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The dijet invariant mass distribution has been measured in the region between 140 and 1000 GeV/cz,
in 1.8 TeV pp collisions. Data collected with the Collider Detector at Fermilab show agreement with

QCD calculations. A limit on quark compositeness of A, ) 1.3 TeV is obtained. Axigluons with masses
between 240 and 640 GeV/c are excluded at 95/0 C.L. if we assume ten open decay channels. Model-
independent limits on the production of heavy particles decaying into two jets are also presented.

PACS numbers: 13.85.Rm, 12.38.Qk, 13.85.Ni, 13.87.Ce

We present limits on new physics from fits to the mea-
sured dijet invariant mass spectrum in proton-antiproton
collisions at a center of mass energy Js =1.8 TeV. The
data are based on an integrated luminosity of 4.2 pb
recorded by the Collider Detector at Fermilab (CDF) [11
during the 1988-1989 run at the Fermilab Tevatron Col-
lider. Previous studies reported by UA1 [21 and UA2 [3]
at Js =630 GeV and by CDF [4] at Js =1.8 TeV
showed agreement with leading order (LO) QCD calcu-
lations. Higher statistics CDF data allow for more pre-
cise tests of QCD and of some theoretical hypotheses

beyond the standard model. In particular, the dijet mass
spectrum is sensitive to quark compositeness [5] and to
the existence of new particles that decay into two jets,
such as axigluons [6]. We report in this article a sum-

mary of a study of the dijet mass spectrum. Further de-
tails can be found in Ref. [7].

The data are based on information from the CDF cen-
tral calorimeter (~ri~ ~ 1.1) [8], composed of projective
towers of scintillator-absorber sandwich construction,
segmented in Ati x Attc =O. 1 && 15'. Jets were reconstructed
using a fixed-cone clustering algorithm [9] with cone ra-
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dius R =Vari +Ay, where ri = —in[tan(8/2)] is the
pseudorapidity, p is the azimuth (in radians), and 0 is the
polar angle with respect to the proton beam direction.
The jet energy is defined as the scalar sum of the energies
of all calorimeter towers associated with the cluster. The
jet momentum is calculated by assuming that the energy
in each tower of the cluster is released by a massless par-
ticle hitting the center of that tower. Results presented in

this paper are based upon a cone radius R =1. Cross sec-
tion predictions including coherent sums of QCD matrix
elements and either compositeness or axigluon contribu-
tions are presently available only to LO. The choice of a
large cone reduces the sensitivity of the measured dijet
mass spectrum to higher order effects such as gluon radi-
ation.

Three single-jet on-line triggers were employed requir-
ing at least one cluster of transverse energy ET=Esinrg
greater than thresholds of 20, 40, or 60 GeV. The mea-
sured energy and momentum of each jet were corrected,
on average, for detector eff'ects. The average correction is
22% for the dijet mass M/~ =140 GeV/c and 17% for
M/~ &600 GeV/c . These corrections are based on a
Monte Carlo study with a full detector simulation. The
true jet energy and momentum are defined as the total
energy and momentum of all the particles emerging from
the primary vertex within a cone of fixed radius R around
the cluster centroid. No corrections are applied to ac-
count for energy lost out of the clustering cone or to ac-
count for the soft component of the pp interaction (un-
derlying event). Since these corrections are model depen-
dent they have not been applied to the measurement, but
they are taken into account when smearing the LO
theoretical predictions.

Events are selected requiring (a) the event vertex along
the beam line to be within 60 cm of the center of the
detector and (b) the axes of the two leading jets (i.e. ,
those with the highest transverse energies) to be in the
pseudorapidity range ~tl~ &0.7. This ensures that the jet
core is well contained in the central calorimeter.

We define Mzz
'= j(E~+E2) —(p~+pz) as the

measured mass of the system composed of the two lead-
ing jets. Any remaining jets, produced largely by radia-
tion from the initial and final states of the hard parton
process, are not taken into account in the computation of
M~~ '. The data from the three diA'erent on-line triggers
were combined. The observed difterential cross section
da/dM~~ ', integrated over the pseudorapidity interval

I@I &0.7 and averaged over the mass bins, is shown in

I ig. 1. The vertical error bars on the data points repre-
sent the statistical errors and the Mzz '-dependent part of
the systematic uncertainties combined in quadrature.

