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We present a measurement of dijet angular distributions in Run II of the Fermilab Tevatron col-
lider. The measurement is based on the Run IIa dataset, corresponding to an integrated luminosity
of ≈ 0.7 fb−1 taken with the DØ detector. Normalized shapes of dijet angular distributions have
been measured over a range of dijet masses, from 0.25 TeV to above 1.1 TeV. This is the first time
in collider-based high energy physics that differential distributions of a scattering process have been
measured at partonic center-of-mass energies above 1TeV. The data are in good agreement with
the predictions of perturbative QCD and are used to constrain the parameter space in new physics
models including quark compositeness, large extra dimensions, and TeV−1 scale extra dimensions.
In some cases we obtain the most stringent limits from a hadron collider. These exclusion limits do
not depend on the unknown Higgs mass.
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I. INTRODUCTION

Of all high pT processes at a hadron collider, jet production is the process with the largest cross section. For any
given integrated lumnosity, therefore jet production has the highest reach in energy and, correspondingly, probes the
shortest distance scales. Dijet production is therefore an ideal observable with unique abilities to test the standard
model in previously unexplored regions and to search for signals predicted by new physics models. The angular
distribution of dijets with respect to the beam direction is directly sensitive to the dynamics of the underlying reaction
(see Fig. 1). While in quantum chromodynamics (QCD) this distribution shows small but noticeable deviations from
Rutherford scattering, a distribution much more strongly peaked in the central region would be a sign of new physics
processes not included in the Standard Model, e.g. quark compositeness [1–3], large spatial extra dimensions according
to the model proposed by Arkani-Hamed, Dimopoulos and Dvali, (ADD LED) [4, 5], or TeV−1 scale extra dimensions
(TeV−1 ED) [6–8]. These models are described in section III.

By analyzing only the shape of the dijet angular distributions, we greatly reduce experimental uncertainties (e.g.
jet energy calibration, luminosity) and theoretical uncertainties due to the renormalization scale dependence and the
parton density functions (PDFs). The shape of the dijet angular distribution, however, still carries almost the full
sensitivity to the new physics models

Dijet angular distributions and the closely related ratio of dijet mass distributions in different rapidity regions have
been measured in Run I of the Fermilab Tevatron Collider by the CDF and the DØ collaborations and been used
to set limits on quark compositeness [9, 10]. In similar analyses, angular distributions of di-electrons and di-photons
have been used to constrain the ADD LED and the TeV−1 ED models.

In this note we present the first measurement of dijet angular distributions in pp̄ collisions at a center-of-mass
energy of

√
s = 1.96TeV. The data sample, collected with the D0 detector during 2004-2005 in Run II of the Fermilab

Tevatron Collider, corresponds to an integrated luminosity of L ≈ 0.7 fb−1. We measure distributions in the dijet
variables χdijet = exp(|y1 − y2|) and yboost = 1

2
|y1 + y2| in ten regions of dijet mass Mjj.

The rapidities y1, y2 of the two leading pT jets in an event are closely related to the polar jet scattering angles by

y = 1
2

ln 1+β cos θ
1−β cos θ

with β = |~p|
E

. In the limit of massless 2 → 2 scattering processes, the variable χdijet is directly related

to the polar scattering angle θ∗ in the partonic center-of-mass frame by χdijet = 1+cos θ∗

1−cos θ∗
The χdijet distribution is

therefore directly sensitive to the dynamics of the interaction. The specific choice of the variable χdijet is motivated
by the fact that it has a flat distribution for Rutherford scattering.

In the limit of massless 2 → 2 scattering processes, the variable yboost is related to the ratio of the momenta of
the incoming partons by yboost = 1

2
ln(xmax

xmin
). Therefore the yboost distribution reflects the imbalance in the proton

momentum fractions x carried by the partons which enter the hard subprocess.
The phase space of this analysis is defined by Mjj > 0.25 TeV, χdijet < 16, and yboost < 1 (see Figs. 2 and 3). The

