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Production Cross Sections at the LHC

2

Inelastic background events 
produced at a rate of 1 GHz.

• Cross sections and background estimates 
(measured, calculated) tell us what minimum 
energy and luminosity we need from the 
colliding beams and therefore what the 
detector must be able to handle

•Production dynamics determine the range 
of energies and angles we need to measure
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• Cross sections and background estimates 
(measured, calculated) tell us what minimum 
energy and luminosity we need from the 
colliding beams and therefore what the 
detector must be able to handle

•Production dynamics determine the range 
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Supersymmetry ~ 1Hz

Detectable Higgs

production ~ 1 milliHz.
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List of Physics Results

• More than 80 Analyses based on 2010 Data
• More than 50 Papers submitted, 30 in the pipeline
• I will focus on a small subsample of those (2010) today!

4

CERN
23/3/11 G. Dissertori :CMS Status Report

List of physics analyses
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EWK
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HIG
SUS

EXO

Paper Paper in prep. PAS

In total : 82 analyses approved based on 2010 data 
42 papers (published, submitted, or close to submission)

 https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults

PAS=Physics Analysis Summary
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Motivating Themes for SUSY
• Naturally leads to 

Electro-weak symmetry 
breaking

• Avoids fine tuning of SM
• Viable Dark Matter 

Candidate (R-parity 
conservation)

• Gauge Coupling Unification
• Gravity naturally unifies 

(roughly) too
• Pre-requisite of String 

Theory

Of course, some problems too : No experimental evidence, so far!

75% Dark 
Energy

22% Dark 
Matter

3% Baryonic 
Matter

G-1

Log10(Q/1 GeV)
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• A symmetry between fermions and bosons

• Generally assume LSP is stable (R-parity conservation)
• SUSY must be broken!

• mechanism is unknown ⇒ many new free parameters!
• CMSSM (basically mSUGRA):

• Supergravity inspired model, 5 free parameters: 
• m0, m1/2, A0, tan β, Sign(µ)

Supersymmetry
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Chargino & neutralino Production

• Most involve only weak couplings
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Squark & gluino production

• Involve the strong coupling

• LHC initial state: quarks and gluons!

• squark & gluino production dominate over 
chargino & neutralino production

• Thus: Lots of Jets and MET in final state for SUSY events!!
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• Complex decays chains

•  High PT jets ( q, g )

•  Leptons ( χ, l, W, Z )

•  MET (LSP)

What does SUSY Look like?  

Generic Signature of many New Physics Models!
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Imagine you want to make a discovery
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Inclusive Jets
• From pT = 18 GeV to 

pT ~ 1 TeV

• Extends to very low pT
thanks to particle flow

• JES Uncertainties 3-4%

• Already at particle-level
corrected for resolution

• Inclusive Jet pT spectra
in good agreement with
NLO pQCD predictions
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pT~1 TeV! 
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JES uncertainties: ~3-5 %

Corrected to particle level

Inclusive jet pT spectra are 
in good agreement with 
NLO QCD 

Consistent results obtained 
using calo-jets
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Inclusive Jets
• From pT = 18 GeV to 

pT ~ 1 TeV

• Extends to very low pT
thanks to particle flow

• JES Uncertainties 3-4%

• Already at particle-level
corrected for resolution

• Inclusive Jet pT spectra
in good agreement with
NLO pQCD predictions
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Dijet Production
• Measure rate vs. corrected dijet mass and look for 

resonances.
• Use a smooth parameterized fit or QCD prediction to 

model background
• Strongly produced resonances can be seen

X
q, q, g

q, q, g

q, q, g

q, q, g
Dijet Resonance

QCD Backgound
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Dijet Production
• Measure rate vs. corrected dijet mass and look for 

resonances.
• Use a smooth parameterized fit or QCD prediction to 

model background
• Strongly produced resonances can be seen
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Figure 1: Dijet mass spectrum (points) compared to a smooth fit (solid) and to predictions [13]
including detector simulation of QCD (short-dashed), excited quark signals (dot-dashed), and
string resonance signals (long-dashed). The errors are statistical only. The shaded band shows
the effect of a 10% systematic uncertainty in the jet energy scale (JES).
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dictions 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].
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Dijet Production

• JES Uncertainties 3-4%

• Already at particle-level;
corrected for resolution

• Dijet Jet mass spectra
in good agreement with
NLO pQCD predictions
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PYTHIA6 is used to describe Rη for the alternative hypothesis. We apply an mjj-dependent cor-
rection that accounts for NLO contributions to the QCD part of this prediction. We do not apply
this correction, which is derived for t-channel QCD processes, to the contact interaction part of
the prediction because it is not physically motivated and yields less conservative exclusion lim-
its on Λ. Since the contact interaction model is not valid for mjj near the compositeness scale,
we exclude data above a Λ-dependent mjj threshold for the testing of each Λ value hypothesis.
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Figure 2: The observed dijet centrality ratio as a function of mjj compared with the null (QCD)
hypothesis (solid line), including the total systematic uncertainty (band), and to hypotheses of
quark contact interactions with Λ = 3 TeV (dotted line) and 4 TeV (dashed line).

In Table 1 we report the systematic uncertainties related to the measurement of Rη and the
NLO QCD model. The dominant source of uncertainty on the measurement is the 1% uncer-
tainty in the relative jet energy scale (JES) between the inner and outer η regions, which results
in a 5–13% uncertainty on Rη depending on mjj. This relative uncertainty has a much larger
impact than a 10% uncertainty on the JES common to both regions. For the QCD model, the
sources of uncertainty include the choice of scale and PDFs in the NLO calculation and the
non-perturbative corrections described above. In addition, we take the statistical uncertainty
on the offset described above and the difference between the PYTHIA6 and NLO predictions
as systematic uncertainties related to our choice of model. For the compositeness hypothe-
sis, Rη increases steeply with mjj, and the 10% uncertainty on the absolute JES dominates the
uncertainty on the Λ scale being probed.

Figure 2 shows our data in comparison with the null hypothesis. Alternative hypotheses with
contact interaction scales of Λ = 3 and 4 TeV are also shown. In this figure, the data from the
15 sparsely populated mjj bins in the range 1530–3020 GeV are combined into a single bin for
presentation purposes. The band indicates the total systematic uncertainty, which is included
in the ensembles of pseudoexperiments with the method of Ref. [33]; i.e., the uncertainties
enter the ensembles as nuisance parameters that affect the expected numbers of inner and outer
events.

