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Abstract

We present an early paper draft, which contains only simulation and theory, but what
follows is written as if it were reporting a real measurement of early CMS data.

We have used 10 pb ! of integrated luminosity from the CMS experiment at the Large
Hadron Collider at CERN to measure the dijet production ratio in two regions of jet
pseudorapidity. The dijet ratio, N(|57| < 0.7)/N(0.7 < || < 1.3), is sensitive to
dijet angular distributions. The dijet ratio is measured for dijet mass values between
0.4 and 3.4 TeV and is consistent with the predictions of Quantum Chromodynamics.
We exclude at the 95% confidence level the following models of new physics: quark
contact interactions with scale A < 4.0 TeV and excited quarks with mass M < 1.6
TeV.
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Within the standard model events with two energetic jets (dijets) are expected to arise in proton-
proton collisions from parton-parton scattering. The outgoing scattered partons manifest them-
selves as hadronic jets. The pseudorapidity, 77, of the observed jets is predicted by the angular
distribution of the scattered partons in Quantum Chromodynamics (QCD). New physics be-
yond the standard model often produces more isotropic angular distributions than QCD, re-
sulting in dijets at lower absolute values of pseudorapidity than predicted by QCD. The dijet
ratio, N(|y| < 0.7)/N(0.7 < |5| < 1.3), is the number of events with both jets in the region
|n| < 0.7 divided by the number of events with both jets in the region 0.7 < || < 1.3. Since
many sources of systematic uncertainty cancel in this ratio, the dijet ratio is a precise test of
QCD and is sensitive to new physics. A similar dijet ratio was measured at the Tevatron [1]
and used to set a limit on quark contact interactions. In this paper we report a measurement of
the dijet ratio as a function of dijet mass with the Compact Muon Solenoid (CMS) detector at
the CERN Large Hadron Collider, with a proton-proton collision energy of /s = 10 TeV.

The measured dijet ratio is used to search for two models of new physics which are motivated
by the possibility that quarks are composite particles. The first model is a contact interaction [2]
among left-handed quarks at an energy scale A in the process g — qq. This is modeled with
the effective Lagrangian Ly, = (£271/A?)(q,7v"q1) (9, vuq91) with + chosen for the sign. The
second model is a dijet resonance coming from an excited quark [3] (¢*) in the process qg —
q* — 48-

A detailed description of the CMS experiment can be found elsewhere [4, 5]. The CMS coordi-
nate system has the origin at the center of the detector, z-axis points along the beam direction
toward the west, with the transverse plane perpendicular to the beam. We define ¢ to be the
azimuthal angle, 6 to be the polar angle and the pseudorapidity as # = — In(tan[6/2]). The
central feature of the CMS apparatus is a superconducting solenoid, of 6 m internal diame-
ter. Within the field volume are the silicon pixel and strip tracker, and the barrel and endcap
calorimeters (|| < 3): a crystal electromagnetic calorimeter (ECAL) and a brass-scintillator
hadronic calorimeter (HCAL). Outside the field volume, in the forward region, there is an iron-
quartz fiber hadronic calorimeter (3 < |#| < 5). The HCAL and ECAL cells are grouped into
towers, projecting radially outward from the origin, for triggering purposes and to facilitate the
jet reconstruction. In the region |1| < 1.74 these projective calorimeter towers have segmenta-
tion Ay = A¢ = 0.087, and the 1 and ¢ width increases at higher values of 7. The cell energies
above the noise suppression thresholds in the HCAL and ECAL within each projective tower
are summed to find the calorimeter tower energy. Towers with |17| < 1.3 contain only cells
from the barrel calorimeters, towers in the transition region 1.3 < |5| < 1.5 contain a mixture
of barrel and endcap cells, and towers in the region 1.5 < || < 3.0 contain only cells from the
endcap calorimeters.