χdijet and yboost requirements restrict the jet phase space to |yjet| < 2.4 (see Fig. 3) where jets are well reconstructed
in the DØ detector and the calibration is known to high precision. The distributions of χdijet and yboost in the
different Mjj ranges are normalized by their respective integrals. Based on the χdijet measurement we set limits on
quark compositeness, ADD large extra dimensions, and TeV−1 extra dimensions, some of which are the most stringent
limits from a hadron collider. In contrast to the results from electroweak fits, our exclusion limits on different extra
dimension models are independent of the unknown mass of the Higgs boson.
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FIG. 1: The dijet angular distribution as a function of the variable χdijet (see text) for Rutherford scattering (solid line), QCD
(dashed line), and for new physics models (dotted line). Details on the observable and the new physics models are described
in the text.
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II. MEASUREMENT

A detailed description of the DØ detector has been given elsewhere [11]. The event selection, jet reconstruction,
jet energy and momentum correction in this measurement follow closely those used in our recent measurement of
the inclusive jet cross section [12]. The primary tool for jet detection is the finely segmented uranium-liquid argon
calorimeter that has almost complete solid angular coverage 1.7◦ . θ . 178.3◦ [11]. Jets are defined by the Run II
midpoint cone jet algorithm [13] with cone half opening angle of R = 0.7 in y and azimuthal angle. The same algorithm
is used consistently in the experiment and in all theory calculations. Events are triggered by the jet with highest pT

in an event (pmax
T ). To each Mjj region we assign a single trigger such that the smallest accessible pmax

T is above the
trigger pT threshold. The Mjj regions utilize triggers with different prescales, resulting in the following integrated
luminosities 0.0987pb−1 (0.25 > Mjj > 0.4 TeV), 1.54 pb−1 (0.4 > Mjj > 0.5 TeV), 17.2 pb−1 (0.5 > Mjj > 0.6 TeV),
73.0 pb−1 (0.6 > Mjj > 0.8 TeV), 508 pb−1 (0.8 > Mjj > 1.0 TeV), and 707pb−1 (Mjj > 1.0 TeV).

The jet four-vectors are corrected for the response of the calorimeter, instrumental energy showering in and out of
the jet cone, and additional energy from event pile-up and multiple pp̄ interactions [12]. In addition, systematic shifts
in |y| due to detector effects are also corrected. The position of the pp̄ interaction is reconstructed using a tracking
system consisting of silicon microstrip detectors and scintillating fibers, located inside a solenoidal magnetic field of
2 T [11]. The position of the vertex along the beamline is required to be within 50 cm of the detector center. To
suppress cosmic ray background with a signal efficiency of > 99.5%, the missing transverse momentum in an event is
required to be < 70% of the uncorrected pmax

T for uncorrected pmax
T < 100 GeV and < 50% of the uncorrected pmax

T

for uncorrected pmax
T > 100 GeV. Requirements on characteristics of shower development for genuine jets are used to

suppress the remaining background due to electrons, photons, and detector noise that mimic jets. The efficiency for
these requirements is above 97.5%. With these requirements, the fraction of background events is below 0.1% at all
Mjj.

The data are corrected for instrumental effects, and the results are presented as dijet distributions at the “particle
level” (according to [14]). Events, generated with pythia v6.412 [15] with tune QW [16] and CTEQ6.5M PDFs [17],
are reweighted according to the predictions from a perturbative QCD calculation in next-to-leading order (NLO)
in the strong coupling constant using the same PDFs. These events are subjected to a fast simulation of the DØ
detector response, based on parametrizations of resolution effects in pT , the polar and azimuthal angle of jets, jet
reconstruction efficiencies, and misidentification of the event vertex which have been determined from data and/or a
detailed simulation of the DØ detector in Geant [18]. Based on the simulation, we obtain a rescaling function for the
reconstructed Mjj that optimizes its correlation to the true particle level value. This increases the purity, the fraction
of events with reconstructed Mjj values in a given Mjj bin that have true values in the same bin, in the different dijet
mass regions to values between 45% and 70%. Applying the Mjj rescaling both to data and the simulation, we then
use the simulation to determine bin-by-bin correction factors for the differential cross sections in χdijet and yboost

in the ten Mjj regions. These also include corrections for the energies of muons and neutrinos inside the jets that
are not reconstructed. The total corrections for the differential cross sections are typically between 0.9 and 1.0, and
never lower (larger) than 0.7 (1.1). The corrected differential cross sections within each Mjj range are subsequently

normalized to their integrals, providing the corrected, final results for 1
σ

dσ
dχdijet

and 1
σ

dσ
dyboost
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FIG. 2: The analysis phase space (shaded regions) in the plane of dijet mass and χdijet (left) and dijet mass and yboost (right).
The analysis bins are indicated by the lines. The white area is kinematically not accessible.



