~DO” ! @5# 2.4 2.7
Dijet angular distribution~DO” ! @6# 2.1 2.2
Dijet angular distribution~CDF! @7# 1.8 1.6
1-3
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~iii ! the ratioET
cell 1/ET

cell 2 was required to be,10, where
the calorimeter cells comprising the jet were ordered in
creasingET . An event was rejected if any of its jets wit
ET.20 GeV failed the quality orh requirements. The effi-
ciency for a jet to pass these criteria was parametrized
function of ET , and the efficiency for an event to pass t
criteria was essentially independent ofHT above 500 GeV.

TheHT distribution forHT.500 GeV is shown in Fig. 1
The events passed all the above selection criteria and w
corrected for efficiencies and jet energy scale, but not
resolution. The cross section falls by three orders of mag
tude over the range inHT from 500–1000 GeV. Figure 2
displays the fractional deviation between the data and
Monte Carlo program for the CTEQ4M parton distributio
function ~PDF! with a renormalization scale ofET

max/2.
The HT spectrum expected from the standard model w

provided by theJETRAD @13# Monte Carlo event generato
which is based on a next-to-leading order~NLO! QCD cal-
culation. We tried several choices for the renormalizat
scalem parametrized asm5 f E•ET

max andm5 f H•HT , where
f E and f H are constants we varied from 0.25 to 1.50. W
used two PDFs: CTEQ4M@14# and Martin-Roberts-Stirling-
Thorne~MRST! @15# sets.

FIG. 1. TheHT distribution forHT above 500 GeV. Error bars
are statistical, and the error envelope shows the systematic err
the jet energy scale. This cross section is corrected for efficien
and jet energy scale, but not for resolution.

FIG. 2. Comparison of the measuredHT distribution with
JETRAD ~CTEQ4M and a renormalization scale ofm5ET

max/2). The
errors on the points are statistical, and the error band represen
highly correlated systematic uncertainty due to the jet energy sc
The superimposed curves correspond to expectations for three
positeness scales.
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For LLL scales between 1.4 and 7.0 TeV,PYTHIA @16#
was used to simulate the effects of quark compositenes
leading order~LO!. The results for composite quarks relativ
to expectations from the standard model are also show
Fig. 2 for LLL51.7, 2.0 and 2.5 TeV. The ratios are ind
pendent of thePYTHIA renormalization scale for the rang
considered here. Using the above ratio fromPYTHIA, we
scaled theJETRAD calculation for each PDF to obtain ou
estimate of the expected cross section for any givenLLL .

As seen in Fig. 2, quark compositeness would show up
a relative rise in the cross section as a function ofHT .
Changes in renormalization scale affect the absolute c
section, but not the shape of theHT distribution. Cross sec-
tions calculated using CTEQ4M or MRST PDFs differ
normalization but only slightly in shape. Our analysis w
therefore be based on comparison of the shapes of the m
sured and predictedHT distributions.

The event efficiency depends weakly onHT , and the cor-
rections are applied directly to the Monte Carlo genera
events. The jet energies in the Monte Carlo program
smeared according to measured resolution functions. The
fect of this smearing is also found to be independent ofHT ,
resulting in just an overall rescaling of theHT distribution.
Finally, the jet energy scale~and its uncertainty! is used to
correct the Monte Carlo program and to determine bin-to-
correlations inHT . The expected distribution, with a var
able normalization, is then compared directly to data.

The error bars in Fig. 2 are statistical, and the envelo
indicates the systematic uncertainty~one standard deviation!
from the jet energy scale. The systematic uncertainties ra
from 17% at the lowest bin shown, to 34% at the highestHT
bin. Because these uncertainties are highly correla
(.92%) inHT , the line shape of theHT distribution is quite
constrained within the 95% confidence level~C.L.! limit.
The distribution of~Data-JETRAD!/JETRAD in Fig. 2 exhibits
no deviation from QCD. From this measurement, we co
clude that there is no evidence for quark compositeness
low an energy scale of 2.0 TeV.

