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Progress in MET 

Excellent resolution and small non-gaussian tails. Understanding 
all sources of erratic noise is very important for cleaning the 
distributions. MET ready for physics.

CMS is happening

Excellent alignment and general tracking performance

b tag
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ECAL clusters (electrons and photons)
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timing resolution
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Jet Energy Correction

Current physics analysis use a 10% (5%) JEC uncertainties for CALO jets (JPT 
and PFjets), with an additional 2% uncertainty per unit rapidity. 

Our measurements show that this assumption can be considered conservative.  
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Jets reconstructed with anti-kT R=0.5 algorithms.
Three different approaches: Purely Calorimetric, Jet+Tracks, Particle Flow Jets
Jet Energy Correction performed using MC vs data on single particle response, 

dijet pT balance, photon+jet balance.

Calo Jets Jet  + Track Particle Flow Jets
Jet
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Muons identification efficiencies and kinematic variables have been studied in detail 
using minimum bias events and dimuon resonances.

Muons 

Distributions dominated by light hadron decay (red); excellent agreement with MC 
prediction including heavy flavor decays (blue); small fraction of punch-through (black) and 
fakes (green). 
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- Luminosity Increasing weekly
- Detector behaving as expected
- All ingredients already in place   
  for searches to start
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In This Talk

           New Physics Search with Dijet events

Long-Lived Heavy Particles

Commissioning of SUSY searches

- DiJet Mass spectrum [836 nb-1]                         (J. Hirschauer)
- Jet Centrality study   [120 nb-1]                         (J. Hirschauer)

- Anomalous dE/dx                [198 nb-1]                   (P.Traczyk)
- Stopped Particles Search     [~200 nb-1]                 (F. Ratnikov)

- Hadronic Analyses                                 (C. Auterman, C. Rogan)
- Leptonic Analyses                                               (Y. Pakhotin)
- MET commissioning    (Plenary Talk by C. Sander+ C. Rogan)

- Model-Unspecified Searches                                     (H. Pieta)  
- Di-Photon Searches                                             (B. Heyburn)  

Parallel Talk Speaker
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New Physics Search 
With DiJet 
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- New Physics can modify DiJet production mainly in two
  ways

- New DiJet resonances probed by Dijet 
  mass distribution

New Physics Search with Dijet events
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Motivation

3

‣ Dijet mass distribution is a simple check of rate vs dijet 
mass from QCD and PDFs.
‣ Dijet centrality ratio is a detailed measure of QCD 
dynamics from angular distribution. 

Motivation

• We search for quark contact interactions and  dijet resonances (s-channel):
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4Monday, July 5, 2010 ‣ Dijet mass provides most sensitive “bump” hunt for new 
particles decaying to dijets.
‣ Dijet centrality ratio can confirm that a “bump” is not QCD 
fluctuation. 
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‣ Dijet centrality ratio is more sensitive than the dijet mass to 
contact interactions from quark compositeness.
- when all experimental uncertainties are considered. 
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! We study the inclusive dijet final state using the dijet mass 
spectrum and the dijet centrality ratio observables.
! Together the Dijet Mass and Ratio provide a test of QCD and a 
sensitive search for new physics beyond the Standard Model.
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The Dijet Centrality Ratio
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The Dijet Centrality Ratio

• Quantifies the centrality of the dijet angular 
distribution at a given dijet mass.
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• Roughly flat vs. dijet mass for QCD.

• Rises vs. dijet mass for contact 
interactions.

• Bumps in dijet mass for dijet 
resonances.

• We use it to test QCD and search for 
new physics.

• Analysis of angular distributions are 
complementary to mass spectrum 
analsyis.
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! Quantifies the centrality of the dijet 
angular distribution at a given dijet mass.
‣ both leading jets are required to lie in the 
same η range.
‣ “t-channel” scattering for QCD vs “s-
channel” for most new Physics models
‣ approximately flat vs dijet mass for QCD.
‣ rises vs dijet mass for contact 
interactions.
‣ “bumps” in dijet mass for dijet 
resonances.

! The analysis of the dijet angular distribution 
is complimentary to the spectrum analysis.
! The dijet centrality ratio is used to 
confront the QCD prediction and search for 
new Physics.
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Cartoon: no data

Dijet Mass (GeV)
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Cartoon: no data
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- New Operators in the theory can
  be probed testing QCD properties 
  vs Standard Model expectations, 
  e.g.. centrality R vs DiJet Mass 

Large rate
predicted e.g. for 

di-quark production 
in string models

5
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Mass Spectrum and QCD
Data in good agreement with the full CMS simulation of QCD from PYTHIA

New spectrum has less background to new physics at high dijet mass
More data at low dijet mass to anchor the background parameterization

Robert Harris, Fermilab 14

Old Cuts: 120 nb-1New Cuts: 836 nb-1

PAS

Trigger Advantage of New Cuts
| | cut sharpens the trigger turn-on allowing us to use lower mass data

Full trigger efficiency at m=220 GeV (new cuts) instead of 354 GeV (old cuts)
Because m T/sin * = 2pTcosh( /2) so small gives small m for fixed pT

Trigger advantage helpful now and essential for future higher thresholds

13

Old Cuts: 120 nb-1

PAS

New Cuts: 836 nb-1

Dijet Mass Spectrum
- Events accepted by SingleJet HLTrigger

- Two Anti-Kt jets (ΔR=0.7) with |η|<2.5  
  |η1-η2|<1.3 m(DiJet)>220 GeV/c2

- Jets clustered as cone with ΔR>0.5
- One jet with raw ET > 50 GeV

- Data in good agreement with PYTHIA
- Continuum spectrum described analytically
- Rate of accepted events stable vs time

- Jet energy corrected for detector effects
  (from Monte Carlo) + 10% systematics
- Trigger fully efficient at this value

6

836 nb-1

Cross Section Stability

Stability vs. run is excellent
Better than ever before due to higher statistics (trigger advantage of new cuts)
RMS of cross section vs run is 3%, constraining JEC stability to 0.5% of better
Included in PAS as requested at pre-approval.