4

-3

-2

-1

0

1

2

3

-3 -2 -1 0 1 2 3

  yjet1

y je
t2

χ dije
t =

 0

χ dije
t =

 16

χ dije
t =

 16

y boost = 1

y boost = 0

y boost = 1

FIG. 3: The analysis phase space in the plane of the two jet rapidities y1 and y2. The solid (dotted) lines connect points of
identical χdijet (yboost).

Correct statistical treatment of the data requires detailed knowledge of the correlations between uncertainties.
Therefore the experimental systematic uncertainties have been split into single sources that are independent of each
other, while the effects of each single source are fully correlated between all data points. Uncertainties due to
the following sources of experimental uncertainties are determined using the simulation: jet energy calibration (49
sources), jet pT resolution (15 sources), jet θ and φ resolution (3 sources each), systematic shifts in y (3 sources), jet
reconstruction efficiency (3 sources), modeling of the vertex position, vertex misidentification and the uncertainty in
the Mjj reweighting of the simulated events.

In the normalized distributions, many systematic uncertainties cancel to a large extent. The dominant uncertainties
are due to the jet pT resolution, and the jet energy calibration uncertainty. Smaller contributions are due to the
uncertainties in the θ resolution and the systematic shifts in y. All other sources are negligible. For Mjj < 1TeV,
systematic uncertainties range between 1% – 5% and 3%–11% for Mjj > 1TeV; they are in all cases much lower than
the statistical errors.

The results are displayed in Fig. 4. The normalized χdijet and yboost distributions are presented in ten Mjj regions,
starting from Mjj > 0.25 TeV, and including one region for Mjj > 1.1 TeV. The statistical errors are indicated by the
inner error bars, and the quadratic sum of statistical and systematic uncertainties is shown as the total error bar (the
latter are hardly visible, since the systematic uncertainties are much smaller than the statistical errors). One can see
that the χdijet distributions have almost no Mjj dependence. The yboost distributions have a strong Mjj dependence,
and are more strongly peaked towards yboost = 0 at high Mjj. This is a direct consequence of the steeply falling PDFs
for x → 1.

The data are compared to theoretical predictions in next-to-leading order (NLO) in the strong coupling constant with
non-perturbative corrections applied. The non-perturbative corrections are defined as the product of the corrections
due to hadronization and the underlying event. These have been determined using pythia v6.412 with tune QW and
CTEQ6.5 PDFs. The pythia cross sections have been reweighted in Mjj to agree with the NLO calculation. The
NLO calculations are performed using fastNLO [19] based on NLOJET++[20, 21]. Renormalization and factorization
scales are varied together around the central value of µ = 〈pT 〉 in the range 0.5 ≤ µ/〈pT 〉 ≤ 2, where 〈pT 〉 is the
average dijet pT . The calculations use the CTEQ6.6M PDFs [22] and their uncertainties as provided by the up and
down variations of the 22 CTEQ6.6 uncertainty eigenvectors. The quadratic sum of scale and PDF uncertainties is
displayed as a band around the central value. Both the scale and PDF uncertainties are, however, very small for
these normalized distributions, so the band is nearly a line in Fig. 4. The theory, including the perturbative results
and the non-perturbative corrections, is in good agreement with the data for both χdijet and yboost over the whole
Mjj range. For the χdijet distributions we have a χ2 (see next section) of χ2 = 124.9 between theory and data (for
120 data points). Since there is no indication for any dynamics different from QCD, we proceed to set limits on new
physics models.
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FIG. 4: The results for χdijet and yboost vs. QCD The statistical uncertainties are represented by the inner error bars and the
total error bars correspond to the quadratic sum of statistical and systematic uncertainties (the latter are hardly visible since
the systematic uncertainties are much smaller than the statistical errors). The theory band includes uncertainties from scale
variations in the range 0.5 < µ/〈pT 〉 < 2 and the CTEQ6.6 PDF uncertainties.

III. INTERPRETATION: NEW PHYSICS LIMITS

Based on the agreement of the χdijet measurement with the Standard Model, we set limits on quark compositeness,
ADD large extra dimensions, and TeV−1 extra dimensions models. In this section we describe the limit-setting
procedure and give the results.

