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Events inap collisions at\s=1.8 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 scaje for compositeness in quarks, assuming a
model with a left-left isoscalar contact interaction term. The limitsAqp are found to be insensitive to the
sign of the interference term in the Lagrangian.

PACS numbses): 12.38.Qk, 12.60.Rc, 13.85.Rm

The first limit on the size of the atomic nucleus was ob-of the highest energy quarks and antiquarks at the Fermilab
tained by Geiger and Marsden in the Rutherffitfiscatter-  Tevatron Collider app center-of-mass energies of 1.8 TeV.
ing of « particles from nuclei. In an analogous way, we canThe scattered quarks from within the proton emerge in the
set a limit on the size of quarks by observing the scatteringaboratory as collimated showers of hadrons, called jets. The
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scalar sum of the transverse energies of the jets in any eveghproximately 80%yE, and the resolution on theposition
provides a measure of the hardnés® impact parameteof ¢ i hard-scattering vertex is8 mm.
collision. The summed transverse energy of the event is analysis is based on 9%%.6 pb ! [11] of data

simply expressed taken during the 1994—1995 run of the Tevatron. The hard-
N ware trigger required a minimum transverse energy exceed-
Hr= > El, ing 45 GeV i_n a regio_m nXA¢$p=0.8X1.6 o_f_the calorim-
i=1 eter, whereg is the azimuthal angle. In addition, beam halo

, , , effects from the Main Ring, the preaccelerator to the Teva-
where N is the number of jets in the event above sOmeqn \ere minimized through timing restrictions. The soft-
threshold, andy is the transverse energy of jetessentially  \yare filter required at least one jet wily>115 GeV. The
the momentum component of the jet in the plane transversgompined selection efficiency was found to exceed 99% for
to the beams2]. events withH;>500 GeV.

Hr is a robust quantity in the multiple interaction envi- A significant fraction of the data were taken at high in-

ronment O.f the Tevatron, where oft_en a h‘?‘rd scattering | tantaneous luminosity, which resulted in more than ppe
accompanied by one or more soft interactions that do noj

roduce hiahE- iets. Such overlapping events contribute' teraction in a beam crossing leading to an ambiguity in
P gher Jets. ppIng S selecting the primary event vertex. After event reconstruc-
only a small and easily corrected biasHg . For individual

iats th : t of the hard tteri ; tion, the two vertices with the largest track multiplicity were
Jets, the precise megsuriemen o' the har —sicg ering VerteX f&tained. When there was a second reconstructed vertex in
crucial for determining, but changes irE; induced by

. " - the event, the imbalance in transverse momentum or missing
changing the position of the vertex are partially compensateg gy \yas calculated using transverse vector energies:
in Hy. Efficiencies and resolutions are measured as func-
tions of E}; these are correlated weakly with; because of N
an effective averaging over final-state topologies. By treating ETE|E EiT|_
the event as a whole, this analysis complements the more i=1
traditional probes of QCD, such as measurements of the in-
clusive jet cross sectiof8,4], the dijet mass spectrufi],  This was evaluated for both event vertex candidates, with the
and the dijet angular distributiof6,7]. A measurement of primary vertex chosen to minimiZe;. Thez position of the
do/dH+ has been published by the Collider Detector at Fervertex was required to satisfy,,|<50 cm. The efficiency

milab (CDF) Collaboration[8]. for this cut was measured to be approximately 90%, indepen-
This analysis focuses on a test of quark compositenesgent ofH+.
within the formalism of Eichteret al. [9] for events with Offline jet reconstruction used a fixed-cone algorithm

H:>500 GeV. In the Lagrangian of Reff9], we test for  with radius
compositeness of left-handed quarks in the left-left isoscalar

term: R=V(A7n)?+(A$)?>=0.7

, — _
qu=A(92/2A,_,_)q|_y“q,_qu#q,_, and was fully efficient forE;>20 GeV, the threshold ap-
plied to each jet for inclusion ifd{. The jet energy scale
corrections applied to the data are described in REZ].
Additional offline cuts were applied to the events to mini-
mize instrumental background and ambiguities in defining

whereA= *1 is the sign of the interference terr,  is the
compositeness scale, and the dependencesds contained
in the compositeness coupling constayft The model is
completely determined by specifying the two parametérs _;
and A . In this model, all three families of quarks are as- Er anq Er. . . i

sumed to be composite, and both signs of the interference _A" jets with .ET>20 Gev "’!”d.W'th“? |<.3'0 were re-
term [resulting in constructive €1) and destructive 1) quired to pass jet selection criteria, which included the fol-

interferencé are investigated. In this search for quark com-lowing: (i) _the eI_ectromagnetlc fract|o_n of_the_ Jet energy,
positeness at jet energies well above the mass of the t easured in the first layers of the uranium-liquid-argon calo-

quark, with Hy>500 GeV>2m,~350 GeV, the only imeter, was required to be between 0.05 and 0.95, except in

backgrounds considered are from instrumental sources. F(Bl?e region _be_tween.the centfal and en(_j cryostats, where only
comparison to these results, Table | shows the previoug1e upper limit was |mpo§e(ﬂ|;|)the fracpon of energy in the
quark compositeness limits. outermost hadronic section was required to<b@.40; and,

