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Abstract

Invariant mass distributions of jet pairs (dijets) produced in LHC proton-proton colli-
sions at a center-of-mass energy

√
s= 7 TeV have been studied with the ATLAS detector

using a data set acquired in 2011 with an integrated luminosity of 0.81 fb−1. Dijet masses
up to∼ 4.0 TeV are observed in the data, and no evidence of resonance production over
background is found. Improved limits have been set at 95% CL for several new physics
hypotheses: excited quarks are excluded for masses below 2.91 TeV, axigluons are excluded
for masses below 3.21 TeV, and color octet scalar resonancesare excluded for masses below
1.91 TeV.



1 Introduction
The Standard Model (SM) description of high energy proton-proton (pp) collisions is based on the

framework of perturbative quantum chromodynamics (QCD), where the most energetic collisions result
from the 2→ 2 scattering of a pair of partons (quarks or gluons). Partonsemerging from the colli-
sion shower and hadronize, in the simplest case producing two jets of particles (a dijet) that may be
reconstructed to determine the dijet invariant mass,mj j , the mass of the two-parton system. Dijet mass
distributions may be searched for resonances indicating the effects of new phenomena localized near a
given mass.

Previous dijet mass distribution studies [1, 2, 3, 4, 5, 6, 7,8] have shown that this kind of analysis
is well suited to early searches at new colliders. Dijet massdistributions may be analyzed to search for
resonances indicating new physics, typically using data-driven background estimates that do not rely on
detailed QCD calculations.

The present study, in addition to new physics benchmarks used in previous ATLAS dijet analyses,
namely excited quarks (q∗) [9, 10], and axigluons [11, 12, 13], makes use of an additional hypothetical
object: the color octet scalar (s8) model, one of many possible exotic color resonance models [14]. Any
of these would appear as a resonant signal in the vicinity of their intrinsic mass.

The present study is based onpp collisions at a center of mass (CM) energy of 7 TeV produced at
the CERN Large Hadron Collider (LHC) and measured by the ATLAS detector, corresponding to an
observed integrated luminosity of 0.81 fb−1 collected in 2011. The most stringent limits so far from the
ATLAS experiment based on dijet mass analysis come from the studies of the 2010 data corresponding to
36 pb−1 integrated luminosity [8]. Excited quarks were excluded below 2.15 TeV, quantum black holes
below 3.67 TeV, and axigluons below 2.10 TeV.

A detailed description of the ATLAS detector has been published elsewhere [15]. The detector
is instrumented over almost the entire solid angle around the pp collision point with layers of track-
ing detectors, calorimeters, and muon chambers. Jet measurements are made using a finely segmented
calorimeter system designed to efficiently detect the high energy jets that are the focus of this study.

The dijet mass,mj j , is derived from the vectorial sum of the four-momenta of thetwo highestpT jets
in the event1. The data are binned inmj j choosing bin-widths that are consistent with the detectormj j

resolution so that binning effects do not limit the search sensitivity. Since high mass dijets are of greatest
interest in these studies, kinematic criteria based on momentum and angular variables are applied to
increase the sensitivity to centrally produced high mass resonances.

The angular distribution for 2→ 2 parton scattering is predicted by QCD in the parton CM frame,
which moves along the beamline due to the differing momentumfractions (Bjorkenx) of the colliding
partons. IfE is the jet energy andpz is thez-component of the jet’s momentum, the rapidity of the jet
is given byy ≡ 1

2 ln(E+pz
E−pz

). The rapidities of the two highestpT jets are denoted byy1 andy2, and the

corresponding rapidity in the parton CM frame isy∗ = 1
2(y1−y2).

2 Jet reconstruction and event selection
Individual jets are reconstructed using the anti-kt jet clustering algorithm [16, 17] with the distance

parameterR= 0.6. The inputs to this algorithm are clusters of calorimeter cells with energy depositions
significantly above the measured noise. Jet four-momenta are constructed by the vectorial addition of
cell clusters, treating each cluster as an (E, ~p) four-vector with zero mass. The jet four-momenta are
then corrected for the jet energy scale (JES) as a function ofη and pT for various effects, the largest
of which are the hadronic shower response and detector material distribution. This is done using a

1In the right-handed ATLAS coordinate system, the pseudorapidity η is defined asη ≡ -ln tan(θ /2), where the polar angle
θ is measured with respect to the LHC beamline. The azimuthal angleφ is measured with respect to thex-axis, which points
toward the center of the LHC ring. Thez-axis is parallel to the anti-clockwise beam viewed from above. Transverse momentum
and energy are defined aspT = psinθ andET = E sinθ , respectively.
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calibration scheme based on Monte Carlo (MC) studies including full detector simulation, and validated
with extensive test-beam [18] and collision data [19, 20, 21] studies. Measured dijet mass distributions
are not unfolded to account for resolution effects.