1. New Physics Models

a. Quark Compositeness Symmetries in groups of “particles” like atoms or hadrons have often been explained
by substructure. Hypothetically quarks also could be made of other particles, as described in [1–3]. In this analysis
we investigate the model in which all quarks are considered to be composite and we use the matrix elements from
Ref. [2, 3]. The parameters in this model are the energy scale Λ and the sign of the interference term λ between the
standard model and the new physics terms. Previous 95% CL quark compositeness limits are Λ > 2.7 TeV (λ = +1),
Λ > 2.4 TeV (λ = −1), determined by DØ in Run I [10] from the ratio of dijet mass distributions at different angles
(all quarks were assumed to be composite). The Run I measurements of the normalized χdijet distribution resulted in
limits of Λ+ > 1.8 TeV (λ = +1), Λ− > 1.6 TeV (λ = −1) by CDF [9] and Λ± > 2.0 TeV (λ = ±1) by DØ [10].

b. ADD-Large Extra Dimensions The “ADD large extra dimension” model [4, 5] assumes that extra dimensions
exist in which gravity is allowed to propagate. The jet cross section receives additional contributions from virtual
graviton exchange. The parameters in this model are the fundamental Planck scale MS and, in one of three different
formalisms (see below) also the number n of extra dimensions; and in another formalism the sign of the interference
term λ. The re-analysis of the Run I dijet angular distributions from CDF [9] and DØ [10] has provided limits of MS >



6

0

0.05

0.1

0.25 < Mjj/TeV < 0.3

1/
σ di

je
t d

σ/
dχ

di
je

t

0

0.05

0.1

  0.3 < Mjj/TeV < 0.4

0

0.05

0.1

  0.4 < Mjj/TeV < 0.5   0.5 < Mjj/TeV < 0.6

0

0.05

0.1

  0.6 < Mjj/TeV < 0.7   0.7 < Mjj/TeV < 0.8

0

0.05

0.1

  0.8 < Mjj/TeV < 0.9   0.9 < Mjj/TeV < 1.0

0

0.05

0.1

5 10 15

  1.0 < Mjj/TeV < 1.1

5 10 15

           Mjj/TeV > 1.1

χdijet = exp(|y1-y2|)

DØ preliminary
Standard Model

Quark Compositeness

ADD Lg. Extra Dim.

TeV-1 Extra Dim.

Λ=2.0 TeV   (λ=+1)

Ms=1.36TeV  (GRW)

Mc=1.12TeV

0

0.05

0.1

0.25 < Mjj/TeV < 0.3

1/
σ di

je
t d

σ/
dχ

di
je

t

0

0.05

0.1

  0.3 < Mjj/TeV < 0.4

0

0.05

0.1

  0.4 < Mjj/TeV < 0.5   0.5 < Mjj/TeV < 0.6

0

0.05

0.1

  0.6 < Mjj/TeV < 0.7   0.7 < Mjj/TeV < 0.8

0

0.05

0.1

  0.8 < Mjj/TeV < 0.9   0.9 < Mjj/TeV < 1.0

0

0.05

0.1

5 10 15

  1.0 < Mjj/TeV < 1.1

5 10 15

           Mjj/TeV > 1.1

χdijet = exp(|y1-y2|)

DØ preliminary
Standard Model

Quark Compositeness

ADD Lg. Extra Dim.

TeV-1 Extra Dim.

Λ=2.56TeV   (λ=+1)

Ms=1.55TeV  (GRW)

Mc=1.41TeV

FIG. 5: The results for χdijet are compared to Standard Model predictions and to the predictions of various new physics models
for lower (left) and higher mass scales (right). The statistical uncertainties are represented by the inner error bars and the total
error bars correspond to the quadratic sum of statistical and systematic uncertainties (the latter are hardly visible since the
systematic uncertainties are much smaller than the statistical errors). The Standard Model theory band includes uncertainties
from scale variations in the range 0.5 < µ/〈pT 〉 < 2 and the CTEQ6.6 PDF uncertainties.

