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We have measured the dijet angular distribution in
p

s ­ 1.8 TeV pp̄ collisions using the D0
detector. Ordera3

s QCD predictions are in good agreement with the data. At 95% confidence
limit the data exclude models of quark compositeness in which the contact interaction scale is below
2 TeV. [S0031-9007(97)05129-6]

PACS numbers: 13.87.Ce, 12.38.Qk, 12.60.Rc, 13.85.Ni
tri-
ing
ore

on
In this Letter we present a new measurement of t
angular distribution of dijets produced inpp̄ collisions
over a wide angular range and at higher precision th
previous measurements [1]. In quantum chromodyna
ics (QCD), parton-parton scattering processes are mai
he

an
m-
nly

t-channel exchanges and produce dijet angular dis
butions peaked at small center-of-mass (CM) scatter
angles; many processes containing new physics are m
isotropic. Dijet final states inpp̄ collisions can be pro-
duced through quark-quark, quark-gluon, and gluon-glu
667
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interactions. The angular distributions produced by the
processes as predicted by theory are similar. Theref
the dijet angular distribution is insensitive to the relativ
weighting of the individual hard scattering process an
thus is insulated from uncertainties in the parton distrib
tion functions (pdf’s). Thus, the dijet angular distribu
tion provides an excellent test of QCD and a means
searching for new physics such as quark compositene
Next-to-leading order (NLO) QCD predictions are avai
able [2,3] and comparisons can be made between the d
and both leading order (LO) and NLO predictions.

The value of the mass scale,L, characterizes the
strength of the quark substructure binding interactio
and the physical size of the composite states. In t
regime whereL ¿

p
ŝ is valid, the quarks appear almos

pointlike and any quark substructure coupling can be a
proximated by a four-Fermi interaction. With this approx
mation, the effective Lagrangian for a flavor diagon
definite chirality current is [4,5]:L ­ As2pyL2d 3

sq̄HgmqH d sq̄HgmqHd whereA ­ 61, andH ­ L, R for
left- or right-handed quarks. While this is not the onl
possible contact interaction, it is the only one for whic
calculations are currently available. Since the sign ofA is
a priori undetermined, limits for constructive interferenc
sA ­ 21d and destructive interferencesA ­ 11d are
presented. Recently published results from CDF [1] o
dijet angular distributions have been compared to the sa
model in which all quarks are composite, yielding 95%
confidence limitsL1 . 1.8 TeV andL2 . 1.6 TeV on
the interaction scales.

The D0 detector, described in detail elsewhere [6], me
sures jets using uranium, liquid-argon sampling calorim
ters that provide uniform and hermetic coverage over
large range of pseudorapiditysjhj # 4d. Typical trans-
verse segmentation is0.1 3 0.1 in h 3 f, wheref is
the azimuthal angle.

The data are from the94 pb21 sample recorded during
the 1993–1995 Tevatron run. Events are selected usin
multilevel trigger. The first level requires an inelastic co
lision by demanding the coincidence of two hodoscop
on either side of the interaction region. In the secon
level, jet candidates are selected using an array of
calorimeter trigger towers0.8 3 1.6 in h 3 f, covering
jhj , 4. Four different trigger criteria are defined, eac
requiring a single trigger tower above a different tran
verse energysET d threshold. The final level, an online
software trigger, selects events with a jet above a pre
threshold. TheET thresholds at which the triggers are
.98% efficient for theh coverage used in this analysis
are 55, 90, 120, and 175 GeV.

