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Abstract
A review of the statistical methods used in the first CMS searches for new
physics at 7 TeV, from 2010 to January 2011.
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Introduction

In 2010, the Large Hadron Collider (LHC) started producing pp collisions at a center of mass energy
of 7 TeV. By the year’s end, a data sample corresponding to over 40 pb−1 was recorded in the CMS
detector, a multipurpose high-energy particle detector. The CMS collaboration analyzed this data for
evidence of physics beyond the standard model (SM). The results of these first searches are consistent
with the SM, and limits were placed on the corresponding new physics scenarios. We will review the
statistical methods used to set these first limits and to rule out evidence of new physics.
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The W’ search

In Ref. [1] we report a search for the production and decay of a heavy copy of the W boson. Specifically,
we search for a W’ boson that has W-boson like couplings to fermions and does not couple to other gauge
bosons. A previous search at the Fermilab Tevatron Collider ruled out MW’ < 1.1 TeV.
We simulate the signal using the PYTHIA V 6.422 event generator [2], and scale the production
cross section to match next-to-next-to-leading order (NNLO) calculations. We select events with an
isolated electron, and a pT imbalance (/
ET ). The pT imbalance is reconstructed using the particle-flow
technique [3]. The main background processes are W+jets and multijet production. We derive the
distributions of key observables for both processes using data-driven techniques. We then fit a linear sum
of these distribution to the distribution observed in collision data, with the additional smaller background
contributions accounted for according to simulation, as shown in Fig. 1.
Next, we define for each event its visible mass,

(MT )2 = 2ETeE
/ T 1 − cos φe,/
ET ,

(1)

and look for an excess of high MT , as shown in Fig. 2. For each W’ mass MW’ , we defined a priori a
search region consisting of MT values above some minimal value and set limits on the effective cross
section of a hypothetical W’ boson. No data are observed in any of the search regions.
We use a Bayesian limit setting procedure following Ref. [4] which addresses this canonical scenario: Poisson statistics in each bin of MT , no interference between the signal and background contributions, and the systematic uncertainties are easily factorized.
The statistical problem is then that for each MT bin we have:
Npred = b + Lσeff ,

(2)

where L is the integrated luminosity,  is the selection efficiency for that bin, and σeff is the effective cross
section, i.e. the production cross section (σ) times the branching fraction into the observed channel (B).
Then Npred (MT ) is given for the null (SM) hypothesis (σeff = 0) and for the alternative (SM+signal)
hypothesis. We use a constant prior for σeff , often described as “flat” in HEP papers:
(
const σeff ∈ [0, σmax ]
f (σeff ) =
,
(3)
0
otherwise
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Fig. 2: Data, sample composition, and examples of
signal models for the W’ search.

Fig. 1: Sample composition in the W’ search and
the distributions of the observable used in its fit.
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Fig. 4: An example of model-independent limits on
microscopic black hole production.

Fig. 3: Limits on W’ bosons.

with σmax chosen to be large enough so that the results are not sensitive to its exact value. We use lognormal priors for the nuisance parameters, and integrate them out. In particular, the signal normalization
uncertainties from the fit are summarized into one number, which is a typical approximation. The resulting limits are shown in Fig. 3 together with the σeff predicted for each MW’ . From their intersection we
rule out at 95% CL the existence of such W’ bosons with MW’ < 1.36 TeV.
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Other Bayesian limits

The same statistical treatment was used in the early CMS searches for 1st [5] and 2nd [6] generation
leptoquarks and for microscopic black holes [7]. The latter also contains model-independent limits on
the effective cross section times acceptance for the different final-state particle multiplicities: ≥ 3, ≥ 4,
and ≥ 5 (see example in Fig. 4). Several models are considered with rotating or non-rotating black
holes, with or without a stable non-interacting remnant, and with differing values of the Planck scale in
the bulk, the number of extra dimensions, and of the minimal black hole mass. In all cases, the model
independent limits were only 10% worse than the full model-dependent limits, as in each model there is
one particle multiplicity that dominates the limits.
89
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Dijet resonance search

CMS published a search for resonant dijet production [8]. Dijet resonances are common in models
of new physics beyond the SM. Eight specific models are studied in the paper, which also describes a
model-independent study based on three generic signal models: narrow resonances with quark-quark,
quark-gluon and gluon-gluon final states.
We consider the two leading (largest pT ) jets as the dijet system. Events are collected using
single-jet triggers. Only events where both jets have a pseudo-rapidity |η| < 2.5 and their unsigned
pseudo-rapidity difference is |∆η| < 1.3 are used. For each event we reconstruct the invariant mass of
the dijet system, mjj . The observables used in the statistical analysis are the event counts in each of the
predefined mjj bins. The width of the mjj bins corresponds to the experimental resolution on mjj . A
narrow resonance is one whose width is similar to or smaller than the experimental resolution on mjj .
Non-resonant dijet production is described by a fit to the data of a smooth functional form that
does not contain a peak. Three functional forms, used in similar searches in previous colliders, were
considered. The best fit to the data (χ2 /N.D.O.F. = 32/31) was with the form


mjj p1
√
1
−
dσ
s
”
“
= p0 
(4)
p2 +p3 ln m√jj ,
dmjj
mjj
√
s

where pi are the fitted parameters, and

√

s

s is the collision energy (7 TeV), and is shown in Fig. 5.