Robert Harris, Fermilab 19

PAS

CMS Preliminary

Cross Section Stability

Stability vs. run is excellent
Better than ever before due to higher statistics (trigger advantage of new cuts)
RMS of cross section vs run is 3%, constraining JEC stability to 0.5% of better
Included in PAS as requested at pre-approval.

Robert Harris, Fermilab 19

PAS

CMS Preliminary

NEW
!!!

Mass Spectrum and Fit

Data well fit with four parameters
No indication of new physics

21
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Limit on Heavy Resonances 

- Resonance shapes produced with PYTHIA
- Gaussian core of Dijet mass resolution varies from
  11% at 0.5 TeV to 6% at 2.5 TeV
- Shape depends on final state (qq vs gq vs gg) 
  more gluons → more radiation → broader peak
- We search for the three final states. No excess is seen,
  resulting into limits

7

Resonance Shape
Resonance shapes are produced with PYTHIA + CMS simulation.

Resonance types (qq, qg, gg) have different shapes, mainly due to FSR.
Width ~ number of gluons, because gluons emit more radiation than the quarks.
Shapes almost identical for new and old cuts, slightly broader for gg with new cuts.

Robert Harris, Fermilab 23

PAS

PAS

New Cuts Old Cuts

Cross Section and Mass Limits

Generic xsec limits 
qq, qg and gg resonances

We use them to set mass 
limits on 4 specific models

But can be used by anybody 
to set limits on any new 
model.

Just need to calculate the 
cross section with the 
cuts and compare to our 
limits.

Strength of the result is its 
generic applicability

Robert Harris, Fermilab 30

PAS

NEW
!!!

Model
Final State

CMS 
[836 nb-1]

CDF
[1.13 fb -1]

ATLAS
[315 nb -1]

String qq, gq, gg 2.10 1.4 -

q* gq 1.14 0.87 1.20

Axigluon/
Coloron

qq 1.06 1.25 -

E6 
Diquark

qq 0.58 0.63 -

95% CL Lower Limits 
on mass(in TeV)

_

_
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Centrality Ratio
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Comparison to QCD

14

! Data compared to theory predictions.
! Important experimental uncertainties cancel because of 
the ratio (absolute jet energy scale, luminosity).
! NLO theory uncertainty dominated by the factorization/
renormalization scale and the non pert. correction.
! The data agree well with the NLO+non pert. correction 
prediction.

Event Yield Ratio
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Limits with the Dijet Centrality Ratio
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! Ratio is flat, no sign of new physics.
! Contact interaction scale excluded 
for Λ<1.9 TeV at 95% CL.
‣ Tevatron excludes Λ<2.8 TeV
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Limits with the Dijet Centrality Ratio
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Limits with the Dijet Centrality Ratio
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! Ratio is flat, no sign of new physics.
! Contact interaction scale excluded 
for Λ<1.9 TeV at 95% CL.
‣ Tevatron excludes Λ<2.8 TeV

- Complimentary to the spectrum analysis.
- Many experimental uncertainties cancel in the ratio 
  (absolute jet energy scale, luminosity)
- The data agree well with NLO+non pert. corrections

‣ approximately flat vs 
   dijet mass for QCD.
‣ rises vs dijet mass for 
   contact interactions. 
‣ “bumps” in dijet mass 
    for dijet resonances.
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Long-Lived Heavy 
Particles

9
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LLH Signatures @CMS
Long-Lived Heavy particles in many NP scenarios:

If charged, two main signatures in CMS

Two Analysis

- Stau, gluinos, or stop in SUSY
- Hidden valley models
- (If strongly interacting) bound states with quark/gluons → R-hadrons 

- Slow moving particles have energy loss 
  in material > MIP
- Some of them will stop in the detector 
  and decay out of time wrt beam crossing

- Search for charged tracks with 
  anomalously high dE/dx (β<0.3)
- Search for stopped particles 
  (sensitive to β>0.3)

Jim Brooke (Univ. of Bristol) - ICHEP 2010, Paris

Mass Reconstruction

! Mass reconstruction
! Approximate Bethe-Bloch formula before minimum

! Extract parameters K, C by fitting to the proton line

! Reverse to compute higher masses

5

6 6 Ionization-based Mass Reconstruction
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Figure 2: Left: distribution of Ias for the tracker-only data candidates passing the pre-selection

with and without the cluster cleaning procedure. Right: same distributions for a 200 GeV/c2

gluino MC sample, where only reconstructed tracks matched to the simulated HSCP particles

are considered. This distribution is normalized to the integrated luminosity of the analyzed

datasets.

A study performed on MC indicates that a selection that uses the Ias discriminator in the place

of the Ih estimator increases the signal-to-noise ratio by a factor 3. The division in subsamples

according to the track number of hits (η) brings an additional increase by a factor 8 (1.3).

6 Ionization-based Mass Reconstruction
The most probable value of the particle dE/dx is estimated using a harmonic estimator Ih of

grade k = −2:

Ih =
�

1

N ∑
i

ck
i

�1/k

with k = −2 (2)

where ci is the charge per unit path length of the i-th hit attached to a given reconstructed track.