Jets are reconstructed using a fixed cone algorithm w
radius R ­

p
Dh2 1 Df2 ­ 0.7. Calorimeter towers

with ET greater than 1.0 GeV are used as seed tow
for jet finding [7]. JetET is defined as the sum of the
ET in the towers withR , 0.7 from the seed tower and
a newET weighted center of the jet is calculated. Thi
process is repeated until the jet center is stable. Wh
668
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one jet overlaps another, they are merged into a single
if they share more than 50% of theET of the lowerET

jet. Otherwise, they are split into two distinct jets.
Jet energy calibration is performed in a multistep proce

[8]. First, the electromagnetic energy scale in the cent
calorimeter is determined by scaling the energies of ele
trons fromZ boson decays so that the correctedZ mass
agrees with the value measured at LEP [9]. Next, the
response of the central calorimeter is measured using m
mentum conservation in a sample of photon1 jet events.
After determining the jet response for the central calorim
ter as a function of jet energy, the relativeh dependent
jet response is measured using both photon1 jet and di-
jet events. One jet (photon) is required to be central, a
the jet response is measured as a function of theh of the
other jet. Jets are also corrected for out-of-cone show
ing losses, underlying event, multiplepp̄ interactions, and
effects of uranium noise.

Quality cuts are required for the two leadingET jets in
each event. These cuts eliminate spurious jets that a
from noisy calorimeter cells, cosmic rays, and accelera
losses. The efficiencies for these cuts areET and h

dependent and vary between 90% and 97%.
We define the meanhboost ­ 1

2 sh1 1 h2d and the
half differencehp ­ 1

2 sh1 2 h2d of the pseudorapidi-
ties of the two jets with highestET . Data are se-
lected in bands of dijet invariant massM, whereM2 ­
2ET1ET2fcosh2hp 2 cossf1 2 f2dg, neglecting the jet
masses. To maintain uniform acceptance [10], we requ
jh1,2j , 3 andjhboostj , 1.5.

The dominant spin-1 gluon exchange yields a dist
bution in the CM scattering angleup ­ cos21stanhhpd
similar to Rutherford scattering: dNRuthyd cosup ~

1y sin4supy2d. We transform up to x ­ e2jhpj ­
s1 1 j cosupjdys1 2 j cosupjd, so that largeup maps to
small x (e.g.,up ­ 90± $ x ­ 1). ThendNRuthydx is
independent ofx, facilitating a comparison with theory.

Table I shows the dijet angular distribution
s100yNd sdNydxd, in bins of Dx ­ 1 with its sta-
tistical error in the four mass bins. TheJETRAD program
[3] is used to determine the LO and NLO QCD predic
tions. The jets at NLO are found using the standard [1
jet definition which combines two partons into a singl
jet if they are both withinR ­ 0.7 of their ET weighted
center. We require that two partons also be closer th
Rsep 3 0.7 with Rsep ­ 1.3 [12,13]. Figure 1 shows
the dijet angular distributions normalized to the unit are
compared to three different theoretical predictions. T
dashed and solid curves show the LO and NLO pred
tions for a single choice of renormalization/factorizatio
scale,m ­ ET of the maximumET jet. The dotted curve
shows the effects of changing the scale tom ­ Emax

T y2
for the NLO predictions. The LO predictions are fairly
insensitive to the renormalization scale, so only one sc
is shown. With the large value ofxmax, the effects of
higher order QCD become apparent. The theoretical p
dictions are clearly sensitive to the order of the calculatio
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TABLE I. Dijet angular distributions100yNd sdNydxd with statistical uncertainties for the
four mass binssGeVyc2d.

x 260 , M , 425 425 , M , 475 475 , M , 635 M . 635

1.5 5.94 6 0.36 7.58 6 0.69 10.1 6 0.34 12.0 6 1.04
2.5 5.50 6 0.35 4.26 6 0.52 7.56 6 0.30 12.5 6 1.06
3.5 4.59 6 0.32 4.96 6 0.57 7.83 6 0.30 9.11 6 0.91
4.5 4.57 6 0.32 5.54 6 0.59 7.71 6 0.30 9.79 6 0.95
5.5 4.56 6 0.32 5.29 6 0.58 7.87 6 0.31 10.1 6 0.97
6.5 5.10 6 0.33 6.26 6 0.64 8.17 6 0.31 9.58 6 0.95
7.5 5.10 6 0.33 4.83 6 0.56 8.70 6 0.32 9.30 6 0.94
8.5 5.61 6 0.35 4.40 6 0.53 7.91 6 0.31 8.08 6 0.88
9.5 4.93 6 0.33 5.60 6 0.60 8.46 6 0.32 8.96 6 0.92