To quantify the agreement of the data with the SM expectation, we determine the offset of
the data with respect to the NLO model for the full mjj range, finding −0.037 ± 0.007(stat.)±
0.039(syst.) with a p-value of 0.34. Given this consistency of the data with the QCD hypothesis,

Contact 
Interaction

Λ
q

q q

q
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        Dijet ratio

• Ratios help keep systematics low
• many effects cancel

• QCD: roughly no η preference

• Expect NP to appear at high pT

• hence, central η
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Figure 1: (a) Event counts corrected for trigger prescales for inner (solid circles) and outer
(open boxes) dijets and (b) the observed Rη as functions of mjj. We compare Rη with pre-
dictions for QCD from PYTHIA6 (dashed line), NLO calculations (dotted line), and NLO plus
non-perturbative corrections (solid line) and its uncertainty (band).

statistic that compares the likelihood of the null (QCD only) hypothesis LQCD with that of
the alternative hypothesis that quark contact interactions are present in addition to QCD Lalt:

RLL = lnLalt − lnLQCD. (1)

The total likelihood is the product of the individual bin likelihoods, which for mjj bin i is

Li = P(ntot,i|µtot,i)B(nin,i|ntot,i, ρi), (2)

where the first factor is the Poisson probability to observe ntot,i events when expecting µtot,i and
the second is the binomial probability to observe nin,i inner events given ntot,i and a predicted
probability to be inner of ρi (ρ = Rη/(1+ Rη)). Since the first factor in Eq. (2) contains no infor-
mation on Rη , we remove it from the statistical inference by conditioning the probabilities by
the observed values of ntot,i [30, 31]. We compare the value of RLL in the data with distributions
of the expected values for both hypotheses, obtained from ensembles of pseudoexperiments, to
either claim the discovery of quark compositeness or set exclusion bounds on the composite-
ness scale Λ with the frequentist-inspired CLs method [32]. This method provides protection
against an exclusion claim when the data have little sensitivity to the new physics.

We use the NLO prediction corrected for non-perturbative effects to describe the shape of Rη for
the null hypothesis. To minimize the effect of potential discrepancies between the NLO predic-
tion and actual QCD dijet production, we include an overall offset of Rη in the null hypothesis.
This offset is determined with the data in the mjj range between 490 and 790 GeV. (The lower
bound is chosen to avoid the region where non-perturbative corrections are significant, and the
upper bound is chosen to avoid the signal region for compositeness.) As noted above, the data
lie below the NLO prediction, yielding an offset of ∆Rη = −0.050 ± 0.021(stat.)± 0.039(syst.).
Using ensembles of simulated data, we determine that the probability (p-value) for observing
|∆Rη | > 0.050, given the NLO prediction, is 0.29.

QCD Backgound
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contact interaction scales of Λ = 3 and 4 TeV are also shown. In this figure, the data from the
15 sparsely populated mjj bins in the range 1530–3020 GeV are combined into a single bin for
presentation purposes. The band indicates the total systematic uncertainty, which is included
in the ensembles of pseudoexperiments with the method of Ref. [33]; i.e., the uncertainties
enter the ensembles as nuisance parameters that affect the expected numbers of inner and outer
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To quantify the agreement of the data with the SM expectation, we determine the offset of
the data with respect to the NLO model for the full mjj range, finding −0.037 ± 0.007(stat.)±
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statistic that compares the likelihood of the null (QCD only) hypothesis LQCD with that of
the alternative hypothesis that quark contact interactions are present in addition to QCD Lalt:

RLL = lnLalt − lnLQCD. (1)

The total likelihood is the product of the individual bin likelihoods, which for mjj bin i is

Li = P(ntot,i|µtot,i)B(nin,i|ntot,i, ρi), (2)

where the first factor is the Poisson probability to observe ntot,i events when expecting µtot,i and
the second is the binomial probability to observe nin,i inner events given ntot,i and a predicted
probability to be inner of ρi (ρ = Rη/(1+ Rη)). Since the first factor in Eq. (2) contains no infor-
mation on Rη , we remove it from the statistical inference by conditioning the probabilities by
the observed values of ntot,i [30, 31]. We compare the value of RLL in the data with distributions
of the expected values for both hypotheses, obtained from ensembles of pseudoexperiments, to
either claim the discovery of quark compositeness or set exclusion bounds on the composite-
ness scale Λ with the frequentist-inspired CLs method [32]. This method provides protection
against an exclusion claim when the data have little sensitivity to the new physics.

We use the NLO prediction corrected for non-perturbative effects to describe the shape of Rη for
the null hypothesis. To minimize the effect of potential discrepancies between the NLO predic-
tion and actual QCD dijet production, we include an overall offset of Rη in the null hypothesis.
This offset is determined with the data in the mjj range between 490 and 790 GeV. (The lower
bound is chosen to avoid the region where non-perturbative corrections are significant, and the
upper bound is chosen to avoid the signal region for compositeness.) As noted above, the data
lie below the NLO prediction, yielding an offset of ∆Rη = −0.050 ± 0.021(stat.)± 0.039(syst.).
Using ensembles of simulated data, we determine that the probability (p-value) for observing
|∆Rη | > 0.050, given the NLO prediction, is 0.29.
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PYTHIA6 is used to describe Rη for the alternative hypothesis. We apply an mjj-dependent cor-
rection that accounts for NLO contributions to the QCD part of this prediction. We do not apply
this correction, which is derived for t-channel QCD processes, to the contact interaction part of
the prediction because it is not physically motivated and yields less conservative exclusion lim-
its on Λ. Since the contact interaction model is not valid for mjj near the compositeness scale,
we exclude data above a Λ-dependent mjj threshold for the testing of each Λ value hypothesis.
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Figure 2: The observed dijet centrality ratio as a function of mjj compared with the null (QCD)
hypothesis (solid line), including the total systematic uncertainty (band), and to hypotheses of
quark contact interactions with Λ = 3 TeV (dotted line) and 4 TeV (dashed line).