The DO detector is described in detail in R¢fL0]. The ) o
principal components of the detector used in this analysis are TABLE |. Previous 95% C.L. limits, given in TeV, on the left-
the calorimeter for measuring jets, and the central trackindEt 'Soscalar quark compositeness model.
system for determining the hard-scattering vertex. The PSeYihod

N -
dorapidity, »= —In(tan(6/2)), of the calorimeter extends to A A
| 7|<4.2, corresponding to a polar angle relative to the inci-Dijet mass(D®) [5] 2.4 2.7
dent proton ofg~2°. The depth of the D@alorimeter var-  Dijet angular distributionD®) [6] 2.1 2.2
ies from 6 to 10 nuclear interaction lengths, thereby provid-pijet angular distributiof CDF) [7] 1.8 1.6

ing good containment for jets. Jet energy resolution is

031101-3
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1 E

For A, scales between 1.4 and 7.0 TeR4THIA [16]
was used to simulate the effects of quark compositeness to
leading ordeLO). The results for composite quarks relative
to expectations from the standard model are also shown in
Fig. 2 for A =1.7,2.0 and 2.5 TeV. The ratios are inde-
pendent of theryTHIA renormalization scale for the range
considered here. Using the above ratio fremrHiA, we
scaled theJETRAD calculation for each PDF to obtain our
estimate of the expected cross section for any givep.
¥ As seen in Fig. 2, quark compositeness would show up as
10 568500568500 50800 a relative rise in the cross section as a functionHbf.
Hr (GeV) Changes in renormalization scale affect the absolute cross

FIG. 1. TheH distribution forH; above 500 GeV. Error bars section, but not the shape of thiy distribution. Cross sec-

are statistical, and the error envelope shows the systematic error c;ipns c_alcglated using C,TEQ4M or MRST PDFs dif_fer i,n
the jet energy scale. This cross section is corrected for efficienciedormalization but only slightly in shape. Our analysis will
and jet energy scale, but not for resolution. therefore be based on comparison of the shapes of the mea-

sured and predicteH distributions.

(iii ) the ratioES®" /ES®!" 2 was required to be< 10, where The event efficiency depends weakly R, and the cor-
the calorimeter cells comprising the jet were ordered in defections are applied directly to the Monte Carlo generated
creasingE. An event was rejected if any of its jets with events. The jet energies in the Monte Carlo program are
E;>20 GeV failed the quality ot requirements. The effi- sSmeared according to measured resolution functions. The ef-
ciency for a jet to pass these criteria was parametrized asfact of this smearing is also found to be independert of
function of E1, and the efficiency for an event to pass theresulting in just an overall rescaling of thér distribution.
criteria was essentially independenttéf above 500 GeV. Finally, the jet energy scal@nd its uncertaintyis used to

TheH+ distribution forH;>500 GeV is shown in Fig. 1. correct the Monte Carlo program and to determine bin-to-bin
The events passed all the above selection criteria and weg®rrelations inH;. The expected distribution, with a vari-
corrected for efficiencies and jet energy scale, but not foable normalization, is then compared directly to data.
resolution. The cross section falls by three orders of magni- The error bars in Fig. 2 are statistical, and the envelope
tude over the range ikl from 500-1000 GeV. Figure 2 indicates the systematic uncertaiigne standard deviation
displays the fractional deviation between the data and th&om the jet energy scale. The systematic uncertainties range
Monte Carlo program for the CTEQ4M parton distribution from 17% at the lowest bin shown, to 34% at the highest
function (PDF) with a renormalization scale d&&7%72. bin. Because these uncertainties are highly correlated

The H; spectrum expected from the standard model wag>92%) inH, the line shape of thel; distribution is quite
provided by theseTRAD [13] Monte Carlo event generator, constrained within the 95% confidence lev@.L.) limit.
which is based on a next-to-leading orddiLO) QCD cal- The distribution of(DataJETRAD)/JETRAD in Fig. 2 exhibits
culation. We tried several choices for the renormalizationn0 deviation from QCD. From this measurement, we con-
scaleu parametrized ag="fg-EF®andu="fy-Hr, where clude that there is no evidence for quark compositeness be-
fe and f,, are constants we varied from 0.25 to 1.50. Welow an energy scale of 2.0 TeV.