10.5 6.04 6 0.36 5.21 6 0.58 8.62 6 0.32 10.6 6 1.01
11.5 5.40 6 0.34 4.30 6 0.53 8.38 6 0.32
12.5 5.33 6 0.34 4.75 6 0.55 8.69 6 0.32
13.5 5.41 6 0.34 5.43 6 0.58
14.5 5.40 6 0.34 5.69 6 0.60
15.5 5.60 6 0.35 6.18 6 0.63
16.5 4.81 6 0.32 4.70 6 0.55
17.5 4.95 6 0.33 4.83 6 0.55
18.5 5.78 6 0.35 5.01 6 0.56
19.5 5.37 6 0.34 5.17 6 0.57
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and to the renormalization scale. The NLO prediction
are seen to be in better agreement with the data than
LO calculations, especially for largex.

The dominant source of error on the angular distributio
is the uncertainty in theh dependence of the calorimete
energy scale. This uncertainty is less than 4% and nea
independent of dijet invariant mass. The remaining sy

FIG. 1. Dijet angular distributions for D0 data (points) com
pared toJETRAD for LO (dashed line) and NLO predictions
with renormalization/factorization scalem ­ Emax

T (solid line).
The data are also compared toJETRAD NLO predictions with
m ­ Emax

T y2 (dotted line). The errors on the data points ar
statistical only. The band at the bottom represents the cor
lated61s systematic uncertainty.
s
the

n
r
rly
s-

-

e
re-

tematic uncertainty is due toh biases in jet reconstruc-
tion, multiplepp̄ interactions,h dependent jet quality cut
efficiencies, and effects of calorimeterh and ET smear-
ing. Because the data distributions are normalized to
unit area, uncertainties in the absolute jet energy scale
minimal. All systematic uncertainties added in quadratu
are shown as a band at the bottom of Fig. 1. The effe
of a different pdf were examined by replacing the defau
CTEQ3M [14] with CTEQ2MS [15]. The calculated an
gular distribution is insensitive to this change.

Because the currently available NLO calculations d
not implement the effects of both QCD and quark su
structure, possible effects of quark compositeness are
termined using a LO simulation [4]. The ratio of the LO
predictions with compositeness to the LO predictions wi
no compositeness is used to scale the NLO calculatio
Figure 2 shows the dijet angular distribution for even
with M . 635 GeVyc2 compared to the theory for differ-
ent values of the compositeness scale,L1. The largest
dijet invariant mass bin is shown because the effects
quark compositeness become more pronounced with
creasing dijet invariant mass.

To obtain a compositeness limit, we constructed t
variableRx , the ratio of the number of events withx , 4
to the number of events with4 , x , xmax. The value
x ­ 4 is chosen to optimize the sensitivity to quark com
positeness. Because the angular distribution of jets aris
from contact interactions is expected to be more isotrop
than that for QCD interactions, contact interactions w
produce more events at smallx than QCD and therefore
will have a larger value ofRx . The h dependent energy
scale corrections increase as a function of invariant ma
causingRx to be reduced by 8% in the lowest mass b
and by 28% in the highest mass bin. Table II shows t
669
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FIG. 2. Data compared to theory for different compositene
scales. See text for how compositeness is calculated for NL
predictions. The errors on the points are statistical and the ba
represents the correlated61s systematic uncertainty.