Jets are reconstructed using the seedless infrared safe cone algorithm with cone size R =

(An)? + (Ap)? = 0.7 [6]. Below we will discuss three types of jets: reconstructed, corrected
and generated. The reconstructed jet energy, E, is defined as the scalar sum of the calorimeter
tower energies inside the jet. The jet momentum, 7, is the corresponding vector sum: 7 = }_ E;il;
with i; being the unit vector pointing from the origin to the energy deposition E; inside the
cone. The jet transverse momentum, pr, is the component of 7 in the transverse plane. The E
and g of a reconstructed jet are then corrected for the non-linear response of the calorimeter to a
generated jet. Generated jets come from applying the same jet algorithm to the Lorentz vectors
of stable generated particles before detector simulation. The corrections are chosen so that, on
average, the pr of a corrected jet is equal to the pr of the corresponding generated jet. The
corrections estimated from a GEANT [7] simulation of the CMS detector increase the average
jet pr by roughly 50% (10%) for 70 GeV (3 TeV) jets in the region |7| < 1.3. Further details on jet
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reconstruction and jet energy corrections can be found elsewhere [8, 9]. The jet measurements
presented here are within the region |1| < 1.3, where the sensitivity to new physics is expected
to be the highest, and where the reconstructed jet response variations as a function of # are both
moderate and smooth.

The dijet system is composed of the two jets with the highest pr in an event (leading jets), and
the dijet mass is given by m = /(E; + E2)2 — (P1 + P2)2. For both leading jets required to have
pseudorapidity || < 1.3, the estimated dijet mass resolution varies from 9% at a dijet mass of
0.7 TeV to 4.5% at 5 TeV. We use data from the 2009-2010 running period corresponding to an
integrated luminosity of 10 pb~!. The sample we use for this search was collected by requiring
at least one jet in the high level trigger with pr > 110 GeV/c. The trigger efficiency, measured
from a sample acquired with a prescaled trigger with a lower pr threshold, was greater than
99% for dijet mass above 420 GeV/c?. Backgrounds from cosmic rays, beam halo, and detector
noise are expected to occasionally produce events with large or unbalanced energy depositions.
They are removed by requiring Zr/ Y Er < 0.3 and }_Er < 10 TeV, where Er (}_Er) is the
magnitude of the vector (scalar) sum of the transverse energies measured by all calorimeter
towers in the event. This cut is more than 99% efficient for both QCD jet events and the signals
of new physics considered. In the high pr region relevant for this search, jet reconstruction is
fully efficient.

In Fig. 1 we present the observed number of dijet events as a function of dijet mass in two
regions of jet pseudorapidity. We plot the events in bins approximately equal to the dijet mass
resolution.

In Fig. 2 and table 1 we present the dijet ratio, which is the ratio of the two distributions shown
in Fig. 1. The error bars shown in Fig. 2 and listed in table 1 are the 68% confidence intervals
for the ratio of Poisson distributed means [10, 11]. These statistical errors are the dominant
experimental uncertainty at high dijet mass. The systematic uncertainty on the measured ratio
arises predominantly from the uncertainty in the relative jet energy correction between the re-
gion |77 < 0.7and 0.7 < |5| < 1.3. The relative jet correction is measured directly from the dijet
data using the pr balance method [12]. While the absolute jet energy correction in either region
has an uncertainty of 10%, which cancels in the ratio, the relative jet correction between the two
regions has an uncertainty of 1%. The resulting systematic uncertainty in the ratio, shown in
Fig. 2, varies from 0.02 to 0.04, increasing smoothly with dijet mass. The data is compared to
a QCD prediction from PYTHIA [13] which includes a simulation of the CMS detector and the
jet energy corrections. The data is also compared with a full QCD prediction at next-to-leading
order [14]. Both predictions use CTEQ6 parton distributions [15] and a renormalization scale
u = pr. The spread of the predictions is an indication of the theoretical uncertainties in the
dijet ratio. The data agrees with the general expectation from the QCD predictions that the
dijet ratio should have the value 0.5.

In Fig. 3 we compare our data with three predictions from PYTHIA: QCD alone, QCD plus a
contact interaction with scale A = 3 TeV, and QCD plus an excited quark with mass M =1
TeV. Fig. 3 shows that the dijet ratio from the two models of new physics is significantly larger
than the data. We performed a statistical comparison of the data with the two models of new
physics for various values of A and M. The dijet ratio data excludes at 95% confidence level
contact interations with scale A < 4.0 TeV and excited quarks with mass M < 1.6 TeV. This
extends the previous exclusions of A < 2.7 TeV [1] and M < 0.87 TeV [16] set by experiments
at the Tevatron.