In Table 1 we report the systematic uncertainties related to the measurement of Rη and the
NLO QCD model. The dominant source of uncertainty on the measurement is the 1% uncer-
tainty in the relative jet energy scale (JES) between the inner and outer η regions, which results
in a 5–13% uncertainty on Rη depending on mjj. This relative uncertainty has a much larger
impact than a 10% uncertainty on the JES common to both regions. For the QCD model, the
sources of uncertainty include the choice of scale and PDFs in the NLO calculation and the
non-perturbative corrections described above. In addition, we take the statistical uncertainty
on the offset described above and the difference between the PYTHIA6 and NLO predictions
as systematic uncertainties related to our choice of model. For the compositeness hypothe-
sis, Rη increases steeply with mjj, and the 10% uncertainty on the absolute JES dominates the
uncertainty on the Λ scale being probed.

Figure 2 shows our data in comparison with the null hypothesis. Alternative hypotheses with
contact interaction scales of Λ = 3 and 4 TeV are also shown. In this figure, the data from the
15 sparsely populated mjj bins in the range 1530–3020 GeV are combined into a single bin for
presentation purposes. The band indicates the total systematic uncertainty, which is included
in the ensembles of pseudoexperiments with the method of Ref. [33]; i.e., the uncertainties
enter the ensembles as nuisance parameters that affect the expected numbers of inner and outer
events.

To quantify the agreement of the data with the SM expectation, we determine the offset of
the data with respect to the NLO model for the full mjj range, finding −0.037 ± 0.007(stat.)±
0.039(syst.) with a p-value of 0.34. Given this consistency of the data with the QCD hypothesis,

Contact 
Interaction

Λ
q

q q

q

UIC University of Illinois
at Chicago

Fermilab

16.07.2011 R. Cavanaugh, FNAL/UIC

        Dijet ratio

• Ratios help keep systematics low
• many effects cancel

• QCD: roughly no η preference

• Expect NP to appear at high pT

• hence, central η

18

1.3

1.3
0.7-0.7

-1.3

-1.3

-0.7 0.7

3

Dijet Mass (GeV)
1000 2000 3000

Ev
en

ts

1

10

210

310

410

510
(a)CMS

 = 7 TeVs
-12.9 pb

 <0.7! " !
 <1.3! " !0.7< 

Dijet Mass (GeV)
200 400 600 800 1000

!
R

0.4

0.6

0.8

1

1.2 (b)CMS
 = 7 TeVs

-12.9 pb
Data
NLO
NLO+Non-Pert. Correction
NLO Uncertainty
PYTHIA6

Figure 1: (a) Event counts corrected for trigger prescales for inner (solid circles) and outer
(open boxes) dijets and (b) the observed Rη as functions of mjj. We compare Rη with pre-
dictions for QCD from PYTHIA6 (dashed line), NLO calculations (dotted line), and NLO plus
non-perturbative corrections (solid line) and its uncertainty (band).

statistic that compares the likelihood of the null (QCD only) hypothesis LQCD with that of
the alternative hypothesis that quark contact interactions are present in addition to QCD Lalt:

RLL = lnLalt − lnLQCD. (1)

The total likelihood is the product of the individual bin likelihoods, which for mjj bin i is

Li = P(ntot,i|µtot,i)B(nin,i|ntot,i, ρi), (2)

where the first factor is the Poisson probability to observe ntot,i events when expecting µtot,i and
the second is the binomial probability to observe nin,i inner events given ntot,i and a predicted
probability to be inner of ρi (ρ = Rη/(1+ Rη)). Since the first factor in Eq. (2) contains no infor-
mation on Rη , we remove it from the statistical inference by conditioning the probabilities by
the observed values of ntot,i [30, 31]. We compare the value of RLL in the data with distributions
of the expected values for both hypotheses, obtained from ensembles of pseudoexperiments, to
either claim the discovery of quark compositeness or set exclusion bounds on the composite-
ness scale Λ with the frequentist-inspired CLs method [32]. This method provides protection
against an exclusion claim when the data have little sensitivity to the new physics.

We use the NLO prediction corrected for non-perturbative effects to describe the shape of Rη for
the null hypothesis. To minimize the effect of potential discrepancies between the NLO predic-
tion and actual QCD dijet production, we include an overall offset of Rη in the null hypothesis.
This offset is determined with the data in the mjj range between 490 and 790 GeV. (The lower
bound is chosen to avoid the region where non-perturbative corrections are significant, and the
upper bound is chosen to avoid the signal region for compositeness.) As noted above, the data
lie below the NLO prediction, yielding an offset of ∆Rη = −0.050 ± 0.021(stat.)± 0.039(syst.).
Using ensembles of simulated data, we determine that the probability (p-value) for observing
|∆Rη | > 0.050, given the NLO prediction, is 0.29.
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PYTHIA6 is used to describe Rη for the alternative hypothesis. We apply an mjj-dependent cor-
rection that accounts for NLO contributions to the QCD part of this prediction. We do not apply
this correction, which is derived for t-channel QCD processes, to the contact interaction part of
the prediction because it is not physically motivated and yields less conservative exclusion lim-
its on Λ. Since the contact interaction model is not valid for mjj near the compositeness scale,
we exclude data above a Λ-dependent mjj threshold for the testing of each Λ value hypothesis.
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Figure 2: The observed dijet centrality ratio as a function of mjj compared with the null (QCD)
hypothesis (solid line), including the total systematic uncertainty (band), and to hypotheses of
quark contact interactions with Λ = 3 TeV (dotted line) and 4 TeV (dashed line).

In Table 1 we report the systematic uncertainties related to the measurement of Rη and the
NLO QCD model. The dominant source of uncertainty on the measurement is the 1% uncer-
tainty in the relative jet energy scale (JES) between the inner and outer η regions, which results
in a 5–13% uncertainty on Rη depending on mjj. This relative uncertainty has a much larger
impact than a 10% uncertainty on the JES common to both regions. For the QCD model, the
sources of uncertainty include the choice of scale and PDFs in the NLO calculation and the
non-perturbative corrections described above. In addition, we take the statistical uncertainty
on the offset described above and the difference between the PYTHIA6 and NLO predictions
as systematic uncertainties related to our choice of model. For the compositeness hypothe-
sis, Rη increases steeply with mjj, and the 10% uncertainty on the absolute JES dominates the
uncertainty on the Λ scale being probed.