experimental ratioRx for the different mass ranges with
their statistical and their systematic uncertainties, whic
are fully correlated in mass. Figure 3 exhibitsRx as a
function of M for two different renormalization scales
along with the theoretical predictions for different com
positeness scales. Note that the two largest dijet inva
ant mass bins have a lowerxmax value, and thus a higher
value ofRx is expected independent of compositeness a
sumptions. Also shown in Fig. 3 are thex2 values for the
4 degrees of freedom for different values of the compo
iteness scale. Thex2 is defined asx2 ­

P
i,j diV

21
ij dj,

where di is the difference between data and theory i
each mass bini. The covarance matrix,V , is defined
asVii ­ s

2
i sstatd 1 s

2
i ssystd, Vij ­ sissystdsjssystd, for

i fi j. For both renormalization scales, the data prefer
model without quark compositeness. The data are bet
fit with m ­ Emax

T .
We employed a Bayesian technique [16] to obtain

compositeness scale limit from our data, using a Gau
ian likelihood function,PsRx j jd, for Rx as a function
of dijet invariant mass. The compositeness limit depen
on the choice of the prior probability distribution,Psjd.
Motivated by the form of the Lagrangian,Psjd is as-

TABLE II. Value of Rx with statistical and fully correlated
systematic uncertainties.

Mass range
sGeVyc2d Rx Stat error Syst error

260 425 0.191 0.0077 0.015
425 475 0.202 0.0136 0.010
475 635 0.342 0.0085 0.018

.635 0.506 0.0324 0.028
670
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FIG. 3. Rx as a function of dijet invariant mass for two dif-
ferent renormalization scales. See text for how compositene
is calculated for NLO predictions. The inner error bars are th
statistical uncertainties and the outer error bars include the s
tistical and systematic uncertainties added in quadrature. T
x2 values for the 4 degrees of freedom are shown for the diffe
ent values of the compositeness scale. The D0 data are plot
at the average mass for each mass range. The NLO points
offset in mass to allow the data points to be seen.

sumed to be flat either inj ­ 1yL2 or j ­ 1yL4. Since
the dijet angular distribution at NLO is sensitive to the
renormalization scale, each renormalization scale is trea
as a different theory. The likelihood function has th
form PsRx j jd ­ e2x2y2. To determine the 95% confi-
dence limit inL, a limit in j is first calculated by requir-
ing thatQsjd ­

Rj

0 PsRx j j0dPsj0ddj0 ­ 0.95 of Qs`d.
The limit in j is then transformed back into a limit inL.
Table III shows the 95% confidence limits for the compos
iteness scale obtained for different choices of models usi
a prior probability distribution which is flat in1yL2.

If we vary the models to include constructive interfer
ence sL2d, or require only up and down quarks to be
compositesLudd, the 95% confidence limits for the com-
positeness scale change by,0.1 TeV. If the prior proba-
bility distribution is assumed to be flat in1yL4, the
95% confidence limits are reduced by approximately 6%
These limits are valid for either pure left- or right-hande

TABLE III. The 95% confidence limits for the left-handed
contact compositeness scale for different models. The pri
probability distribution is assumed to be flat in1yL2.

Compositeness scale m ­ Emax
T m ­ Emax

T y2

L1 2.1 TeV 2.3 TeV
L2 2.2 TeV 2.4 TeV
L

1
ud 1.9 TeV 2.0 TeV

L
2
ud 2.0 TeV 2.2 TeV
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contact interactions. Unlike the earlier measurement [
usingxmax ­ 5, the large range ofx explored here gives
greater sensitivity to compositeness terms with constru
tive interference than for destructive interference.

In conclusion, we have measured the dijet angular di
tribution over a large angular range. The data distribu
tions are in good agreement with NLO QCD predictions
The compositeness limit depends on the choice of t
renormalization/factorization scale, the model of compo
iteness, and the choice of the prior probability function
We have presented compositeness limits for models w
left-handed contact interference. With 95% confidenc
the interaction scalesL1s2d exceed 2.1 TeV andL

1s2d
ud

exceed 1.9 TeV.
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