used two PDFs: CTEQ4N4] and Martin-Roberts-Stirling- A modified Bayesiaf17,1§ procedure sets the 95% C.L.
Thorne(MRST) [15] sets. lower limits on quark compositeness. The procedure consid-

ers the efficiencies, the smearing of jet energy in the Monte
Carlo program, the integrated luminosity, the uncertainty and
correlations on the jet energy scale, and the normalization on

dc/dHyﬁpb/GeV)

2]

- (Data—JETRAD) /UETRAD
"""""""""" AN=17Tev

S}
3]

TABLE Il. The 95% C.L. lower limits on quark compositeness
in TeV, for both CTEQ4M and MRST PDFs, and for renormaliza-
tion scalesu=fg- Ef®™andu=fy- Hy (whereEF®is for the lead-
ing jet). For each PDF, the first limit is fad= +1 and the second
is for A=—1.

fe CTEQ4M MRST fu ~ CTEQ4M MRST

+ - + - + - + -
—075F0 i L L bl A A A A A A A A
500 600 500 800 900 1000 Lt LL LL Lt Lt LL LL LL

Hi (GeV) 025 19 19 19 20 025 19 20 20 21

FIG. 2. Comparison of the measurdd; distribution with 050 19 20 20 21 050 20 20 21 22
JETRAD (CTEQ4M and a renormalization scale @&=ET®2). The 075 20 20 20 21 075 20 21 21 22
errors on the points are statistical, and the error band represents thed0 2.0 20 21 22 100 20 21 21 22
highly correlated systematic uncertainty due to the jet energy scald.25 2.0 2.0 21 22
The superimposed curves correspond to expectations for three com:50 2.0 2.1 21 2.2
positeness scales.
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TABLE Ill. The 95% C.L. lower limits on quark compositeness
scale inA (TeV) for different ag (CTEQ4Al1-5 and different
gluon conten{ MRST(g7) and MRST@])]. The renormalization
scale isET®/2. The limits for CTEQ4M and MRST are included
for comparison.

PDF A PDF Al PDF AL
CTEQ4A1 20 CTEQ4A2 20 CTEQ4M 1.9
CTEQ4A4 1.9 CTEQ4A5 1.9

MRST(gT) 2.0 MRST@|) 2.1 MRST 2.0

the expected cross section. Because the efficiencies, resol

tions, and integrated luminosity are independentHof,
these parameters were included in the normalization, whic

was defined to have a flat prior probability. A Gaussian prior

was assumed for the jet energy scale, and a flat priog for
E1//\5,_. The standard model corresponds A, — (&
—0). The renormalization scale was varied and the result

are summarized in Table Il. The 95% confidence level limits

are obtained from thé distributions by integrating the pos-

terior probability and requiring that 95% of the integral be
below the limit. Separate limits for both signs of the inter-
ference term and for the two PDFs, CTEQ4M and MRST

are listed in Table II. In general, the limits show small in- _ 1 1o~

RAPID COMMUNICATIONS
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on the shape of thel; distribution, and thus, little effect on
the limit. Varying ag was investigated through use of the
CTEQ4A1-A5 PDFs for a single choice qf and A, as
shown in Table Ill. There is very little change of the limit for
0.110< @¢<0.122, corresponding to &2 range from
(50 GeVY to (230 GeV¥. The impact of the gluon content
of the proton was studied using the PDF MR§TJ) (one
standard deviation highand MRST@|) (one standard de-
viation low) [15]. The limits shown in Table Il depend only
weakly on this choice. Finally, the distribution frosBTRAD
(number of events in eadd bin) was fluctuated according
to Poisson statistics, and the limit recalculated. The resulting
fitnits were only 0.1 TeV higher than the limits based on the
ﬁ]ata, providing a measure of the sensitivity of this analysis to
e finite statistics and uncertainties in energy scale.
In summary, the measured distribution above
500 GeV is well modeled by theeTRAD (NLO QCD) event
enerator. We find no evidence for compositeness in quarks,
nd set lower limits on the compositeness scale as a function
of renormalization scale, sign of the interference term in the
compositeness Lagrangian, and choice of PDF. These limits
are not affected by small variations in our analysis proce-
dures. The average radius of the scattered q(aikcipally
from theAfirst family is therefore less thax~#c/A
fm.

creases for the negative sign of the interference term, and the

MRST PDF. The limits also slightly increase with increasing
renormalization scale.

We checked the stability of the limits given in Table II.
The cut|»'| <3 was tightened to7'| <2, thereby excluding
events with forward jets in thel; distribution, with essen-
tially no impact on the limits. Possible bias introduced by our
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and CNPqBrazil), Departments of Atomic Energy and Sci-

was increased from 20 GeV to 50 GeV, and the analysience and Educatiofindia), ColcienciagColombig, CONA-
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