In order to estimate the mass of highly ionizing particles, the following relationship between

Ih, p and m is assumed in the momentum region below that corresponding to the minimum of

ionization:

Ih = K
m2

p2
+ C (3)

Equation 3 reproduces with an accuracy of better than 1% the Bethe-Bloch formula in the inter-

val 0.4 < β < 0.9, which corresponds to specific ionizations in the range of 1.1 to 4 times the

MIP specific ionization.

Figure 4 (left) shows the distribution of Ih versus p for all reconstructed tracks with at least

12 hits in the silicon strip detector and good primary vertex compatibility from a data sample

collected with a minimum bias trigger. The two bands departing towards high Ih values at

about 0.7 and 1.5 GeV/c in momentum are due to kaons and protons, respectively, while the
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Discovery of 
the deuteron!

...and stop MCmin-bias data

Jim Brooke (Univ. of Bristol) - ICHEP 2010, Paris
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Figure 2: Left: distribution of Ias for the tracker-only data candidates passing the pre-selection

with and without the cluster cleaning procedure. Right: same distributions for a 200 GeV/c2

gluino MC sample, where only reconstructed tracks matched to the simulated HSCP particles

are considered. This distribution is normalized to the integrated luminosity of the analyzed

datasets.

A study performed on MC indicates that a selection that uses the Ias discriminator in the place

of the Ih estimator increases the signal-to-noise ratio by a factor 3. The division in subsamples

according to the track number of hits (η) brings an additional increase by a factor 8 (1.3).

6 Ionization-based Mass Reconstruction
The most probable value of the particle dE/dx is estimated using a harmonic estimator Ih of

grade k = −2:

Ih =
�

1

N ∑
i

ck
i

�1/k

with k = −2 (2)

where ci is the charge per unit path length of the i-th hit attached to a given reconstructed track.

In order to estimate the mass of highly ionizing particles, the following relationship between

Ih, p and m is assumed in the momentum region below that corresponding to the minimum of

ionization:

Ih = K
m2

p2
+ C (3)

Equation 3 reproduces with an accuracy of better than 1% the Bethe-Bloch formula in the inter-

val 0.4 < β < 0.9, which corresponds to specific ionizations in the range of 1.1 to 4 times the

MIP specific ionization.

Figure 4 (left) shows the distribution of Ih versus p for all reconstructed tracks with at least

12 hits in the silicon strip detector and good primary vertex compatibility from a data sample

collected with a minimum bias trigger. The two bands departing towards high Ih values at

about 0.7 and 1.5 GeV/c in momentum are due to kaons and protons, respectively, while the
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dE/dx Search Strategy
Highly penetrating particles

Trigger strategy:

Selection:

Mass determination

- track+muon (muon-like signature, e.g. 100-300 GeV mGMSB stau)
- track-only (e.g. 130-900 GeV gluino R-hadron)

- track+muon: Muon pT>3 GeV, DoubleMuon
- track-only: Jet pT>50 GeV, MET>45 GeV

- Select Tracks on pT and dE/dx tails
- Tight selection for signal box
- Loose selection to cross-check bkg estimate
- Count events in bins of η and Nhits

Jim Brooke (Univ. of Bristol) - ICHEP 2010, Paris

HSCP Selection

! Select tracks with high pt and dE/dx
! Use a discriminator for dE/dx based on measured energy loss for MIPs

! Good discrimination, and MC-data agreement in both variables

! Analysis is performed in bins of ! and Nhits

! Thresholds set separately for each bin to give a uniform background rejection

! Important for tracks with few hits;

! Important for R-hadrons which may change charge
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pt distribution dE/dx discriminator ...binned by #hits

Improves S/B by factor 2 
at current luminosity

- Approximate Bethe-Bloch formula
- Parameters fixed by fit to protons

8 6 Ionization-based Mass Reconstruction

third band is from deuterons. Parameters K and C are determined from a fit to the proton band.

The fitted parameters are K = 2.579± 0.001 and C = 2.557± 0.001.

The mass spectrum obtained using Eq. 3 for all tracks with Ih > 5 MeV/cm and p < 2 GeV/c
is shown in Fig. 4 (right). The known values of the kaon and proton masses are also indicated

as vertical lines on the figure. The histogram obtained with MC does not display the deuteron

peak because PYTHIA does not produce such particles in pp collisions [9].
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Figure 4: Left: Distribution of the measured p and Ih for all reconstructed tracks with at least

12 hits in the silicon strip detector and good primary vertex compatibility from a data sample

collected with a minimum bias trigger. Right: reconstructed mass spectrum in data and MC for

all tracks used for the figure on the left, but with Ih > 5 MeV/cm and p < 2.0 GeV/c. Deuteron

production is not simulated in PYTHIA [9].

For mass values of 100 GeV/c2
or higher, the mass resolution is expected to worsen signifi-

cantly mainly because of the deterioration of the resolution on the p measurement. Another

instrumental effect affecting both the mass scale and the mass resolution is the silicon strip

tracker ADC cut-off, which becomes increasingly important as the HSCP β spectrum becomes

softer. Indeed, the lower the HSCP β, the higher its dE/dx and, therefore, the higher the chance

of having some of its charge measurements truncated. For 300 µm of silicon, truncation starts

at β values as low as 0.55. This β threshold grows with the square root of the path length and

reaches 1 (MIPs) for path lengths as long as 900 µm. As a consequence, the measured HSCP Ih
value will be underestimated and the resulting point in the 2-dimensional p-Ih plane will de-

part from the corresponding constant-mass curve and populate regions at lower mass values.