The current dijet data sample is the result of several stagesof event selection, beginning with the
hardware trigger. ATLAS has a three-level trigger system, with the first level trigger (L1) being custom-
built hardware and the two higher level triggers (HLT) beingrealized in software. The triggers employed
for this study selected events that have at least one large transverse energy deposition, with the transverse
energy threshold varying over the period of the data-takingas the instantaneous luminosity of the LHC
ppcollisions increased.

The mj j distribution is based on the lowest threshold unprescaled jet trigger. Due to the increased
LHC instantaneous luminosity, the nominal jetpT threshold for the current data set is 180 GeV, andmj j

is required to be greater than 717 GeV to attain full trigger efficiency.
Events are required to have at least one primary collision vertex defined by more than four charged-

particle tracks. Events with at least two jets are retained if the next-to-leading jet satisfiesp j2
T > 30 GeV.

The 30 GeV threshold ensures that reconstruction is fully efficient for both leading jets. Events with a
poorly measured jet [22] withpT greater than 30% of thepT of the next-to-leading jet are vetoed to avoid
cases where such a jet would cause incorrect identification of the two leading jets (rejecting less than
0.002% of the events).

Finally, events are selected if the two leading jets each satisfy |η j | < 2.8 and the rapidity in the
parton CM frame satisfies|y∗| < 0.6. These criteria favor central collisions and have been shown, based
on studies of expected signals and QCD background, to efficiently optimize the signal-to-background in
the sample.

3 Comparing data to a smooth background
The observed dijet mass distribution is shown in Fig. 1. Themj j spectrum is fit to the smooth

functional form f (x) = p1(1−x)p2xp3+p4 lnx, wherex≡mj j /
√

sand thepi are fit parameters. This ansatz
has been shown empirically to accurately model the steeply falling QCD dijet mass spectrum [3, 4, 6, 8].
As noted earlier, the bin widths are consistent with the dijet mass resolution, increasing from∼ 50 to
∼ 200 GeV for dijet masses from 0.85 to 4.5 TeV, respectively.

To determine the degree of consistency between the data and the fitted background, thep-value of the
fit is calculated using theχ2 test, determined from pseudoexperiments, as a goodness-of-fit statistic. The
resultingp-value is 0.35, indicating that there is no overall disagreement between data and the functional
form.

The plot appearing at the bottom of Fig. 1 is the bin-by-bin significance of deviations of data from the
prediction. It is formed by calculatingp-values in each bin as the first step. These are purely statistical
and based on Poisson distributions. In the case of an excess in data in a given bin, thep-value represents
the probability to see an excess of that size or larger - vice versa for data being below the prediction. For
presentation purposes thep-values are transformed into standard deviations by integration of a Gaussian,
and plotted as positive for an excess in data, negative otherwise. Empty bins correspond to insignificant
deviations in either direction, with ap-value larger than 0.50, and are therefore not drawn.

4 Searching for resonances
As a more sensitive test of new physics signals, the BUMPHUNTER algorithm [23, 24] is used to

establish the presence or absence of a resonance in this spectrum. In the current implementation, the
BUMPHUNTER algorithm searches for the signal window with the most significant excess of events
above background. Starting with a two-bin window, the algorithm increases the signal window and
shifts its location until all possible bin ranges, up to halfthe mass range spanned by the data, have been
tested. The most significant departure from the smooth spectrum (“bump”) is defined by the set of bins
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Figure 1: The observed (Data) dijet mass distribution (filled points) fitted using a binned QCD back-
ground (Fit) distribution described by the smooth functional form (histogram). The bin-by-bin signif-
icance of the data-background difference is shown in the lower panel. Vertical lines show the most
significant excess found by the BUMPHUNTER algorithm: the two bins from 1.16 to 1.35 TeV.

that have the smallest probability of arising from a background fluctuation assuming Poisson statistics.
The algorithm naturally accounts for the “trials factor” byperforming a series of pseudoexperiments
to determine the probability that random fluctuations in thebackground-only hypothesis would create
an excess as significant as the observed one anywhere in the spectrum. To improve the background fit
before comparison to data, in cases where theχ2 test on the region with the biggest local excess yields
a p-value less than 0.01, this region is excluded, and a new fit isperformed. This prevents any potential
new physics signal from biasing the background.