To verify the fit’s agreement with data and rule out evidence for dijet resonances, we find the
biggest excess in the range 0.5 – 2.0TeV, which is for a resonance mass ≈ 0.9 TeV, and quantify its
statistical significance. Its local significance, from the log likelihood ratio (LLR), is 1.7σ. We account
for the “look elsewhere effect” (LEE) using ensemble tests, and find a similar or locally-more-significant
fluctuation in almost half the pseudodatasets (PDSs), so that the overall significance is reduced to 0.02σ.
We set limits on resonance dijet production using an approximate Bayesian procedure. The
statistics-only case is treated exactly, using the same method used in the W’ search (see Section 2).
In this analysis we define σeff = σBA, where A is the acceptance, i.e., the probability that the resonance
produces two jets that pass the selection criteria.
The systematic uncertainty is incorporated at each resonance mass by smearing the posterior probability density of σeff with a Gaussian whose width is set to the systematic uncertainty on the measured
σeff . This is approximate, but here, it is also conservative. In particular, we verified frequentist coverage at 1 TeV for σeff equal to the limiting value, finding a coverage of ≈ 95% without systematic
uncertainties, and > 98% with systematic uncertainties.
The JES uncertainty is the dominant systematic uncertainty, yielding fractional uncertainties of
roughly 20 to 40%, depending on the resonance mass. Other systematic uncertainties, due to the choice
of background parametrization, jet energy resolution, and the integrated luminosity, yield fractional uncertainties of ≈ 10% each. The systematic uncertainties increase the cross section limits by 15 to 50%,
depending on the resonance mass and its parton content. They decrease the mass limits by ≈ 10%.

The limits on resonant dijet production are shown in Fig. 6. We rule out, at the 95% CL, string
resonances of mass 0.5–2.5 TeV, excited quarks of mass 0.50–1.58 TeV, axigluons and colorons of
mass 0.50–1.17 TeV and 1.47–1.52 TeV, and E6 diquarks of mass 0.50–0.58 TeV, 0.97–1.08 TeV, and
1.45–1.60 TeV. References to the exact models used are available in the paper [8].
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The CLs method

The CLs method is to exclude regions of phase space where
CLs =

CLs+b
< 1 − α,
CLb
90

(5)
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Figure 1: Dijet mass spectrum (points) compared to a smooth fit (solid) and to predictions [13]

detector simulation
of QCD (short-dashed),
excited
quark signals (dot-dashed),
and
Fig.including
5: Data,
background
fit, and
examples
of signal
string resonance signals (long-dashed). The errors are statistical only. The shaded band shows
the effect
of a 10%
uncertainty in the jet
energy scale (JES).
models
for
thesystematic
dijet resonance
search.

Fig. 6: Limits on dijet resonances.

Figure 4: 95% CL upper limits on σ × BR × A for dijet resonances of type gluon-gluon (open
circles), quark-gluon (solid circles), and quark-quark (open boxes), compared to theoretical predictions for string resonances [2], excited quarks [4], axigluons [5], colorons [6], E6 diquarks [7],
new gauge bosons W ′ and Z ′ [9], and Randall-Sundrum gravitons [8].

where α is the desired confidence level, and CLb and CLs+b are the standard tail probabilities under the
null and signal hypotheses (CLb is the p value). It is recommended [9] to use the LLR as the observable.
But often the systematic uncertainties are ignored when calculating the LLR observable, in keeping with
the more general prescription [10].
The method’s name is very descriptive, but also misleading, as the CLs exclusion region is not
a confidence interval. The method is neither purely frequentist nor Bayesian, instead its motivation is
practical — it seeks to modify the frequentist CLs+b to avoid false exclusions when the experiment is
insensitive to the signal, that it, it is a method of power-constraining frequentist limits. The CLs limit
corresponds to the frequentist limits when the experiment is fully sensitive, and the method smoothly
degrades the limits as the experiment’s power decreases. Despite its shaky foundations in statistical
theory, it has been producing sensible results for over a decade.
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Search for quark compositeness