These effects are visible in Fig. 5, which has been obtained on the MC t̃1 signal samples. The

distribution of Ih and p for all reconstructed tracks passing the pre-selection and matched in

direction to the simulated HSCPs in the event are shown in Fig. 5 (left) along with the curves

resulting from Eq. 3, where m is set to the nominal t̃1 mass value. The small cloud of tracks

in the lower left corner of the figure is due to mismatched reconstructed tracks produced by

non-HSCP particles. Figure 5 (right) shows the resulting mass spectra, normalized to the num-

ber of events expected for the integrated luminosity used in this analysis. The degraded mass

resolution and the bias in the mass peak position are not relevant for the analysis presented in

this document, which is based on a counting experiment, as described in the next section.

Jim Brooke (Univ. of Bristol) - ICHEP 2010, Paris

Mass Reconstruction

! Mass reconstruction
! Approximate Bethe-Bloch formula before minimum

! Extract parameters K, C by fitting to the proton line

! Reverse to compute higher masses
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Figure 2: Left: distribution of Ias for the tracker-only data candidates passing the pre-selection

with and without the cluster cleaning procedure. Right: same distributions for a 200 GeV/c2

gluino MC sample, where only reconstructed tracks matched to the simulated HSCP particles

are considered. This distribution is normalized to the integrated luminosity of the analyzed

datasets.

A study performed on MC indicates that a selection that uses the Ias discriminator in the place

of the Ih estimator increases the signal-to-noise ratio by a factor 3. The division in subsamples

according to the track number of hits (η) brings an additional increase by a factor 8 (1.3).

6 Ionization-based Mass Reconstruction
The most probable value of the particle dE/dx is estimated using a harmonic estimator Ih of

grade k = −2:

Ih =
�

1

N ∑
i

ck
i

�1/k

with k = −2 (2)

where ci is the charge per unit path length of the i-th hit attached to a given reconstructed track.

In order to estimate the mass of highly ionizing particles, the following relationship between

Ih, p and m is assumed in the momentum region below that corresponding to the minimum of

ionization:

Ih = K
m2

p2
+ C (3)

Equation 3 reproduces with an accuracy of better than 1% the Bethe-Bloch formula in the inter-

val 0.4 < β < 0.9, which corresponds to specific ionizations in the range of 1.1 to 4 times the

MIP specific ionization.

Figure 4 (left) shows the distribution of Ih versus p for all reconstructed tracks with at least

12 hits in the silicon strip detector and good primary vertex compatibility from a data sample

collected with a minimum bias trigger. The two bands departing towards high Ih values at

about 0.7 and 1.5 GeV/c in momentum are due to kaons and protons, respectively, while the
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dE/dx Results
- 198 nb-1 analyzed
- No Signal found
- 95% CL limit on production cross-section for stau, stop, and gluinos

Jim Brooke (Univ. of Bristol) - ICHEP 2010, Paris

Search Results

! Null result in signal region and full mass spectrum

! 95% CL limits on the production cross-section for stau, stop and gluino
! Track-only analysis => exclude mg < 271 GeV/c2

! Track+muon analysis => exclude mg < 284 GeV/c2
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Figure 7: Expected number of signal candidates, as predicted by MC, versus the expected num-
ber of background candidates from a data-driven prediction in the search region. Left figure is
for the tracker plus muon selection, with the 100 GeV/c2 τ̃1 signal; Right figure is for the tracker
only selection, with the 200 GeV/c2 g̃ signal.

Table 1: Selections used in the analysis. The actual pT and Ias thresholds depend on the sub-
sample as explained in the text and are therefore expressed as a range of values. Top: loose
selection. Bottom: full (tight) selection.

LOOSE �pT pcut
T �I Icut

as
Tracker+Muon 10−1.0 7.7 - 25.9 10−1.5 0.0036 - 0.4521
Tracker only 10−2.0 7.9 - 67.4 10−2.0 0.0037 - 0.5293

TIGHT �pT pcut
T �I Icut

as
Tracker+Muon 10−3.0 7.7 - 125.9 10−3.0 0.0036 - 0.6526
Tracker only 10−4.0 7.9 - 259.0 10−3.5 0.0037- 0.8901

Table 2: Counting experiment results for the loose selection. First two columns: corrected
expected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

LOOSE Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Tracker+Muon 82± 33 77 1007± 200 838
Tracker Only 108± 38 122 184± 250 260

Table 3: Counting experiment results for the tight selection. First two columns: corrected ex-
pected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

TIGHT Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Muon-like 0.153± 0.061 0 0.249± 0.050 0
Tk-only 0.060± 0.021 0 0.060± 0.011 0
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Search Results

! Null result in signal region and full mass spectrum

! 95% CL limits on the production cross-section for stau, stop and gluino
! Track-only analysis => exclude mg < 271 GeV/c2

! Track+muon analysis => exclude mg < 284 GeV/c2
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Figure 7: Expected number of signal candidates, as predicted by MC, versus the expected num-
ber of background candidates from a data-driven prediction in the search region. Left figure is
for the tracker plus muon selection, with the 100 GeV/c2 τ̃1 signal; Right figure is for the tracker
only selection, with the 200 GeV/c2 g̃ signal.

Table 1: Selections used in the analysis. The actual pT and Ias thresholds depend on the sub-
sample as explained in the text and are therefore expressed as a range of values. Top: loose
selection. Bottom: full (tight) selection.