In Fig. 1, the most significant discrepancy identified by the BUMPHUNTER algorithm is a 2-bin
excess in the dijet mass interval 1.16 to 1.35 TeV. Thep-value of observing an excess at least as large as
this, assuming a background-only hypothesis in the mass interval considered in this study, is 0.62. Based
on this test, we conclude that there is no evidence for a resonance signal in themj j spectrum.

5 New physics models
To establish exclusion limits and connect to previous studies, three resonant new-physics hypotheses

have been simulated. For the first of these, excited quarks, theq∗ is assumed to have spin 1/2 and quark-
like couplings relative to those of the SMSU(2), U(1), andSU(3) gauge groups, off = f ′ = fs = 1,
respectively, and aqg→ q∗ production model [9, 10] is used. The compositeness scale (Λ) is set to theq∗

mass. Signal events are produced using the PYTHIA event generator, a leading-order parton-shower MC
generator, with the MRST2007LO* [25] parton distribution functions (PDF’s), with settings established
by the ATLAS default MC10 [26] Monte Carlo tune. The renormalization and factorization scales are set
to the meanpT of the two leading jets. PYTHIA is also used to decay the excited quarks to all possible SM
final states, which are predominantlyqg, but alsoqW, qZ, andqγ . The generated events have been passed
through the detailed simulation of the ATLAS detector [27],which uses the GEANT4 package [28] for
simulation of particle transport, interactions, and decays. The simulated events are then reconstructed
in the same way as the data to produce predicted dijet mass distributions that can be compared with the
observed distributions.

The second resonant model is axigluon production [11, 12, 13] via an interaction given by the La-
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grangian

LAqq̄ = gQCDq̄Aa
µ

λ a

2
γµγ5 q. (1)

wheregQCD is the QCD coupling andAa
µ is the axigluon field representing a massive state with axial

coupling to quarks. Parity conservation prevents the axigluon from coupling to two gluons. Parton-level
events are generated using the CALCHEP Monte Carlo package [29], for chosen masses of the axigluon.
These simulations show that the shape of the axigluon template within the range 0.8 to 1.2 of its peak is
very similar to theq∗ signal template for all masses of interest. Therefore, theq∗ results are employed
again in this analysis. CALCHEP is used to supply the theoretical cross section for a given axigluon
mass for events within the above range. This narrow-width approximation ignores the non-resonant tails
of the axigluon template. Knowing theq∗ cross section within the same range, the exclusion limit may
be determined, as described in more detail in later sections.

The new resonant hypothesis introduced in the current study, the color octet scalar (s8) model, is a
prototype for many possible exotic colored resonances [14]. Color octet resonances can couple to gluons,
which have large parton luminosity at the LHC. One possible interaction is

Lgg8 = gQCDdABCκs

Λs
SA

8FB
µνFC,µν , (2)

whereSA
8 is the color octet scalar field,κs is the scalar coupling (assumed to be of order unity),g2

QCD =

4παs is the QCD coupling associated with the gluon field, anddABC is the SU(3) isoscalar factor.Λs

is the new physics scale which is set to the resonance mass,Ms8. This model leads to a very simple
event topology, with two gluons in the initial and final states, directly yielding highpT dijets. MAD-
GRAPH 5 [30] is used to generate parton level events. PYTHIA with CTEQ6L1 PDF’s is used in this
generation, with the ATLAS MC09’ tune [31]. As with theq∗ MC samples, these samples have been
processed through full ATLAS detector simulation.

The color octet scalar resonance cross section as a functionof Ms8 given by MADGRAPH is shown
in Table 1.