CMS searched for quark compositeness [11], which is expected to appear at low energies as a contact
interaction. Quark contact interactions will enhance low-|η| dijet production, in contrast to the SM
production, where quantum chromodynamics predicts mostly high-|η| jets from t-channel production.
We define the dijet centrality ratio Rη as the number of events where both leading jets are central,
with |η| < 0.7, divided by the number of events where both are less central, with 0.7 < |η| < 1.3.
Except for these angular cuts, the event selection follows that of the dijet resonance search above.
The Rη observable is binned in mjj using the same binning as in the dijet resonance search. The
background is estimated from next-to-leading-order (NLO) calculations with non-perturbative corrections and with an offset in Rη to match the data in the low mjj region, where no new physics is expected.
The fitted offset is −0.050 ± 0.021(stat.) ± 0.039(syst.). Using an ensemble of PDS generated according
to the background model, we find the two-sided p value of this offset to be 0.29. The data and background are shown in Fig. 7. At high mjj the data is significantly less signal-like than the SM predictions.
But overall, the data and background model are consistent. For example, fitting an offset over the entire
mjj range yields −0.037 ± 0.007(stat.) ± 0.039(syst.) with a two-sided p value of 0.34.

In each mjj bin, Rη is distributed as a “Ratio of Poisson means”, and we use the standard and
extremely useful practice of conditioning this distribution on the total (inner + outer) number of events
observed in that bin, simplifying it to a Binomial distribution [12]. We combine data from all mjj bins
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into one test statistic — the statistics-only LLR for the SM and SM-with-contact-interaction hypotheses.
We use the CLs method to set limits on the scale of the contact interactions, Λ. Each Λ value is evaluated
separately. The CLb and CLs+b tails are calculated by ensemble testing, with the nuisance parameters
integrated out by varying them for each PDS. The low Rη values at high mjj lead to low CLb values
which require evaluation of the extreme tails of CLs+b , which proved difficult using this integration
technique. Large ensembles were needed, some with > 200 000 PDSs. To avoid bias from the choice of
ensemble size we formalized stopping rules for the production of additional PDSs: either the Λ value is
included/excluded by CLs at the 2σ level, or the statistical error on the CLs value is < 0.5%.
Fig. 8 illustrates the limit setting procedure. The intersection of the CLs and SM curves indicates
the expected limit of Λ > 2.9 TeV, while the intersection of the CLs and data curves indicates the much
higher observed limit of Λ > 4 TeV.
7

Stopped gluino search

CMS published a search for heavy, quasi-stable particles [13], in particular, for gluinos predicted by splitSUSY which give rise to charged R-hadrons. Such R-hadrons would stop within the CMS detector, and
decay at a later time, in contrast to SM decays, whose timing is strongly correlated with LHC collisions.
The search used two observables. The first is the number of events within a time window. The
window starts at 50 ns and ends at 1.256τgluino (where τgluino is the gluino lifetime) after each LHC
bunch crossing, and excludes 100 ns windows around subsequent bunch crossings. No signal excess was
observed and the CLs method was used to derive limits on σeff for each τgluino hypothesis (see “Counting”
in Fig. 9) and for different stopping scenarios.
The second observable was the time of the selected events, within those same time windows. The
signal time-dependence is driven by the timing of the bunch crossing and by τgluino . The background
is mostly from instrumental noises, and is time-independent. We calculate a likelihood as a function of
the background amount (per LHC filling scheme) and σeff , and derive Bayesian limits from the posterior
probability using uniform priors in both variables (see “Timing” in Fig. 9).
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Fig. 9: Limits on stopped gluino production.
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Summary

stopped in the CMS detector during time intervals where there were no pp collisions. In particular, we searched for decays during gaps in the LHC beam structure. We recorded such
decays with dedicated calorimeter triggers. In a dataset with a peak instantaneous luminosity
of 1 × 1032 cm−2 s−1 , an integrated luminosity of 10 pb−1 , and a search interval corresponding
to 62 hours of LHC operation, no significant excess above background was observed. Limits
at the 95% C.L. on gluino pair production over 13 orders of magnitude of gluino lifetime are
set. For a mass difference m g̃ − mχ̃0 > 100 GeV/c2 , assuming BR( g̃ → gχ̃01 ) = 100%, we ex1
clude m g̃ < 370 GeV/c2 for lifetimes from 10 µs to 1000 s with a counting experiment. Under
the same assumptions, we are able to further exclude m g̃ < 382 GeV/c2 at the 95% C.L. for a
lifetime of 10 µs with a time-profile analysis. These results extend existing limits from the DØ
Collaboration [12] on both gluino lifetime and gluino mass. These limits are the most restrictive
to date.

√
The statistical techniques used in the first CMS searches for new physics in pp collisions at s = 7 TeV
were reviewed. Consistency with the SM was typically evaluated using p values from ensemble tests.
Limits were set using either Bayesian methods or the CLs method.
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