LOOSE �pT pcut
T �I Icut

as
Tracker+Muon 10−1.0 7.7 - 25.9 10−1.5 0.0036 - 0.4521
Tracker only 10−2.0 7.9 - 67.4 10−2.0 0.0037 - 0.5293

TIGHT �pT pcut
T �I Icut

as
Tracker+Muon 10−3.0 7.7 - 125.9 10−3.0 0.0036 - 0.6526
Tracker only 10−4.0 7.9 - 259.0 10−3.5 0.0037- 0.8901

Table 2: Counting experiment results for the loose selection. First two columns: corrected
expected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

LOOSE Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Tracker+Muon 82± 33 77 1007± 200 838
Tracker Only 108± 38 122 184± 250 260

Table 3: Counting experiment results for the tight selection. First two columns: corrected ex-
pected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

TIGHT Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Muon-like 0.153± 0.061 0 0.249± 0.050 0
Tk-only 0.060± 0.021 0 0.060± 0.011 0
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Search Results

! Null result in signal region and full mass spectrum

! 95% CL limits on the production cross-section for stau, stop and gluino
! Track-only analysis => exclude mg < 271 GeV/c2

! Track+muon analysis => exclude mg < 284 GeV/c2
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Figure 7: Expected number of signal candidates, as predicted by MC, versus the expected num-
ber of background candidates from a data-driven prediction in the search region. Left figure is
for the tracker plus muon selection, with the 100 GeV/c2 τ̃1 signal; Right figure is for the tracker
only selection, with the 200 GeV/c2 g̃ signal.

Table 1: Selections used in the analysis. The actual pT and Ias thresholds depend on the sub-
sample as explained in the text and are therefore expressed as a range of values. Top: loose
selection. Bottom: full (tight) selection.

LOOSE �pT pcut
T �I Icut

as
Tracker+Muon 10−1.0 7.7 - 25.9 10−1.5 0.0036 - 0.4521
Tracker only 10−2.0 7.9 - 67.4 10−2.0 0.0037 - 0.5293

TIGHT �pT pcut
T �I Icut

as
Tracker+Muon 10−3.0 7.7 - 125.9 10−3.0 0.0036 - 0.6526
Tracker only 10−4.0 7.9 - 259.0 10−3.5 0.0037- 0.8901

Table 2: Counting experiment results for the loose selection. First two columns: corrected
expected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

LOOSE Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Tracker+Muon 82± 33 77 1007± 200 838
Tracker Only 108± 38 122 184± 250 260

Table 3: Counting experiment results for the tight selection. First two columns: corrected ex-
pected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

TIGHT Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Muon-like 0.153± 0.061 0 0.249± 0.050 0
Tk-only 0.060± 0.021 0 0.060± 0.011 0
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Search Results

! Null result in signal region and full mass spectrum

! 95% CL limits on the production cross-section for stau, stop and gluino
! Track-only analysis => exclude mg < 271 GeV/c2

! Track+muon analysis => exclude mg < 284 GeV/c2
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Figure 7: Expected number of signal candidates, as predicted by MC, versus the expected num-
ber of background candidates from a data-driven prediction in the search region. Left figure is
for the tracker plus muon selection, with the 100 GeV/c2 τ̃1 signal; Right figure is for the tracker
only selection, with the 200 GeV/c2 g̃ signal.

Table 1: Selections used in the analysis. The actual pT and Ias thresholds depend on the sub-
sample as explained in the text and are therefore expressed as a range of values. Top: loose
selection. Bottom: full (tight) selection.

LOOSE �pT pcut
T �I Icut

as
Tracker+Muon 10−1.0 7.7 - 25.9 10−1.5 0.0036 - 0.4521
Tracker only 10−2.0 7.9 - 67.4 10−2.0 0.0037 - 0.5293

TIGHT �pT pcut
T �I Icut

as
Tracker+Muon 10−3.0 7.7 - 125.9 10−3.0 0.0036 - 0.6526
Tracker only 10−4.0 7.9 - 259.0 10−3.5 0.0037- 0.8901

Table 2: Counting experiment results for the loose selection. First two columns: corrected
expected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

LOOSE Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Tracker+Muon 82± 33 77 1007± 200 838
Tracker Only 108± 38 122 184± 250 260

Table 3: Counting experiment results for the tight selection. First two columns: corrected ex-
pected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

TIGHT Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Muon-like 0.153± 0.061 0 0.249± 0.050 0
Tk-only 0.060± 0.021 0 0.060± 0.011 0
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Stopping Particles Strategy

Dedicated calorimetry trigger for no-collision

Detailed study of background

 

- Gaps between filled bunches during LHC fills 
- Beam presence vetoed at HLT (BPTX/BX veto)

Jim Brooke (Univ. of Bristol) - ICHEP 2010, Paris

Search for Stopped Gluinos

! This is a highly unorthodox search, for the decays of long-lived particles that 
have stopped in the detector

! Use a dedicated calorimeter trigger to search during periods when no 
collisions are expected
! In gaps between filled bunches during an LHC fill, and between LHC fills (not used yet)

! Trigger includes a no-beam condition using beam position and timing monitors (BPTX)

! Observation of a signal during these periods will be an unambiguous sign 
of BSM physics

! Analysis started in 2008/2009 with background measurements
! CMS-PAS-EXO-09-001
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Figure 2: Probability for the produced R-hadron to stop anywhere inside the CMS detector for
different gluino masses, and

√
s = 10 TeV. The solid line show stopping probability for both

electromagnetic and nuclear interactions, while the dashed line shows that for electromagnetic
interactions only.

fully simulated stopped gluino events are passed on to the full trigger emulation, and default
reconstruction, and are analysed as normal Monte Carlo data. With Phase 2 of the simulation
we are thus able to estimate the trigger and reconstruction efficiencies of our online and offline
cuts.