Table 1: Color octet scalar cross sections

Ms8 [TeV] Width [GeV] σ [pb]

1.0 157.0 83.8
1.3 197.9 12.3
1.5 224.8 3.92
1.7 251.3 1.35
2.0 290.5 0.306
2.5 354.8 0.0324
3.0 417.8 0.447×10−2

3.5 479.9 0.827×10−3

4.0 541.2 0.209×10−3

6 Model dependent limit setting
In the absence of any observed significant discrepancy with the zero-signal hypothesis, the Bayesian

method documented in [8] is used to set 95% credibility-level (CL) upper limits. Bayesian credibility
intervals are set by defining a posterior probability density from the likelihood function for the observed
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mass spectrum, obtained by a fit to the background functionalform, and a signal shape derived from MC
calculations. A prior probability density constant in all positive values of signal cross section, and zero
at negative cross sections, is used. The posterior probability is then integrated to determine the 95% CL
for a given range of models, usually parameterized by the mass of the resonance. The Bayesian approach
is employed as it simplifies the treatment of systematic uncertainties.

Limits are determined onσ ×A , the product of the production cross section and acceptancefor a
hypothetical new particle decaying into dijets. The acceptance calculation includes all reconstruction
steps described above, and assumes that trigger efficiencies are near 100%.

The effects of systematic uncertainties due to the luminosity and the JES have been included in this
analysis. The effect of the jet energy resolution (JER) uncertainty is found to be negligible. The lumi-
nosity uncertainty for 2011 data is 4.5%, based on the 2010 luminosity calibration [32] which has been
updated for 2011 data by using the ATLAS forward and scintillating tile calorimeters. The systematic
uncertainty on the JES was taken from 2010 data [33] analysis, and has been adapted to the 2011 analysis
taking into account in particular the new event pileup conditions (described below). The background pa-
rameterization uncertainty is handled as described in [8],taking the uncertainties from the background fit
results. These uncertainties are incorporated into the analysis by varying all sources according to Gaus-
sian probability distributions and convolving them with the Bayesian posterior probability distribution.
Credibility intervals are then calculated numerically from the resulting convolutions.

In 2011, the instantaneous luminosity has risen to a level where detailed corrections must be made
for events whose presence affects the measurement of calorimeter energy depositions associated with the
hard-scattering event under study, referred to collectively as “pileup”. All MC samples have included
a Poisson distributed number of MC minimum bias events addedto the hard interaction to account for
“in-time” pileup caused by additional events in the same bunch crossing. Further account must be taken
of “out-of-time” pileup originating from events in bunchespreceding or following the one of interest
in combination with the long response time of the liquid Argon calorimeters. With the 50 ns bunch
spacing in the LHC for these data, up to 12 preceding bunches and 1-2 following bunches contribute
to out-of-time pileup. While conditions modelled in MC are realistic, they do not perfectly match data
due to bunch train structure and instantaneous luminosity variations in the LHC. To remedy this, the MC
events are reweighted to remove these residual differencescompared to data. Following this procedure
the pileup description in MC is sufficiently good that no additional uncertainty on the JES is required for
jets with pT > 100 GeV.

The results of the Bayesian limit setting are shown in Fig. 2.Fig. 2(a) shows the results for excited
quarks and axigluons, using the same analyses as were applied to 2010 data. Forq∗ the expected mass
limit at 95% CL is 2.77 TeV, and the observed limit is 2.91 TeV.

As in 2010, the axigluon results are based on theq∗ σ ×A limit curves using the methods described
in detail in Section VII. Theq∗ acceptance,A , ranges from 37 to 51% formq∗ from 0.8 to 5.0 TeV,
respectively, due to selection criteria; and is never lowerthan 47% above 1.1 TeV. The loss of acceptance
comes mainly from the rapidity requirements, which ensure that the candidate events have a high signal-
to-background ratio. The expected axigluon mass limit at 95% CL is 3.02 TeV, and the observed limit is
3.21 TeV.

Fig. 2(b) shows theσ ×A limit setting for color octet resonances, performed here for the first time
in ATLAS. As in the q∗ analysis, this study is based on fully simulated MC samples.The expected
mass limit at 95% CL is 1.71 TeV, and the observed limit is 1.91TeV. Since the color octet scalar cross
section decreases rapidly withmj j these limits are considerably lower than those for excited quarks and
axigluons.

For all three models used in the current study, if systematicuncertainties had not been included the
exclusion limits would be about 60 GeV higher.
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(a) Excited-quark and axigluon models.
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(b) Color octet scalar model.