The major sources of systematic uncertainty on the
differential cross section measurement are determination
of the integrated luminosity, calorimeter calibration, and
our model of parton fragmentation into jets. The uncer-
tainty in the integrated luminosity is 7% [10]. Fragmen-
tation was studied by comparing diA'erent versions of the
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FIG. 1. Observed dijet mass spectrum (cone size R =1), in-
tegrated over the pseudorapidity interval IqI &0.7. The error
bars on the data are statistical and M~~-dependent systematic
uncertainties combined in quadrature. An overall normaliza-
tion uncertainty is shown in (a). All the theoretical curves
(structure function HMRS-B, renormalization scale p =pT/2)
are smeared and normalized to the data. The lines in (a) are
the LO QCD prediction with (dotted line) and without (solid
line) the contact term representing quark substructure at the
scale A, =—1.3 TeV. The MJJ"' spectrum is compared to that ex-
pected from axigluons of diA'erent masses for N =10 (b) and
N =20 (c), N being the number of open decay channels. The
300 GeV/c axigluon (dotted line) is excluded by the data,
while the 700 GeV/c axigluon (dashed line) is not excluded,
both at 95% C.L. The QCD prediction (solid line) is also
shown.

shower Monte Carlo HERvvIG [11]fragmentation scheme.
The uncertainty in the calorimeter response to hadrons
arises from several sources, the biggest eAect coming
from low energy particles [7]. The sum in quadrature of
all the contributions ranges from 33% at M~J 140
GeV/c to 60% at 1000 GeV/c . Theoretical uncertain-
ties in the LO QCD predictions arise from parton shower
products falling outside of the clustering cone, the under-
lying event, and the presence of additional jets from
higher order processes. The sum in quadrature of these
theoretical uncertainties is 14% for M~~"') 500 GeV/c
and 36% at MJ& '=140 GeV/c .

The M~~
' spectrum difters from the true spectrum be-

cause of the finite M~& resolution, which smears the distri-
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TABLE I. Compositeness limits at 95% C.L. for recent
structure functions and different renormalization scales.

P/PT

HMRS-B
HMRS-E
MT-E1
MT-B2
MT-B1
MT-Sl

0.5

1300
1480
1390
1490
1360
1340

1330
1500
1440
1540
1410
1400

1360
1520
1490
1580
1460
1460

bution. We define the smearing function, g(t, Mi) ), as
the probability density function of making a measure-
ment error t =Mjj Mjj thereby observing a mass
M~ojb' for a given true mass Mzj. The function g(t, M&1)
and its uncertainties are determined with the Monte Car-
lo program HERWIG and the full detector simulation [7].
Theoretical models ae checked by folding the predicted
cross sections with appropriate smearing functions before
comparing them to the observed M~i

' spectrum.
New phenomena such as quark compositeness, or new

particles decaying to two jets, or axigluons, would all pro-
duce in a particular dijet mass region a different number
of events from that expected by QCD. We place 95%
confidence level (C.L.) limits on the number of events
that can be associated with these phenomena given our
observed rate and QCD background predictions. In all

cases, we convolute the predicted rate with both Poisson
statistical fluctuations and non-Gaussian resolution func-
tions with their correlated bin-to-bin uncertainties. For
each theoretical spectrum the statistical test is optimized
for sensitivity in the specific signal region.

We place limits on quark compositeness by including in

the theoretical prediction an effective contact term in the
QCD Lagrangian [5] characterized by an energy scale
A, . If quarks are composite structures, an excess of
events at high masses should be observed. The 95% C.L.
limit is inferred by comparing the number of events ob-
served by CDF in the region Mfj~'& 580 GeV/c with the
number of events expected by QCD. The QCD predic-
tion is smeared and normalized to the data in the region
160&M//'&300 GeV/c . The statistical test has been
performed with recent sets of structure functions (HMRS
[12] and MT [13]) and the renormalization scales
p =2pT, pT, pT/2. The results are shown in Table I. The
most conservative limit on A, is 1.3 TeV, set by HMRS-
B, p =pT/2. Previous limits obtained with the same data
are A, & 1.4 TeV from the inclusive jet cross section [14],
and A, ) 1.0 TeV from the dijet angular distribution
[15]. The LO QCD predictions with and without the
contact term representing quark substructure at the scale
A, =1.3 TeV (HMRS-B, p =pT/2) are compared to the
data in Fig. 1(a).