For Phase 3, we wrote a toy Monte Carlo simulation in order to determine how often a stopped-
gluino decay will occur during our trigger window. We define our trigger window to be one
that occurs during a beam gap or during an interfill period. The interplay between collision
time, stopped particle lifetime and our trigger window is illustrated by the cartoon in Figure 3
which shows the number of stopped undecayed particles in CMS at a given time. Particles
are produced when there are collisions increasing the number of stopped undecayed particles,
but this is counterbalanced by the decay of those particles. For running periods long relative
to the lifetime of the gluino, the number of particles approaches saturation at Lστ. When the
beam is off, particle production obviously stops and all the number of stopped particles falls
off exponentially in accordance with its lifetime3.
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Figure 3: Cartoon illustrating number of stopped undecayed particles as a function of time.

Phase 3 of our simulation takes as input the stopping efficiency determined in Phase 1 and
the combined trigger times reconstruction efficiency obtained in Phase 2. These efficiencies are

3The stopped particle lifetime can itself be measured by fitting this exponential decay, provided a period with
no collisions of suitable duration is available.

- Cosmics & Noise  rejection defined 
  during 2008/2009 Cosmics runs
- Beam background study during 
  900 GeV and 7 TeV (low lumi)  
- 17% efficient on signal (R-hadrons)

Jim Brooke (Univ. of Bristol) - ICHEP 2010, Paris

Event Selection

! Backgrounds : instrumental effects, cosmic rays, out of time beam triggers

! Cosmic & noise background originally measured with 2008 cosmic data
! Confirmed with 2009 cosmic data, 2009/2010 collision data

! Selection to reject these backgrounds unchanged since 2009 public note

! Beam backgrounds observed in 900 GeV and 7 TeV data
! Mostly early collision triggers (but potentially also beam halo, beam-gas, parasitic 

collisions)

! Reject this by vetoing events within +/-1 BX of passage of beam through CMS

11

Jet topology cuts

Calorimeter pulse 
shape cuts

Cosmic rejection

Beam background 
rejection

Rates measured in 
low lumi 7 TeV 
collision runs 

(2-7 ! 1027 cm-2s-1)

6 3 Event Selection

the peak BX. Noise can have a variety of pulse shapes from having energy spread across many

BX’s to having almost all energy localized in one BX. We make a cut on the peak fraction of

0.4 < BXPeak / Total Energy < 0.7.

The background rate and signal efficiency after each cut is summarized in Table 1. Table 2

shows the efficiencies for Monte Carlo samples with a range of mg̃ and Mχ̃0

1

. Note, that for

parameter space points with sufficient visible energy, mg̃−Mχ̃0

1

> 100, the efficiency is approx-

imately constant.

After all cuts, the efficiency for signal (mg̃ = 200 GeV and Mχ̃0

1

= 100 GeV) estimated from the

simulation, is 17.2% of all stopped particles, or 56.5% of all event passing the HLT. The final

rate measured from the background sample, is 6.9± 1.9(stat)± 2.1(syst)× 10
−5

Hz.

Table 1: Background rate determined from early 2010 collision data, and expected signal effi-

ciency for the mg̃ = 200 GeV and Mχ̃0

1

= 100 GeV Monte Carlo sample, after each online and

offline cut. Note, the signal efficiency is quoted with respect to the fraction of events in which

one of the two produced gluinos stops anywhere in the whole CMS detector.

Selection Criteria Background Rate (Hz) Signal Efficiency %

L1+HLT (HB+HE) 3.27 30.5

Calorimeter noise filters 1.12 29.9

BPTX/BX veto 1.11 29.9

muon veto 6.6× 10
−1

26.4

Ejet > 50 GeV, |ηjet| < 1.3 7.6× 10
−2

20.5

n60 < 6 7.6× 10
−2

20.2

n90 > 3 3.1× 10
−3

18.6

nphi < 5 1.3× 10
−4

18.5

R1 > 0.15 1.1× 10
−4

18.5

0.1 < R2 < 0.5 8.5× 10
−5

17.5

0.4 < Rpeak < 0.7 7.9× 10
−5

17.3

Router < 0.1 6.9× 10
−5

17.2

Table 2: Selection efficiency as a function of mg̃ and Mχ̃0

1

mg̃ (GeV) Mχ̃0

1

(GeV) efficiency (% of stopped)

200 150 2.2%

300 250 3.0%

150 50 16.0%

200 100 17.2%

300 200 18.6%

400 300 18.7%

500 400 18.1%

300 100 19.4%

400 100 19.6%

Signal efficiency  
~17% 

(of all R-hadrons 
that stop 

anywhere in CMS)

Jim Brooke (Univ. of Bristol) - ICHEP 2010, Paris

Counting Experiment

! Perform a counting experiment in bins of lifetime, !
! For small !, select events in a window 1.256 x ! after each collision

! We divide the collision data into two sets :
! The first, low lumi, set is used to measure the background rate

! Then perform the search in the second, high lumi, set
! Lint = 203 (232) nb-1 recorded (delivered)

! Observed counts compatible with background expectation

! Can then calculate a cross-section, given the integrated luminosity
! Potentially sensitive to lumi delivered when CMS was not running!

! Use the delivered lumi profile + Toy MC, to calculate this

12

8 6 Time Profile Results

on this calculation (represented by the blue band) is taken to be 15%. To illustrate the effect

of the stopping efficiency uncertainty, we show three different 95% C.L. limits on σ(pp →
g̃g̃)× BR(g̃ → gχ̃0

1
) in which the different R-hadron models are used. For a mass difference

mg̃ − Mχ̃0

1

> 100 GeV, assuming BR(g̃ → gχ̃0

1
) = 100%, we are able to exclude lifetimes from

120 ns - 6 µs for mg̃ = 200 GeV/c2 with the counting experiment. This result extends existing

limits [26] which exclude lifetimes between 30 µs and 100 hours (indicated by the red line in

Fig. 4).