1.16 TeV [23]. The best limits from a single experiment come from DØ in dielectron and diphoton production [24] and
improved preliminary results have been presented in [25, 26]. The published (preliminary) 95% CL limit in the GRW
formalism (see below) is MS = 1.2TeV (1.62TeV). The matrix elements for our calculations are taken from Ref. [5].

c. TeV−1 Extra Dimensions The “TeV−1 extra dimension” model [6–8] assumes that extra dimensions exist at
the TeV−1 scale. Standard Model cross sections are modified due to the exchange of virtual Kaluza-Klein excitations
of the SM gauge bosons, and not the graviton. In other words, gluons can travel through the extra dimensions,
which changes the dijet cross section. The parameter in this model is the compactification scale MC . So far, only
a single limit on TeV−1 extra dimensions has been determined at the Tevatron. In a preliminary analysis of the
dielectron mass spectrum [27] DØ has set a 95%CL limit of MC = 1.12TeV. Higher sensitivity is achieved by the
LEP experiments (the analysis in [8] finds a 95%CL limit of MC = 6.6 TeV from the combined LEP data). We use
the matrix elements from Ref. [8].

The cross sections for the new physics models consist of the standard model contribution fSM and the model specific
pieces fNP (the “new physics” contribution) and fInt (the interference term). All predictions have the form

σNP = fSM + η · fInt + η2 · fNP , (1)

and the parameter η depends on the model

Quark Compositeness: η = λ/Λ2 ,

ADD-Large Extra Dimensions: η = F/M4
S ,

TeV−1 Extra Dimensions: η = 1/M2
c . (2)
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In the ADD LED model different formalisms use different definitions for F

F = 1 (GRW) [28] , (3)

F =

{

log(M2
S/ŝ) for n = 2

2/(n − 2) for n > 2
(HLZ) [29] , (4)

F =
2λ

π
= ± 2

π
(Hewett) [30] , (5)

and λ = ±1 is the sign of the interference term. The variable ŝ is the center of mass energy of the partonic subprocess
which is at lowest order equal to Mjj. It is obvious that the results for GRW and HLZ agree for n = 4. The new
physics contributions have only been calculated to LO, while the QCD predictions are known to NLO. In this analysis,
to obtain the best estimate for new physics processes, we multiply the NLO QCD cross section with the LO correction
factor for the new physics models. This procedure is equivalent to using the NLO corrections for the standard model
predictions to rescale the LO predictions of the new physics models in each bin.

σNLO
NP = σNLO

QCD · σLO
NP

σLO
QCD

= σLO
NP ·

σNLO
QCD

σLO
QCD

. (6)

This choice has also been used before in all similar related analyses [33]. The k-factors (k = σNLO
QCD/σLO

QCD) are in
the range 1.25–1.5, increasing with Mjj and decreasing with χdijet. Their effects on single bins of the normalized
χdijet distributions within the different Mjj regions is below 12%. The new physics cross sections are computed using
the above-mentioned matrix elements [34]. It is important to note that all variations (the scale variations and the
22 CTEQ6.6 PDF uncertainty eigenvectors) are fully propagated into all of the three contributions σNLO

QCD, σLO
NP, and

σLO
QCD. Therefore all of these pieces are computed throughout consistently with identical PDFs and renormalization

and factorization scales.
Predictions for the different models are compared to the χdijet data and to the Standard Model results in Fig. 5 for

smaller (left) and larger new physics mass scales (right). It is seen that all models predict increased contributions as
χdijet → 1 towards large Mjj (the decrease for large χdijet is a consequence of the normalization). The Mjj evolution
of the increase towards small χdijet is seen to be different for different models. The dependence of the models on their
parameters can be seen in the comparison of the left and right Figures.

2. Limit Setting Procedure

We define the χ2 between data and theory using the standard formula which introduces nuisance parameters for
each systematic uncertainty which is correlated between different data points. This includes all single sources of
experimental and theoretical uncertainties. The χ2 is then minimized with respect to all nuisance parameters, and is
therefore only a function of the new physics model parameter, referred to as ξ in the following. By computing χ2(ξ)
for different values of ξ we derive 95% CL limits on the latter. We use three different statistical approaches:

The first approach uses a “frequentist” definition in which the (single sided) 95% CL limit is defined by the value
of ξ at which χ2(ξ) has increased by χ2(ξ) − χ2

min = 3.84 with respect to its minimum value [32]. The corresponding
limits are labeled “frequentist limits”[35].