Figure 2 shows our data in comparison with the null hypothesis. Alternative hypotheses with
contact interaction scales of Λ = 3 and 4 TeV are also shown. In this figure, the data from the
15 sparsely populated mjj bins in the range 1530–3020 GeV are combined into a single bin for
presentation purposes. The band indicates the total systematic uncertainty, which is included
in the ensembles of pseudoexperiments with the method of Ref. [33]; i.e., the uncertainties
enter the ensembles as nuisance parameters that affect the expected numbers of inner and outer
events.

To quantify the agreement of the data with the SM expectation, we determine the offset of
the data with respect to the NLO model for the full mjj range, finding −0.037 ± 0.007(stat.)±
0.039(syst.) with a p-value of 0.34. Given this consistency of the data with the QCD hypothesis,
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Figure 1: (a) Event counts corrected for trigger prescales for inner (solid circles) and outer
(open boxes) dijets and (b) the observed Rη as functions of mjj. We compare Rη with pre-
dictions for QCD from PYTHIA6 (dashed line), NLO calculations (dotted line), and NLO plus
non-perturbative corrections (solid line) and its uncertainty (band).

statistic that compares the likelihood of the null (QCD only) hypothesis LQCD with that of
the alternative hypothesis that quark contact interactions are present in addition to QCD Lalt:

RLL = lnLalt − lnLQCD. (1)

The total likelihood is the product of the individual bin likelihoods, which for mjj bin i is

Li = P(ntot,i|µtot,i)B(nin,i|ntot,i, ρi), (2)

where the first factor is the Poisson probability to observe ntot,i events when expecting µtot,i and
the second is the binomial probability to observe nin,i inner events given ntot,i and a predicted
probability to be inner of ρi (ρ = Rη/(1+ Rη)). Since the first factor in Eq. (2) contains no infor-
mation on Rη , we remove it from the statistical inference by conditioning the probabilities by
the observed values of ntot,i [30, 31]. We compare the value of RLL in the data with distributions
of the expected values for both hypotheses, obtained from ensembles of pseudoexperiments, to
either claim the discovery of quark compositeness or set exclusion bounds on the composite-
ness scale Λ with the frequentist-inspired CLs method [32]. This method provides protection
against an exclusion claim when the data have little sensitivity to the new physics.

We use the NLO prediction corrected for non-perturbative effects to describe the shape of Rη for
the null hypothesis. To minimize the effect of potential discrepancies between the NLO predic-
tion and actual QCD dijet production, we include an overall offset of Rη in the null hypothesis.
This offset is determined with the data in the mjj range between 490 and 790 GeV. (The lower
bound is chosen to avoid the region where non-perturbative corrections are significant, and the
upper bound is chosen to avoid the signal region for compositeness.) As noted above, the data
lie below the NLO prediction, yielding an offset of ∆Rη = −0.050 ± 0.021(stat.)± 0.039(syst.).
Using ensembles of simulated data, we determine that the probability (p-value) for observing
|∆Rη | > 0.050, given the NLO prediction, is 0.29.
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rection that accounts for NLO contributions to the QCD part of this prediction. We do not apply
this correction, which is derived for t-channel QCD processes, to the contact interaction part of
the prediction because it is not physically motivated and yields less conservative exclusion lim-
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Figure 2: The observed dijet centrality ratio as a function of mjj compared with the null (QCD)
hypothesis (solid line), including the total systematic uncertainty (band), and to hypotheses of
quark contact interactions with Λ = 3 TeV (dotted line) and 4 TeV (dashed line).

In Table 1 we report the systematic uncertainties related to the measurement of Rη and the
NLO QCD model. The dominant source of uncertainty on the measurement is the 1% uncer-
tainty in the relative jet energy scale (JES) between the inner and outer η regions, which results
in a 5–13% uncertainty on Rη depending on mjj. This relative uncertainty has a much larger
impact than a 10% uncertainty on the JES common to both regions. For the QCD model, the
sources of uncertainty include the choice of scale and PDFs in the NLO calculation and the
non-perturbative corrections described above. In addition, we take the statistical uncertainty
on the offset described above and the difference between the PYTHIA6 and NLO predictions
as systematic uncertainties related to our choice of model. For the compositeness hypothe-
sis, Rη increases steeply with mjj, and the 10% uncertainty on the absolute JES dominates the
uncertainty on the Λ scale being probed.

Figure 2 shows our data in comparison with the null hypothesis. Alternative hypotheses with
contact interaction scales of Λ = 3 and 4 TeV are also shown. In this figure, the data from the
15 sparsely populated mjj bins in the range 1530–3020 GeV are combined into a single bin for
presentation purposes. The band indicates the total systematic uncertainty, which is included
in the ensembles of pseudoexperiments with the method of Ref. [33]; i.e., the uncertainties
enter the ensembles as nuisance parameters that affect the expected numbers of inner and outer
events.

To quantify the agreement of the data with the SM expectation, we determine the offset of
the data with respect to the NLO model for the full mjj range, finding −0.037 ± 0.007(stat.)±
0.039(syst.) with a p-value of 0.34. Given this consistency of the data with the QCD hypothesis,
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Figure 1: (a) Event counts corrected for trigger prescales for inner (solid circles) and outer
(open boxes) dijets and (b) the observed Rη as functions of mjj. We compare Rη with pre-
dictions for QCD from PYTHIA6 (dashed line), NLO calculations (dotted line), and NLO plus
non-perturbative corrections (solid line) and its uncertainty (band).

statistic that compares the likelihood of the null (QCD only) hypothesis LQCD with that of
the alternative hypothesis that quark contact interactions are present in addition to QCD Lalt:

RLL = lnLalt − lnLQCD. (1)

The total likelihood is the product of the individual bin likelihoods, which for mjj bin i is

Li = P(ntot,i|µtot,i)B(nin,i|ntot,i, ρi), (2)

where the first factor is the Poisson probability to observe ntot,i events when expecting µtot,i and
the second is the binomial probability to observe nin,i inner events given ntot,i and a predicted
probability to be inner of ρi (ρ = Rη/(1+ Rη)). Since the first factor in Eq. (2) contains no infor-
mation on Rη , we remove it from the statistical inference by conditioning the probabilities by
the observed values of ntot,i [30, 31]. We compare the value of RLL in the data with distributions
of the expected values for both hypotheses, obtained from ensembles of pseudoexperiments, to
either claim the discovery of quark compositeness or set exclusion bounds on the composite-
ness scale Λ with the frequentist-inspired CLs method [32]. This method provides protection
against an exclusion claim when the data have little sensitivity to the new physics.