Figure 2: Limit setting usingσ ×A theory curves for (a) excited quarks (blue dashed) and axigluons
(green dot-dashed), and (b) color octet scalar resonances (blue dashed). Black filled circles are the 95%
CL upper limit from data forσ ×A as a function ofmj j . The black dotted curve shows the 95% CL
upper limit expected from Monte Carlo and the light and dark yellow shaded bands represent the 68%
and 95% contours of the expected limit, respectively. For a given new physics model, the observed
(expected) limit occurs at the crossing of itsσ ×A curve with the observed (expected) 95% CL upper
limit curve.

7 Model independent limit setting
A final resonance analysis has been applied to the current data set: the more model-independent

signal template used previously [8], which is a Gaussian profile with means ranging from 0.9 to 4.0 TeV
and with the width,σ , varying from 5% to 15% of the mean.

As in model dependent limit setting, systematic uncertainties are treated using pseudoexperiments
to marginalize the posterior probabilities that depend on parameters subject to systematic uncertainty.
Given that the decay of the dijet final state has not been modelled, assuming only that the resulting dijet
width is Gaussian in shape, the treatment of the JES is adjusted by modelling it as an uncertainty of at
most 4% in the central value of the Gaussian signal.

The results ofσ ×A limit setting for the Gaussian template model are shown in Fig. 3. These
limits may be utilized for another new physics model with thefollowing procedure: (1) Compute the
acceptanceA using a standard MC calculation while applying the jetpT andy requirements used in the
current analysis to determine the expected signal shape inmj j . (2) Since a Gaussian signal shape has
been assumed in determining the limits, any long tails inmj j should be removed. The recommendation
is to retain events withmj j between 0.8 and 1.2 times the simulated mass. Determine the mean mass,
m, and the width,σm of this truncated signal. (3) The fraction of MC events surviving these first two
procedures is the estimate of the modified acceptance,Amod. (4) From Fig. 3, or a corresponding table,
usem to pick the nearest mass point, rounding down to be conservative. (5) For this mass point, pick
a Gaussian widthσGaussian/mGaussianthat is well contained in the truncated mass range. Formq∗ a good
choice wasσm = (1.2m-0.8m)/5 so that 95% of the Gaussian spans 4× 0.4m

5 . Use this value to pick the
closestσGaussian/mGaussiancurve, rounded up to be conservative. (6) The chosen value isthe 95% CL
upper limit in pb, corresponding to accepted events. Using the theoretical cross section given by the
model, compare this toσTheory×BR×Amod.
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Figure 3: The 95% CL upper limits onσ ×A for a simple Gaussian resonance decaying to dijets as
a function of the mean mass,m, for four values ofσGaussian/m, taking into account both statistical and
systematic uncertainties.

This procedure works because most resonances are approximately Gaussian near the core, and the
tails are buried under background. It also may be applied to parton-level simulations because tests have
established that uncertainties due to detector resolutionare smaller than those associated with this limit
setting method.

8 Conclusion
The dijet mass distribution has been measured by the ATLAS experiment spanning dijet masses up

to ≈ 4.0 TeV using 0.81 fb−1 of 7 TeV pp collision data taken in 2011. It is in good agreement with a
smooth function as expected from the SM, and there is no evidence for resonance production. Therefore,
stringent 95% CL mass limits have been determined, as summarized in Table 2. As in previous studies,
all limits are set using Bayesian methodology, and systematic uncertainties are included in the analysis.
For excited quarks and axigluons, the current results exceed the limits obtained with the 2010 data by
approximately one TeV. Exclusion limits on color octet scalar resonances have been established for the
first time in ATLAS.

Table 2: The 95% CL mass lower limits for the models examined in this study. All limit analyses are
Bayesian, and include systematic uncertainties.

Model 95% CL Limits (TeV)
Expected Observed

Excited Quarkq∗ 2.77 2.91
Axigluon 3.02 3.21
Color Octet Scalar 1.71 1.91
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Appendix: Additional Material
Trigger studies have been done to establish the 99% efficiency point for all triggers used in the current

analysis. One example is Fig. 4, the efficiency plot for the j180 jet trigger.
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Figure 4: Efficiency of the EF j180 trigger as a function ofmj j .