The second and third approaches use a Bayesian definition to define the 95% CL parameter limits. The χ2(ξ) is
transformed into a likelihood function defined as

L(ξ) =
1

A
exp

(

−1

2
χ2(ξ)

)

P (ξ) . (7)

In this formula A is the normalization (obtained from the requirement that the integral over L(ξ) is unity) and P (ξ)
is the prior probability distribution of ξ. Since χ2(ξ) is minimized with respect to all nuisance parameters, this is the
“profiled likelihood”. We then compute the integral

Q(ξ) =

∫ ξ

0

L(ξ′)dξ′ , (8)

as a function of ξ and obtain the one-sided 95% C.L. lower limit ξlimit from

Q(ξlimit) = 0.95 · Q(∞) . (9)
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This limit on ξ is then transformed back into the limit of the mass scale in the respective new physics model. The
difference between the second and the third approach is the choice of the prior P (ξ). In the second approach we
choose P (ξ) to be flat in the same power of the new physics mass scale by which it appears in the Lagrangian of the
respective model. This corresponds to a prior that is flat in the variable η as defined in Eq. (1).

In the third approach we choose the prior P (ξ) to be flat in the same power of the new physics mass scale by which
it appears in the cross section of the respective model. In the notation of Eq. (1), this corresponds to a prior that is
flat in the variable η2.

The feature in the second approach (Bayesian with prior flat in η) is that the prior, when translated into cross
section, shows a considerable preference for zero as a result. This directly translates into a lower cross section limit for
the same data and thus a higher parameter limit. This approach has, however, been used in many previous analyses
which have derived limits on the new physics models under study [8, 24, 25, 27, 31], In other cases [10] limits for
both priors have been published. For direct comparisons with those previous results one should use the corresponding
results from our analysis.

The expected 95% CL limits have been determined as the median values in 1000 pseudo-experiments generated
based on the theoretical predictions, smeared according to the experimental and theoretical systematic uncertainties,
and also smeared according to the expected statistical fluctuations. For each of the three approaches and for all
models (and all different formalisms), we have determined the expected limits as the median of the distributions,
together with the one sigma surrounding regions. The distributions are shown in Fig. 6. for the quark compositeness
model for λ = +1 (left), the ADD LED model in the GRW formalism (center) and the TeV−1 ED model (right). The
results for the different statistical approaches are presented using different linestyles, and the medians are indicated
by vertical lines (in the corresponding linestyles). The limits for all three approaches are similar. As expected, the
Bayesian approach with a prior flat in η produces stronger limits as compared to a prior flat in η2. The results for
the frequentist approach are always in between the two Bayesian approaches. The distributions of χ2, the likelihood,
and the probability (defined as the integrated likelihood) are shown in Fig. 7 for the different models.

For the ADD LED model χ2 has the minimum at the standard model value (MS = ∞) while for the quark
compositeness model (for both signs of the interference term) χ2 has a small minimum at Λ = 5.14 TeV with ∆χ2 =
0.02 below the standard model value. Only for the TeV−1 ED model there is a slightly pronounced χ2 minumum at
MC = 2.17 TeV with ∆χ2 = 0.72 below the standard model value.

The complete results of the statistical analyses are presented in Table I. These include the expected limits (the
median values), their surrounding one sigma regions as well as the limits determined from the data, for all models in
all formalisms for the three statistical approaches. All experimental limits are close to the expected limits. The limits
on the quark compositeness and TeV−1 ED models are sightly below the expected limits, whereas the experimental
limits for the ADD LED model are slightly (by approximately half a standard deviation) above the expected limits.
The limits in the Bayesian approach with prior flat in η are always largest, while the limits in the Bayesian approach
with prior flat in cross section are smallest. The frequentist limits are always in between the two Bayesian results.
Overall, the limits obtained using the frequentist and the different Bayesian approaches are very close and they always
agree within 8% or better.

The limit on MC in the TeV−1 ED model obtained in this analysis with ≈0.7 fb−1 of data is a strong improvement,
as compared to the previous preliminary result of MC >1.12TeV in the dielectron channel with 200pb−1 of data [27].
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FIG. 7: The dependence of χ2 (top), the likelihood (middle), and the probability (bottom) on the variable ξ which is directly
related to the parameters of the new physics models. Indicated are the ξ values at which the probabilities has reached 95%,
which defines the 95% CL limits on the parameters. The likelihoods and the probabilities are shown for the Bayesian procedure
with prior flat in η (see text).

While the limits on MS in the different formalisms of the ADD LED model are improving older results obtained
from the combination of 200 pb−1 of dielectron and diphoton data [25], they are slightly lower as compared to the
updated results from the combination of dielectron and diphoton data in Ref. [26], based on 1.05 fb−1 of data. Our
result are, however, the most stringent limits from a single process at a hadron collider.