We use the NLO prediction corrected for non-perturbative effects to describe the shape of Rη for
the null hypothesis. To minimize the effect of potential discrepancies between the NLO predic-
tion and actual QCD dijet production, we include an overall offset of Rη in the null hypothesis.
This offset is determined with the data in the mjj range between 490 and 790 GeV. (The lower
bound is chosen to avoid the region where non-perturbative corrections are significant, and the
upper bound is chosen to avoid the signal region for compositeness.) As noted above, the data
lie below the NLO prediction, yielding an offset of ∆Rη = −0.050 ± 0.021(stat.)± 0.039(syst.).
Using ensembles of simulated data, we determine that the probability (p-value) for observing
|∆Rη | > 0.050, given the NLO prediction, is 0.29.

QCD Backgound



UIC University of Illinois
at Chicago

Fermilab

16.07.2011 R. Cavanaugh, FNAL/UIC

Multijet production
• leading jets Δφ 

distribution sensitive to 
higher order radiation 

• w/o explicitly measuring 
the radiated jets -- no jet 
counting!

• Particle level distributions
• Corrections are dominated 

by JES and jet φ 
resolutions
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Historic Interlude
• Searches for New Physics (NP) at LHC 

• SUSY signatures have large SM 
backgrounds 

• Several levels of SM pQCD 
processes must be crossed

• ATLAS showed sometime ago:
• PYTHIA alone

• optimistic est. of backgrounds
• More realistic ME simulations

• much less S/sqrt(B) 
discrimination!

• This led to earnest and well 
intentioned statements from CMS & 
ATLAS like:   
“We must
• understand SM before discovery”
• rely on accurate simulations”

20

σtot ! !   100 mb
jets with pT > 100!       1 µb
W/Z!  !   100 nb
t¯t ! !   800 pb

SUSY (M < 1 TeV)!  1-10 pb

...these are non-trivial statements!

Both of these statements have come true!
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New Heavy Coloured Particles
• First convince ourselves we can see 

• old heavy uncoloured particles (W,Z)

• Then convince ourselves we can see 
• old heavy coloured particles (top)

• Then convince ourselves we can distinguish 
• old heavy particles + ISR/FSR jets

• from 
• cascade decays of new heavy particles
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Example of some V+Jets Diagrams
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Example of some V+Jets Diagrams
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Unique Properties of LHC
• Production in association with multijets enhanced at LHC

 (hence pure QCD reason to study V+Jets at LHC)

• W/Z+0 partons (LO)-> need q, q
• valence-valence process at Tevatron
• valence-sea, sea-sea process at LHC

• W/Z+1 parton:
• q q -> W/Z + gluon (Tevatron) q g -> W/Z q (LHC)

• W/Z + Jets is enhanced at LHC
• large gluon contribution, large phase space for 

additional jets
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W/ZW/Z

*slide modified from Maria Fiascaris
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falling spectrum leads to longer tails

• Must correct, to compare with Theory
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is measured with momentum in bin j
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falling spectrum leads to longer tails

• Must correct, to compare with Theory

• Form Probability Matrix, Mij , that a jet

• with true momentum in bin i, 
is measured with momentum in bin j

• Invert Probability Matrix and apply to 
measured pT distribution

26

< pT (meas) > pT (meas)
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pT (true)
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dpT (meas)

�

corrected
= M−1

� dσ

dpT (meas)
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Correcting for detector effects
• Finite detector resolution on a steeply 

falling spectrum leads to longer tails

• Must correct, to compare with Theory

• Form Probability Matrix, Mij , that a jet

• with true momentum in bin i, 
is measured with momentum in bin j

• Invert Probability Matrix and apply to 
measured pT distribution
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• Important test of perturbative NLO predictions and background many searches

• Jets reconstructed from Particle Flow using anti-kT algorithm (R=0.5), ET > 30 GeV

• Systematics dominates, mainly due to energy scale and unfolding for large n (Singular 
Value Decomposition, assuming MadGraph jet migration from particle-level jets)

• Agreement with MadGraph, discrepancies with Pythia observed
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W, Z + n jets

CMS-PAS-EWK-10-012

W→µν

Z→µµ



• Berends-Giele scaling:

• Expected ~ constant 
with n
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W, Z + n jets
CMS-PAS-EWK-10-012

electrons

muons
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Summary of CMS EW results
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LHC: Tops produced by gluons
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Top Cross Section
• Divide sample into 

categories:
• Njets, Ntags, electrons, 

muons
• Fit secondary vertex mass 

distribution 
• across all categories 

using shapes from 
simulation

• Let data/MC scale factors 
(JES, b-tag/miss-tag eff.) 
also float

• Result:
• top cross section

11% syst. uncert.
• scale factors consistent 

with 1, within fit error

32

CERN
23/3/11 G. Dissertori :CMS Status Report

TOP Cross section 

16

New Analysis: Lepton+jets, b-tagged

divide sample into distinct categories: 
Nr. jets, Nr. of b-tags, 
electrons, muons
fit the secondary vertex mass 
distribution, using templates, 
simultaneously in all categories
let data/MC scale factors (for JES and 
b-tag/mis-tag eff.) also float in the fit
Result:

top cross section, with overall 
11% syst. uncert.
scale factors consistent with 1, 
within the fit error
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Single Top Production

• Example of finding tiny 
signals with lepton, MET, b-
tag and jets

• Two different analyses (cut 
based and BDT): 

• three different channels. 

• Very challenging analysis. 