Table 3: Results of counting experiments for selected τg̃. Entries between 1e-3 and 1e+3 are

identical to those of 1e-3 and 1e+3 and are suppressed.

Lifetime [s] Expected Background (± stat ± syst) Observed

1e-07 0.15± 0.04± 0.05 0

1e-06 1.8± 0.5± 0.5 0

1e-05 11.7± 3.2± 3.5 8

1e-04 28.3± 7.8± 8.5 19

1e-03 28.3± 7.8± 8.5 19

1e+03 28.3± 7.8± 8.5 19

1e+04 28.3± 7.8± 8.5 19

1e+05 28.3± 7.8± 8.5 19

1e+06 28.3± 7.8± 8.5 19

Finally, we present the result as a function of the gluino mass in Fig. 5, for the lifetime bin in

which the counting experiment is most sensitive, 2.6 µs. For a mass difference mg̃ −Mχ̃0

1

> 100

GeV, assuming BR(g̃ → gχ̃0

1
) = 100%, we are able to exclude mg̃ < 225 GeV/c2 for this lifetime.

6 Time Profile Results
In addition to the counting experiment performed in the preceding section, we also perform

an analysis that involves the distribution of the observed events in time. A gluino signal is

produced in a collision and eventually decays according to its lifetime, so the expected timing

profile of gluino decays is strongly correlated with the timing profile of the delivered luminos-

ity. On the other hand, the background contribution is not correlated with collisions and is flat

in time. Since the signal and background contribution have very different time profiles, it is

possible to extract them both by analysing the distribution of observed events in time.

We assume all colliding bunches in an orbit have equal individual instantaneous luminos-

ity. Taking into account the relative integrated luminosities contributing to each of the fill-

ing schemes, we build an expected timing profile of gluino decays for a given gluino lifetime

hypothesis. Figure 6 shows such a profile for a gluino lifetime of 1 µs together with flat back-

ground profile; the locations of observed events inside the orbit are overlaid. We limit the

range of lifetime hypotheses considered for this time profile analysis to 75 ns - 100 µs since in

order for the signal time structure to be clearly distinguishable from background, the gluino

lifetime must be smaller than the orbit period, 89 µs. For each lifetime hypothesis we build a

corresponding signal time profile, fit the signal plus background contribution to the data, and

extract a 95% C.L. upper limit on the possible signal contribution. The obtained results are plot-

ted as a dotted line in Fig. 4. This time analysis does not make use of a background prediction

so has no corresponding systematic uncertainty. Consequently, its dominant systematic is the

11% on the luminosity. For a mass difference mg̃ − Mχ̃0

1

> 100 GeV, assuming BR(g̃ → gχ̃0

1
)

Counting Experiment 
in lifetime bins

No Signal observed
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Model-Independent Results

Limit on xsec vs stopping probability
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Figure 3: 95% C.L. limits on gluino pair production cross-section times the probability for at

least one of the two gluinos produced to stop, as a function of gluino lifetime. Errors are

statistical only. The structure observed between 10
−6

s and 10
−4

s is due to the number of

observed events incrementing when crossing boundaries between lifetime bins. Also, see Fig. 6.

= 100%, we are able to exclude lifetimes from 75 ns - 3 µs for mg̃ = 200 GeV/c2
with the time

profile analysis. Finally, we present the result of the time profile analysis as a function of the

gluino mass in Fig. 5. For a mass difference mg̃ − Mχ̃0

1

> 100 GeV, assuming BR(g̃ → gχ̃0

1
) =

100%, we are able to exclude mg̃ < 229 GeV/c2
for a lifetime of 200 ns with the time profile

analysis.

7 Conclusions
In this PAS we have presented the first results of a search for long-lived gluinos which have

stopped in the CMS detector after being produced in 7 TeV pp collisions from CERN’s LHC.

We looked for the subsequent decay of these particles during time intervals where there were

no pp collisions in the CMS experiment. In particular, we searched for decays during gaps

between crossings in the LHC beam structure. We recorded such decays with dedicated cal-

orimeter triggers. In a dataset with a peak instantaneous luminosity of 1.3× 10
30

cm
−2

s
−1

, an

integrated luminosity of 203 - 232 nb
−1

depending on the gluino lifetime, and a search interval

corresponding to 115 hours of LHC operation, no significant excess above background was ob-

served. In the absence of a signal, we set a limit at 95% C.L. on gluino pair production over 14

orders of magnitude of gluino lifetime. For a mass difference mg̃ −Mχ̃0

1

> 100 GeV, assuming

BR(g̃ → gχ̃0

1
) = 100%, we are able to exclude lifetimes from 75 ns - 6 µs for mg̃ = 200 GeV/c2

.