For the comparison of our limits on the quark compositeness model with the best existing limits, obtained from
the ratio of dijet mass distributions in different angular regions [10], it must be considered that the latter results
had been obtained in a Bayesian approach with prior flat in η, but for fixed PDFs and fixed scales in the theoretical
calculations. If we derive our quark compositeness limits under the same assumptions, we obtain results of 2.73TeV
(2.64TeV) for positive (negative) interference and these result are identical (superior), as compared to the results
in [10]. If we compare the results for the preferred Bayesian approach with prior flat in η2, we improve the limits for
both signs of the interference term (see Table XLIX in Ref. [10]).
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DØ preliminary
95% CL limits on New Physics models from the dijet angular distribution (in TeV)

Bayesian frequentist previous
χ2 minimum prior flat in η prior flat in η2 χ2 − χ2

min = 3.84 limit
model (parameter) position depth expected found expected found expected found
Quark Composit. (Λ)

λ = +1 5.10 0.02 2.75 +0.43
−0.35 2.58 2.58 +0.28

−0.29 2.39 2.65 +0.42
−0.35 2.46 2.73 [10]

λ = −1 5.22 0.02 2.78 +0.36
−0.41 2.54 2.55 +0.31

−0.33 2.35 2.65 +0.45
−0.39 2.42 2.49 [10]

TeV−1 ED (MC) 2.17 0.66 1.64 +0.23
−0.25 1.42 1.51 +0.16

−0.19 1.33 1.57 +0.33
−0.24 1.35 1.12 [27]

ADD LED (MS)
GRW ∞ 1.49 +0.12

−0.14 1.56 1.44 +0.10
−0.10 1.48 1.47 +0.16

−0.14 1.54 1.62 [26]
Hewett λ = +1 ∞ 1.33 +0.11

−0.12 1.39 1.28 +0.09
−0.09 1.32 1.31 +0.14

−0.12 1.37 1.22 [25]
Hewett λ = −1 ∞ 1.28 +0.11

−0.09 1.35 1.23 +0.09
−0.08 1.29 1.25 +0.13

−0.09 1.33 1.10 [25]
HLZ n=3 ∞ 1.77 +0.14

−0.16 1.85 1.71 +0.11
−0.12 1.76 1.74 +0.19

−0.16 1.83 1.94 [26]
HLZ n=4 ∞ 1.49 +0.12

−0.14 1.56 1.44 +0.10
−0.10 1.48 1.47 +0.16

−0.14 1.54 1.62 [26]
HLZ n=5 ∞ 1.35 +0.11

−0.12 1.41 1.30 +0.09
−0.09 1.34 1.32 +0.14

−0.12 1.39 1.46 [26]
HLZ n=6 ∞ 1.25 +0.11

−0.10 1.31 1.21 +0.08
−0.09 1.25 1.22 +0.14

−0.11 1.29 1.36 [26]
HLZ n=7 ∞ 1.19 +0.09

−0.11 1.24 1.14 +0.08
−0.08 1.18 1.17 +0.13

−0.11 1.22 1.29 [26]

TABLE I: The 95% CL exclusion limits on different New Physics models as obtained in this analysis (using Bayesian and
frequentist methods), compared to the expected limits from this analysis and their one sigma band and to previous experimental
limits. Also shown is the mass value for which a minimum in χ2 was found, together with the χ2 difference between the minimum
and the Standard Model χ2.

3. Summary

We have presented the first measurement of dijet angular distributions in Run II of the Fermilab Tevatron collider,
and the first measurement of angular distributions of a hard scattering process at partonic center of mass energies
above 1TeV in collider-based high energy physics. The normalized distributions in χdijet and yboost are well described
by theory calculations in next-to-leading order in the strong coupling constant. Based on the χdijet measurement we
set limits on quark compositeness, ADD large extra dimension, and TeV−1 extra dimension models. The results are
presented using different Bayesian and frequentist approaches. For the quark compositeness model we obtain the most
stringent limits to date. The limit on the TeV−1 extra dimension model is the strongest limit from a hadron collider.
The limits obtained on the ADD large extra dimension model are the most stringent limits from a single process at a
hadron collider, and only slightly lower as compared to the combined limits from a recent analysis of dielectron and
diphoton data.
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