33

CERN
23/3/11 G. Dissertori :CMS Status Report

Single top production

18

t channel 
(! " 62 pb @ 7 TeV)

Two methods employed:
Cut based using angular info
BDT, based on kinematic observables

 e+mu comb.

angle between lepton and light jet, in t rest frame

TOP-10-008

CERN
23/3/11 G. Dissertori :CMS Status Report

Single top production

18

t channel 
(! " 62 pb @ 7 TeV)

Two methods employed:
Cut based using angular info
BDT, based on kinematic observables

 e+mu comb.

angle between lepton and light jet, in t rest frame

TOP-10-008

CERN
23/3/11 G. Dissertori :CMS Status Report

Single top production

18

t channel 
(! " 62 pb @ 7 TeV)

Two methods employed:
Cut based using angular info
BDT, based on kinematic observables

 e+mu comb.

angle between lepton and light jet, in t rest frame

An example of finding tiny signals with 
leptons, MET, b-tag & jets

Showing the readiness for challenging 
searches such as low-mass Higgs

TOP-10-008
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SUSY: Cascade Decays

35

g

q~
q~

q q

~  χ±

~  χ0

~  χ0

q

~ν
g

q~

q~

q

~  χ±

νl



UIC University of Illinois
at Chicago

Fermilab

16.07.2011 R. Cavanaugh, FNAL/UIC

SUSY: Cascade Decays
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SUSY: Cascade Decays
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SUSY: Cascade Decays
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SUSY: Cascade Decays
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Cleaning Fake MET

• Real MET is typically “isolated”
• i.e. does not point in direction of a jet

• Fake MET typically points in direction of 2nd leading jet

36

Fake MET

Corr 
Jet

Corr Jet

Corr 
Jet

Corr 
Jet

Real MET

Corr Jet

Corr Jet

Corr Jet
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Exclusive dijet + MET 
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Exclusive dijet + MET
• MET = “Rubbish bin” of detector

• Wrought with pain and 
suffering

• ...so, try to avoid using it

38
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= RαT(0.55, |η| > 2)×
Nbkg

meas(αT < 0.55, |η| < 2)

Nbkg
pred(αT > 0.55, |η| < 2)
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ABCD/Matrix method

• Estimate bkg from data:
• Most signal is in “C”
• Backgrounds are in

• “A”, “D”, “B”

• Assume that for bkg
• “A” / ”D” = “C” / “B”
• valid if αT & η are uncorrelated

39
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Inclusive N-Jets + MET 
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Inclusive N-Jets + MET
• One can indeed generalize to N-Jets

• basic idea: combine N-Jets into effective 2-Jet system

• Formula looks a little bit different, but idea is same

41
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What do we see in data?

42

arXiv:1101.1628 PLB 698 (2011) 196



UIC University of Illinois
at Chicago

Fermilab

16.07.2011 R. Cavanaugh, FNAL/UIC

Full Jets & MET Search
• Analysis based on understanding the 

detector response in detail
• Jets + MET in good shape! Use them!

• Complementary to kinematic searches
• baseline selection:

• at least 3 jets pT > 50 & |η| < 2.5
• HT > 300 & MHT > 150
• veto isolated leptons (e & μ)

• Backgrounds: 
• multijet QCD, 
• Z(+jets)->νν, 
• W+jets, 
• ttbar
• determined 

from data!

43

6 3 Invisible Z Background Estimation
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Figure 2: /HT and HT distributions for background and signal with all baseline selection cuts

applied except the /HT and HT requirements respectively.

from the data three methods are pursued that provide important cross-checks of each other, in187

particular with respect to the problem of new-physics contamination that affects each method188

in different ways.189

The most straightforward method, detailed in Section 3.2, corresponds to the use of Z → �+�−190

data events. By interpreting the pair of muons as missing momentum the topology of the191

Z → νν̄ process can be reproduced and all jet-related search selection criteria can be directly192

applied. The downside of this method is the very small number of Z → �+�− +jets events193

passing the selection criteria in the currently available data samples.194

For the two other methods, the electroweak correspondence between the Z boson and either195

the W or photon is exploited at high boson pT. Relative to Z bosons, the production of W196

bosons is higher by a factor of three at high-pT, while photon production is within 20% of197

inclusive Z production. These cross section ratios depend mostly on the electroweak rather198

than hadronic characteristics of the events. Therefore these ratios can provide a robust predic-199

tion of the missing momentum spectrum for invisible Z’s at high pT. The missing momentum200

spectrum is obtained by removing the identified photon or lepton, and correcting for residual201

experimental and phenomenological differences with invisible Z events. In Sections 3.1 and 3.2202

these data-driven methods using high-pT photons and W bosons are presented, based on the203

analysis published in [16].204

3.1 Estimation from γ + jets205

The γ and Z boson arise in the electroweak theory after symmetry breaking as neutral eigen-206

states coupling to the electromagnetic and weak interactions respectively. Their production207

properties are very different at energies below or of the order of the Z boson mass, but at higher208

energies they exhibit similar characteristics, apart from electroweak coupling differences and209

asymptotically vanishing residual mass effects. One important distinction between Z and γ210

production arises from the breakdown of the leading-order calculation of γ+jets production for211

small-angle or vanishing-energy emission of the γ in the absence of a mass to regularize the212

resulting divergences. This needs to be mitigated by imposing isolation requirements on the213

selected γ sample.214
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18 5 QCD Background Estimation

5.2.2 Non-Gaussian tails575

The tails of the jet response function are of particular importance in order to predict the QCD576

background to the SUSY search with jets and MHT. Due to limited statistics, no significant non-577

Gaussian tails have been observed in PhotonJet events. Therefore, we used the di-jet asymme-578

try (pjet1

T
− pjet2

T
)/(pjet1

T
+ pjet2

T
) distribution and compared the number of events at large asym-579

metries in data and MC simulation. Due to the correspondance of the non-Gaussian tails in the580

asymmetry and the jet response the measured difference can be used to correct the MC truth581

jet response functions. Since already the core region of the response, and thus the asymmetry,582

differs in data and MC simulation as has been described in the previous section, the simulated583

asymmetry distribution is adjusted to fit the data and can then be used to define a window584

in the tail region, as shown in the left hand side of Fig. 7. The dependence of the fraction of585

events in this tail region on the di-jet selection f data/MC(prel

T,3
) is extrapolated to the ideal di-jet586

topology, as shown in the right hand side of Fig. 7, where prel

T,3
is the ratio of the pT of the third587

jet and the average di-jet pT. Scaling factors s are defined from the ratio of the extrapolated588

number of events in the tail region. Various definitions of the asymmetry window have been589

used to test the stability of the method and check possible shape differences of the response be-590

tween simulation and data. Within the statistical uncertainties no such dependence have been591

observed.592
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Figure 7: di-jet asymmetry for adjusted Monte Carlo and data (left). The area starting from

the red line defines the window which is kept fixed during the extrapolation down to prel

T,3
=

0 (right). For comparison, the green shaded area in the left and green markers in the right

figure show the fraction of events in the asymmetry window under the hypothesis of a purely

Gaussian shape.