In conclusion, we have reported the first measurement of the dijet ratio in pp collisions at /s =
10 TeV. The dijet ratio is consistent with the predictions of QCD and has been used to set limits
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on models of new physics.
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Figure 1: The number of observed events as a function of dijet mass for || < 0.7 (dashed) and
for 0.7 < |57] < 1.3 (solid). WARNING: CMS DATA IN THIS FIGURE IS FAKE
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Figure 2: The dijet ratio as a function of dijet mass (points) is compared to a simulation of
QCD and the CMS detector (solid curve) and a next-to-leading order QCD calculation (dashed
curve). The error bars show the statistical uncertainty on the data and the dotted curves show
the experimental systematic uncertainty centered on a smooth fit to the data. WARNING: CMS
DATA IN THIS FIGURE IS FAKE
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Figure 3: The dijet ratio as a function of dijet mass (points) is compared to QCD (solid curve)
and a contact interaction with scale A = 3 TeV (dotted curve) and an excited quark with mass
1 TeV (dashed histogram). WARNING: CMS DATA IN THIS FIGURE IS FAKE



Table 1: For each bin of dijet mass we list the numerator and denominator of the dijet ratio,
followed by the measured ratio and its upper and lower statistical uncertainty. WARNING:
CMS DATA IN THIS TABLE IS FAKE

mass range (GeV) ratio +error | -error
419 - 453 8713 / 18918 = 0.461 | 0.00604 | 0.00596
453 - 489 5876 / 12923 = 0.455 | 0.00727 | 0.00715
489 - 526 4126 / 8967 =0.460 | 0.00882 | 0.00866
526 - 565 2863 / 6238 =0.459 | 0.0106 | 0.0104
565 - 606 2003 / 4422 =0.453 | 0.0125 | 0.0122
606 - 649 1429 / 3061 =0.467 | 0.0154 | 0.0150
649 - 693 1039 / 2220 =0.468 | 0.0183 | 0.0176
693 - 740 767 / 1459 = 0.526 0.0245 | 0.0234
740 - 788 546 / 1152 = 0.474 0.0259 | 0.0246
788 - 838 409 / 818 = 0.500 0.0322 | 0.0302
838 - 890 316 / 597 = 0.529 0.0395 | 0.0368
890 - 944 208 / 450 = 0.462 0.0422 | 0.0388
944 - 1000 156 / 309 = 0.505 0.0547 | 0.0494
1000 - 1058 115 / 223 =0.516 0.0664 | 0.0590
1058 - 1118 80 / 158 = 0.506 0.0798 | 0.0691
1118-1181 72 / 144 =0.500 0.0835 | 0.0717
1181 - 1246 53 /112 =0.473 0.0933 | 0.0783
1246 - 1313 35/71=0493 0.125 0.101
1313 - 1383 29 / 47 =0.617 0.185 0.143
1383 - 1455 18 / 32 =0.563 0.224 0.162
1455 - 1530 23 /27 =0.852 0.324 0.235
1530 - 1607 17 /21 =0.810 0.371 0.255
1607 - 1687 12 / 18 = 0.667 0.366 0.239
1687 - 1770 7/7=1.00 0.958 0.489
1770 - 1856 2 /12=0.167 0.264 0.113
1856 - 1945 6/7=0.857 0.872 0.435
1945 - 2037 3/3=1.00 2.11 0.679
2037 - 2132 2 /3=0.667 1.704 0.494
2132 - 2231 5/8=0.625 0.652 0.326
2231-2332 2 /4=0.500 1.10 0.362
2332 - 2438 0/0= — 0.00 0.00
2438 - 2546 1/1=1.00 10.1 0.910
2546 - 2659 0/4=0.00 0.584 0.00
2659 - 2775 1/1=1.00 10.1 0.910
2775 - 2895 0/2=0.00 1.51 0.00
2895 - 3019 1/0= — 0.00 0.00
3019 - 3147 0/1=0.00 5.30 0.00
3147 - 3279 0/0= — 0.00 0.00
3279 - 3416 0/1=0.00 5.30 0.00