A correction has been implemented for a read-out defect in the liquid-argon calorimetry. In a signifi-
cant part of current 2011 data, a hardware problem caused part of the electromagnetic barrel calorimeter
to not be read out. Studies of the JetETmiss Performance group identify the region where jets are sig-
nificantly impacted as:φ from -0.88 to -0.5 andη from -0.1 to 1.5. Affected jets have been found on
average to lose 20-30% of their energy, as well as to suffer from deterioration of the jet energy and an-
gular resolution. Official recommendations are applied, which are for the moment to treat jets as “ugly”
if they fall within the above region. In the dijet analysis ugly jets cause an event to be rejected if they
have more than 30% of thepT of the next-to-leading jet. This leads to a loss of statistics on the order of
0.002%.
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Excited quark resonances due to new phenomena would appear as bumps above the QCD back-
ground. For illustration, Fig. 5 shows excited quark mass templates superimposed on themj j distribution
in the current data set. BUMPHUNTER analysis of themj j distribution in the current data set shows that
the most discrepant interval is from 1162 to 1350 GeV. Thep-value associated with this fluctuation is
0.62, consistent with QCD.
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Figure 5: The observed (Data) dijet mass distribution (filled points) fitted using a binned QCD back-
ground (Fit) distribution described by the smooth functional form (histogram). The bin-by-bin signifi-
cance of the data-background difference is shown in the lower panel. For illustration, excited quark mass
templates have been superimposed on the data.

11



Fig. 6(a), the BUMPHUNTER tomography plot, shows the significance of each mass interval. Each
red line corresponds to a mass interval (x-axis). They-axis position of each line corresponds to the
Poissonp-value of seeing as many data as were seen in that mass interval, given the expected number of
events in the same interval. The BUMPHUNTER tries all intervals, from narrow to wide, and in the end it
keeps the one at the bottom, which is the most unlikely to be just a statistical fluctuation. From the above
tomography we conclude that there is no other region competing with the most discrepant one.

Fig. 6(b) shows the likelihood analysis used to determine the p-value for the most discrepant interval
in themj j distribution.
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(a) BUMPHUNTER scan tomography of themj j distribu-
tion.
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(b) Likelihood analysis used to calculate thep-value in
the interval of interest in themj j distribution.

Figure 6: BUMPHUNTER analysis

Gaussian signal templates have been used to set model-independent limits onσ ×A in the current
data. The 95% CL limits shown in Fig. 3 are listed in Table 3, asa function of dijet resonance mass
expressed in terms ofσ /m after all event selection criteria have been applied. Thevariation in these limits
as a function of mass and width reflects the statistical fluctuations of data in the binnedmj j distribution
used to set them.
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Table 3: The 95% CL upper limit onσ ×A [pb] for the Gaussian model. The symbolsmG andσG are,
respectively, the mean mass and RMS width of the Gaussian.

mG σG/mG

(GeV) 5% 7% 10% 15%
900 0.73 0.85 1.1 1.6
950 0.69 0.80 1.1 1.8
1000 0.65 0.72 1.1 2.2
1050 0.59 0.77 1.2 2.1
1100 0.64 0.83 1.2 1.8
1150 0.67 0.84 1.1 1.7
1200 0.67 0.81 1.1 1.5
1250 0.65 0.75 0.92 1.3
1300 0.59 0.68 0.79 1.1
1350 0.49 0.53 0.66 0.87
1400 0.33 0.40 0.54 0.73
1450 0.25 0.32 0.45 0.53
1500 0.25 0.29 0.36 0.32
1550 0.23 0.25 0.27 0.20
1600 0.20 0.19 0.20 0.16
1650 0.16 0.16 0.14 0.14
1700 0.13 0.12 0.11 0.12
1750 0.088 0.084 0.089 0.12
1800 0.062 0.066 0.079 0.11
1850 0.055 0.064 0.078 0.11
1900 0.059 0.066 0.079 0.10
1950 0.059 0.067 0.081 0.094
2000 0.058 0.070 0.081 0.089
2100 0.060 0.067 0.096 0.082
2200 0.062 0.062 0.067 0.066
2300 0.054 0.062 0.056 0.057
2400 0.044 0.045 0.048 0.040
2500 0.033 0.036 0.039 0.034
2600 0.028 0.030 0.029 0.027
2700 0.019 0.019 0.022 0.021
2800 0.014 0.016 0.016 0.018
2900 0.012 0.012 0.014 0.015
3000 0.009 0.010 0.012 0.015
3200 0.008 0.009 0.010 0.012
3400 0.008 0.008 0.009 0.010
3600 0.007 0.007 0.008 0.009
3800 0.006 0.007 0.007 0.008
4000 0.006 0.006 0.006 0.007
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