The results of the extrapolation in bins of average pT for two different η regions are shown in593

Fig. 8. As systematic uncertainties the following sources were identified: The uncertainty on594

the extrapolation was evaluated as the relative difference of the extrapolation to zero and the595

value of the extrapolated function at the point with the lowest cut on pjet3

T ; MC non closure:596

50% of the difference between the extrapolated MC value using the asymmetry and the value597

obtained from a toy asymmetry distribution using the true response was taken as uncertainty;598

The uncertainty on the correction of the Gaussian core difference between data and Monte599

Carlo was propagated to the result. The systematic uncertainties are adding up to 15% at the600

central η region and increase at larger η up to 40%.601

CERN
23/3/11 G. Dissertori :CMS Status Reportdi-jet

Example: Hadronic search with MET 
Analysis based on understanding the detector 
response in detail
Complementary to kinematics- based searches
Baseline selection

At least 3 jets with ET>50 GeV & |!|<2.5 
HT>300 GeV and MHT > 150 GeV
Veto isolated electrons and muons

Backgrounds from
Multi-jet QCD, Z(+jets) ! "", W+jets, ttbar
All determined from data-driven techniques
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7.3 Interpretation with Simplified Model Spectra 19

ing transverse energy. Because of the high signal selection efficiency in a large fraction of the
phase space, and in spite of the larger background compared to the αT selection, the analysis
presented here is able to improve the limits previously set by the αT analysis.
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Figure 5: The expected and observed 95% CL upper limits in the CMSSM m0–m1/2 (left) and
gluino–squark (right) mass planes for LO and NLO cross sections. The ±1 standard deviation
(σ) band corresponds to the expected limit. The contours are the combination of the HT and the
/HT selections such that the contours are the envelope with respect to the best sensitivity. The
CMSSM parameters are tan β = 10, µ > 0, and A0 = 0. The limit from the earlier CMS analysis
is shown as a blue line and limits from other experiments as the shaded regions. For the area
labeled “τ̃ LSP” the stau becomes the LSP. The LM1 SUSY benchmark scenario is shown as a
point.

7.3 Interpretation with Simplified Model Spectra

Models for new physics can also be studied in a more generic manner using a simplified model
spectra (SMS) approach [20–22]. Simplified models are designed to characterize experimental
data in terms of a small number of basic parameters. They exploit the fact that at the LHC the
final-state kinematics of events involving strongly produced massive new particles are largely
determined by the parton distribution functions and phase-space factors associated with two-
and three-body decays. Using these simplified models, the experimental results can then be
translated into any desired framework.

For the simplified models used in this paper, it is assumed that the new particles are strongly
produced in pairs whose decay chains ultimately result in a stable weakly interacting massive
particle, denoted as LSP. The particles produced in the hard interaction can be identified as
partners of quarks and gluons. In SUSY these would be the squarks (q̃) and gluinos (g̃). Even
though the SMS are more generic, in the following everything is phrased for simplicity in terms
of super-partner names. Two benchmark simplified models are investigated for the number
of jets and /HT signature in this analysis: pair-produced gluinos, where each gluino directly
decays to two light quarks and the LSP, and pair-produced squarks, where each squark decays
to one light quark and the LSP. In Fig. 6 the respective diagrams for these simplified models are
drawn. To limit the set of SMS studied, only a few are chosen that can bracket the kinematic
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ing transverse energy. Because of the high signal selection efficiency in a large fraction of the
phase space, and in spite of the larger background compared to the αT selection, the analysis
presented here is able to improve the limits previously set by the αT analysis.
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gluino–squark (right) mass planes for LO and NLO cross sections. The ±1 standard deviation
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7.3 Interpretation with Simplified Model Spectra

Models for new physics can also be studied in a more generic manner using a simplified model
spectra (SMS) approach [20–22]. Simplified models are designed to characterize experimental
data in terms of a small number of basic parameters. They exploit the fact that at the LHC the
final-state kinematics of events involving strongly produced massive new particles are largely
determined by the parton distribution functions and phase-space factors associated with two-
and three-body decays. Using these simplified models, the experimental results can then be
translated into any desired framework.

For the simplified models used in this paper, it is assumed that the new particles are strongly
produced in pairs whose decay chains ultimately result in a stable weakly interacting massive
particle, denoted as LSP. The particles produced in the hard interaction can be identified as
partners of quarks and gluons. In SUSY these would be the squarks (q̃) and gluinos (g̃). Even
though the SMS are more generic, in the following everything is phrased for simplicity in terms
of super-partner names. Two benchmark simplified models are investigated for the number
of jets and /HT signature in this analysis: pair-produced gluinos, where each gluino directly
decays to two light quarks and the LSP, and pair-produced squarks, where each squark decays
to one light quark and the LSP. In Fig. 6 the respective diagrams for these simplified models are
drawn. To limit the set of SMS studied, only a few are chosen that can bracket the kinematic
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Figure 7: Total high-/HT selection efficiency for gluino (left) and squark (right) production as a
function of the gluino (left) or squark (right) mass and the LSP mass.

translated into a limit on any complete model such as SUSY.
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Figure 8: 95% CL upper limits on the gluino (left) and squark (right) pair-production cross
sections for the high-/HT selection, as a function of the gluino (left) or squark (right) mass and
the LSP mass. The contours where the reference cross section and three times this cross section
can be excluded are shown.

8 Conclusions
An inclusive search for new physics has been presented using events with a multijet signature
with large missing transverse momentum. The observed event yield is consistent with the SM
background contributions, arising mainly from Z(νν̄)+jets, W(�ν)+jets, tt̄ including a W that
decays leptonically, and QCD multijet production. These SM contributions were estimated di-
rectly from the data using several novel techniques, giving a minimal reliance on simulation.
The overall uncertainty on the resulting total background prediction is dominated by the sta-
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translated into a limit on any complete model such as SUSY.
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8 Conclusions
An inclusive search for new physics has been presented using events with a multijet signature
with large missing transverse momentum. The observed event yield is consistent with the SM
background contributions, arising mainly from Z(νν̄)+jets, W(�ν)+jets, tt̄ including a W that
decays leptonically, and QCD multijet production. These SM contributions were estimated di-
rectly from the data using several novel techniques, giving a minimal reliance on simulation.
The overall uncertainty on the resulting total background prediction is dominated by the sta-
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properties of the different final states. For this reason the gluino-squark associated production
is neglected.