A modified Bayesian@17,18# procedure sets the 95% C.L
lower limits on quark compositeness. The procedure con
ers the efficiencies, the smearing of jet energy in the Mo
Carlo program, the integrated luminosity, the uncertainty a
correlations on the jet energy scale, and the normalization

TABLE II. The 95% C.L. lower limits on quark compositenes
in TeV, for both CTEQ4M and MRST PDFs, and for renormaliz
tion scalesm5 f E•ET

max andm5 f H•HT ~whereET
max is for the lead-

ing jet!. For each PDF, the first limit is forA511 and the second
is for A521.

f E CTEQ4M MRST f H CTEQ4M MRST
LLL

1 LLL
2 LLL

1 LLL
2 LLL

1 LLL
2 LLL

1 LLL
2

0.25 1.9 1.9 1.9 2.0 0.25 1.9 2.0 2.0 2.1
0.50 1.9 2.0 2.0 2.1 0.50 2.0 2.0 2.1 2.2
0.75 2.0 2.0 2.0 2.1 0.75 2.0 2.1 2.1 2.2
1.00 2.0 2.0 2.1 2.2 1.00 2.0 2.1 2.1 2.2
1.25 2.0 2.0 2.1 2.2
1.50 2.0 2.1 2.1 2.2
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the expected cross section. Because the efficiencies, re
tions, and integrated luminosity are independent ofHT ,
these parameters were included in the normalization, wh
was defined to have a flat prior probability. A Gaussian pr
was assumed for the jet energy scale, and a flat prior foj
[1/LLL

2 . The standard model corresponds toLLL→`(j
→0). The renormalization scale was varied and the res
are summarized in Table II. The 95% confidence level lim
are obtained from thej distributions by integrating the pos
terior probability and requiring that 95% of the integral
below the limit. Separate limits for both signs of the inte
ference term and for the two PDFs, CTEQ4M and MRS
are listed in Table II. In general, the limits show small i
creases for the negative sign of the interference term, and
MRST PDF. The limits also slightly increase with increasi
renormalization scale.

We checked the stability of the limits given in Table I
The cutuh j u<3 was tightened touh j u<2, thereby excluding
events with forward jets in theHT distribution, with essen-
tially no impact on the limits. Possible bias introduced by o
selection of the hard-scattering vertex was studied with
observed impact on the limits. TheET threshold of the jets
was increased from 20 GeV to 50 GeV, and the analy
repeated. The resulting limits were consistent with tho
based on the 20 GeV threshold. Changing the assume
energy resolution by61 standard deviation had little effec

TABLE III. The 95% C.L. lower limits on quark compositenes
scale in LLL(TeV) for different as ~CTEQ4A1-5! and different
gluon content@MRST(g↑) and MRST(g↓)]. The renormalization
scale isET

max/2. The limits for CTEQ4M and MRST are include
for comparison.

PDF LLL
1 PDF LLL

1 PDF LLL
1

CTEQ4A1 2.0 CTEQ4A2 2.0 CTEQ4M 1.9
CTEQ4A4 1.9 CTEQ4A5 1.9
MRST(g↑) 2.0 MRST(g↓) 2.1 MRST 2.0
-
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on the shape of theHT distribution, and thus, little effect on
the limit. Varying as was investigated through use of th
CTEQ4A1-A5 PDFs for a single choice ofm and A, as
shown in Table III. There is very little change of the limit fo
0.110<as<0.122, corresponding to aQ2 range from
(50 GeV)2 to (230 GeV)2. The impact of the gluon conten
of the proton was studied using the PDF MRST(g↑) ~one
standard deviation high! and MRST(g↓) ~one standard de
viation low! @15#. The limits shown in Table III depend only
weakly on this choice. Finally, the distribution fromJETRAD

~number of events in eachHT bin! was fluctuated according
to Poisson statistics, and the limit recalculated. The resul
limits were only 0.1 TeV higher than the limits based on t
data, providing a measure of the sensitivity of this analysis
the finite statistics and uncertainties in energy scale.

In summary, the measuredHT distribution above
500 GeV is well modeled by theJETRAD ~NLO QCD! event
generator. We find no evidence for compositeness in qua
and set lower limits on the compositeness scale as a func
of renormalization scale, sign of the interference term in
compositeness Lagrangian, and choice of PDF. These li
are not affected by small variations in our analysis pro
dures. The average radius of the scattered quark~principally
from the first family! is therefore less thanDx'\c/LLL
'131024 fm.
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