In order to set model-independent limits on the produc-
tion of particles that decay into two jets, we parametrize

TABLE II. 95% C.L. Limits on observable cross sections
(pb) times the resonance branching ratio into light quarks as a
function of the resonance mass Mo (GeV/c ) and width I

(GeV/c ).

Mp

200
250
300
350
400
450
500
550
600
650
700
750
800
850
900

r =0.02Mp

2603
779

79
106
44
36
9
3
7

10
9
6
4
5
2

I =0.1Mp

3073
960
241
214
60
41

7
4

10
13
9
6
5
4
5

I =0.2Mp

3628
1408
214
192
48
19
13
11
13
13
11

7
5
5
7

a resonance as a Breit-Wigner line shape f(Mi) )
=SI /2m[(M/i —Mo) +(I /2) ], where Mo and I are
the central value and the width of the resonance and 5 is
the cross section (in pb) for the decay products within our
acceptance (i@i &0.7). The resonance width is assumed
to be proportional to the mass: I =kMO, with k =0.02,
0.1, 0.2. The following simplifications have been applied:
(a) the resonance is incoherently added to the QCD
background, (b) the Breit-Wigner function, which in

principle describes only the parton cross section, is not
folded with the structure functions, and (c) no spin effect
is taken into account. The Breit-Wigner resonance is
folded with a smearing function g'(t, M~i. ). The smearing
function g' for resonances diA'ers from the one used for
QCD [7]. It not only takes into account detector effects,
but also includes radiation from the scattered partons,
which influences both the average measured mass and the
mass resolution. These radiation eAects have been stud-
ied with the shower Monte Carlo program HERWIG [11],
whose capability to reproduce "multijet" events has been
checked with the data [16]. Since phase space effects are
not negligible for decays into the massive top quark and
the smearing function depends strongly on the unknown

top mass, we set limits on resonant cross sections times
the branching ratio into light quarks (u, d, s,c,b). We
obtain the limit on S, as a function of Mo and I, by com-
paring the number of events observed by CDF in a win-

dow around the mass of the resonance with the number of
events expected by QCD (MT-B2, p =pT/2) in the same

Mjj ' region. The limits on the observable cross section
times the branching ratio into light quarks for diAerent
resonance masses and widths are listed in Table II. CDF
data exclude the region above the listed cross sections at
the 95% C.L.

Recently proposed chiral-color models [6] predict the
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TABLE III. Axigluon masses (GeV/c ) excluded by CDF
data using the two structure functions HMRS-B and MT-B2; A'

is the number of open decay channels.

%=10 N =20

MT-B2 240 (M, (730 260 (M, (280;420 (M, ( 580
HMRS-B 220 (M, (640 240 (M, (330;450(M, ( 550

existence of a massive octet of vector bosons, the axi-
gluons. The dominant decay mode of the axigluon is into
a pair of quarks and its width can be parametrized as
I, =Na, M, /6, where N is the number of open decay
channels and M, is the axigluon mass. Limits on axi-
gluon masses have been previously reported by UA1
[2, 17] and CDF [4]. The same method described for res-
onances parametrized with a Breit-Wigner line shape has
been applied. However, in this case, the axigluon ampli-
tudes are coherently summed to QCD and convoluted
with the structure functions. The acceptance for the de-

cay products of the axigluons and the branching ratio into
top are also taken into account. The statistical test
has been performed with the two structure functions
HMRS-B and MT-B2 and the renormalization scale

p =pT/2. Table III shows the results. With a luminosity
of 4.2 pb ', axigluons of masses 240 ~ M, ~ 640
GeV/c are excluded for N =10, while for N =20 we ex-
clude the windows 260( M, ( 280 GeV/c and 450
(M, (550 GeV/c . As examples, Fig. 1 shows QCD
and axigluons (HMRS-B, p =pT/2) of diA'erent masses
for N =10 (b) and N =20 (c). In both cases the lower
axigluon mass is excluded, while the higher mass cannot
be excluded at 95% C.L. The range of excluded masses
breaks in two windows for N =20 because a small excess
of events is observed in the data between 350 and 400
GeV/c . However QCD alone is consistent with the mea-
surement in that region.
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