Figure 6: Diagrams of the studied simplified models. Left: gluino pair production; right:
squark pair production.

The simplified models are simulated with the PYTHIA generator [31], the CTEQ6L1 parton
distribution functions [54], and the parametrized CMS detector simulation. For each topology,
samples are generated for a range of masses of the particles involved, and thus more mass
splittings are explored than in the CMSSM, where the ratio of the gluino and the LSP masses is
approximately fixed.

In the following, the measured cross section upper limits are compared to a typical reference
next-to-leading-order cross section from PROSPINO [37]. In the case of squark pair production
this reference cross section corresponds to the squark-antisquark cross section with four light
flavours included, with the gluinos becoming nearly decoupled at 3 TeV. This cross section is
used to convert upper limits on the production cross section to reference limits on new-particle
masses.

In Fig. 7 the total signal efficiency of the high-/HT selection, including geometrical acceptance
and selection efficiency, is shown within the simplified model space for gluino and squark pair
production, as a function of the gluino (left) or squark mass (right) and the LSP mass. Only
the lower half of the plane is filled because the model is only valid when the gluino or squark
masses are larger than the mass of the LSP. The signal selection efficiency increases for higher
gluino and squark masses, and is low on the diagonal, where the mass splitting is small and
jets are produced with lower transverse momentum.

The limit calculation in the SMS space is performed using a Bayesian framework with a flat
prior for the signal [46]. The same sources of uncertainties affecting the signal geometrical
acceptance and selection efficiency are incorporated for each scan point as for the CMSSM in-
terpretation, namely the jet energy scale and resolution, the lepton veto, the cleaning including
the veto on large energy loss in masked ECAL cells, the trigger, the initial- and final-state ra-
diation, the parton distribution functions, the luminosity, and the statistical uncertainty. The
renormalization and factorization scale uncertainties do not apply here because they only in-
fluence the normalization of the reference cross section. The presence of signal events in the
background sample is not considered, since the studied SMS processes do not produce prompt
leptons or photons, and since the R&S method is insensitive to such contamination.

In Fig. 8 the exclusion 95% CL upper limits on the production cross sections are presented for
the high-/HT search selection. This selection is found to be more sensitive than the high-HT
search selection for both considered simplified model spectra. Using this model-independent
representation with the simplified model spectra, these upper limits on the cross section can be
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In Fig. 8 the exclusion 95% CL upper limits on the production cross sections are presented for
the high-/HT search selection. This selection is found to be more sensitive than the high-HT
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One nice event...
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Single Lepton Search
• Exactly one isolated e or μ pT > 20 GeV

• At least 4 jets ET > 30 GeV |η| < 2.4

• Background from top and W+jets from simulation, all the 
rest from data
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CMS PAS-SUS-10-006



• R-Parity -> stable χ01 -> no invariant mass peaks to reconstruct

• However, two-body decay of χ02 to 
χ01 via a right-slepton
• Sharp opposite-sign same-flavour 

dilepton invariant mass edge
• depends on χ02 , lR, and χ01   masses 

• Can perform SM & SUSY background 
subtraction using 
• Opposite Flavour distribution:  e+e- “+”μ+μ- “-” e+μ- “-” μ+e- 
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Opposite-sign Dilepton Search

47

χ χ~q

q ±l

±

l

~ ~0

1

~0
2

±

l

Simulation

WHY INTERESTING? Reconstruct sparticle masses!
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Opposite-sign Dilepton Search
• Adding a second lepton

rejects W+jets leaving
mostly top background

• Estimated from data with 
ABCD method

• Observed events consistent
with SM prediction
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Predicted Observed

Region D 1.4 ± 0.8 1
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Same-Sign Dilepton Search
• Essentially absent in the SM (dominant bkgd mis-id leptons)
• Search in all three lepton species and four search regions
• Similar sensitivity as in OS for small tanβ 
• Tau not yet included in limit  

49

arxiv:1104.3168

CMSSM exclusion limitsObserved events

CERN
23/3/11 G. Dissertori :CMS Status Report

Example: same-sign dilepton
Two different trigger approaches

HT or lepton pT

Baseline selection:
2 same sign, isolated leptons (e or µ)
pT,1>20, pT,2 > 10 GeV
! 2 jets: pT > 30 GeV, |"|<2.5
MET: > 30 GeV (ee and µµ), > 20 GeV (eµ)

Main background: ttbar (lepton from b)
name of the game: jets faking leptons
data-driven fake-rate estimations
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SUS-10-004

lepton efficiency parametrization agrees 
with full CMS simulation
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Photon+Lepton Search

• γ+l expected when lightest
neutral and charged gauginos
are mass degenerate

• Main background Wγ (from MC)
• Other sources estimated from the data
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95% CL upper limit on the 
cross section as a function of 
squark/gluino mass vs wino mass

arxiv:1105.3152
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Summary of SUSY Searches
• Observed limits from several 2010 CMS SUSY 

searches plotted in the CMSSM (m0, m1/2) plane
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Conclusion
• For lack of time, did not cover (perhaps) most 

exciting topic:
• Higgs!  We expect to make strong statements 

on the existence of the Higgs this year!
• Exotic Physics:  Black Holes, etc

• The LHC & CMS are in exceptional condition
• delivering high quality data
• delivering exciting, high quality results
• providing new insights into nature

• We can only guess what natures has in store!!
• & we have a good chance to whatever it is!

• Stay tuned!!!
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Exotic Physics? 1 event does not make!
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CERN
23/3/11 G. Dissertori :CMS Status Report 34

Exotic signatures
A W’!e!? 2 Leptoquarks? A Black Hole? 

A Di-jet Resonance? A q* decay in qZ? 

see also talk by
F. Santanastasio,
Moriond EWK-11
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CMS is able to see
for and study 
complex events...

...with enough data, 
complex events like 
these might indicate 
new physics!



UIC University of Illinois
at Chicago

Fermilab

16.07.2011 R. Cavanaugh, FNAL/UIC 54

One end of the spectrum...
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One end of the spectrum... ...the other end of the spectrum!