This result extends existing limits from the Tevatron which exclude lifetimes between 30 µs

and 100 hours [26]. Furthermore we exclude gluino masses mg̃ < 229 GeV/c2
with a lifetime of

200 ns using a time-profile analysis and mg̃ < 225 GeV/c2
with a lifetime of 2.6 µs in a counting

experiment. This result is consistent with the complementary exclusion provided by our direct

HSCP search [27]. As more luminosity is delivered by the LHC the reach of this analysis will

- Independent on the model of 
  interaction with matter
- 14 orders of magnitude covered

Decays during BX veto (~ 100 ns)
Decays within the orbit (~ 10-4 s) Decays over the full 

fill (~ 104 s)       

Decays after fill 
(we loose sensitivity)

Time Profile analysis
- Take the event time within the orbit
- Assuming a lifetime (<100 μs), 
  compute PDF given the lumi profile
- Bkg flat. Signal peaks at bunch xings
- Fit the data → 95% CL
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Figure 6: The in-orbit position of the 19 observed events is overlaid on top of the decay profile

for a 1 µs lifetime hypothesis and a flat background. The spikes in the signal profile correspond

to the weighted contributions from collisions in the following BX: 1, 101, 201, 301, 401, 601,

1786, 1886, 1986, 2086, 2186, 2386, which are filled with proton bunches in the different 2× 2,

3× 3, 4× 4, 6× 6, and 8× 8 LHC beam structures used in this analysis.
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Figure 4: Expected and observed 95% C.L. limits on gluino pair production cross-section using
the “cloud model” of R-hadron interactions as a function of gluino lifetime from both counting
experiment and the time profile analysis. Errors include statistical plus systematic uncertain-
ties. Observed 95% C.L. limits on the gluino cross-section for alternative R-hadron interaction
models are also presented. The NLO+NLL calculation is from a private communication with
the authors of [12]. The theoretical uncertainty on this calculation (represented by the blue
band) is taken to be 15%. The lifetime range excluded by D0 in [26] is indicated by the red line.
The structure observed between 10−6 s and 10−4 s is due to the number of observed events
incrementing when crossing boundaries between lifetime bins. Also, see Fig. 6.

improve rapidly. In particular, since the only backgrounds to this search are independent of
luminosity, this sensitivity will increase significantly when the LHC peak instantaneous lumi-
nosity increases to 1032 cm−2s−1 expected later this year.
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Commissioning of 
SUSY Searches
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Strategy

Physics Objects (MET, Jets, leptons) commissioned for general 
CMS use (see plenary talk by C. Sander)

SUSY commissioning focused on specific tools for searches
- Bkg discriminating variables (e.g. αT, ΔΦ(MHT, MPT))
- Data-driven strategies for QCD background estimate

Use the first data as a QCD control sample

Huge effort ongoing to understand the SM backgrounds with data. 
- A few highlights in the next slides 
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Hadronic Analyses
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Use low-lumi data to check data-MC agreement
- Check performed in sidebands (far from tails
   of MET distribution). Reasonable agreement
   observed
- When possible, extrapolation performed to the
  tails (e.g. cutting on HT). 
  Agreement preserved, i.e. Monte 
  Carlo predicts correlations
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Test background estimate strategy with W
  - Invert analysis cuts & fit Relative Isolation 
  - Prediction bkg events vs observed

e+Jets+MET Fit Result Observed

RI<0.3 224 +- 13 263

RI<0.3 && MET<20 215 +/- 13 215
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Prompt Muons MET<20 251 +- 18 248

Background MET<20 66 +/- 11 72
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Control sample (loose lepton ID and isolation) → efficiency other 
requirements
Monitor Tight-to-Loose efficiency ratio using different jet samples vs pT
(lepton)
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- No discrepancy observed
- Method in place, more 
  statistics to come
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Future prospects
(three examples)
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Future Prospects
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! Expected limits indicate that we should reach the Tevatron q* limit of 870 GeV 
with 400 nb-1.
! The Tevatron limit of Λ > 2.8 TeV (D0, 1fb-1) is expected to be surpassed with 4 pb-1.
! CMS is now exploring new territory, beyond the Tevatron String Resonance limit.

Expected resonance mass limits 
from dijet spectrum

Expected contact interaction scale 
limits from dijet centrality ratio
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- CMS is already exploring new territory beyond the Tevatron
- Already competitive/better than Tevatron. Further improvements with more data
- The Tevatron limit of Λ > 2.8 TeV (D0, 1fb -1) is expected to be surpassed with 4 pb -1. 
- Hopefully, more than exclusions in the future...

DiJet Analysis
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SUSY Searches
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With 100 pb-1 of 7TeV data (end of the year?)  
CMS will enter an unexplored territory, beyond what Tevatron could test.
Sensitivity depends on SM background understanding
- improvements on data-driven method will reduce the errors and will 
  boost our sensitivity beyond what shown in the plot 
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Conclusions
CMS is happening
 - Detector behaving as expected (good data-MC agreement)
 - First Results on searches presented here

DiJet mass spectrum and centrality analyses
 - First limits on Resonances and contact interactions
 - Improved Tevatron limits on DiJet Resonances with 0.8 pb-1

 - Expect to extend Tevatron limits on Contact Interactions with O(4 pb-1)

Long-Lived Heavy particles
 - Track-only analysis	

 => exclude gluino below 271 GeV
 - Track+muon analysis => exclude gluino below 284 GeV
 - Stopped Particles for 120 ns < τ < 6 μs, exclude gluinos of mass up to 200 GeV
 - Stopped Particles for lifetimes of 2.6 μs, exclude gluinos of mass up to 225 GeV
 - Stopped Particles for lifetimes of 200 ns, exclude gluinos of mass up to 229 GeV

SUSY Commissioning started
- QCD Bkg estimates and data-MC agreement tested on data
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• Search for Dijet Resonances in the Dijet Mass Distribution in pp Collisions at √s = 7 TeV

• Search for New Physics with the Dijet Centrality Ratio

• First Results on the Search for Stopped Gluinos in pp collisions at √s = 7 TeV

• Search for Heavy Stable Charged Particles in pp collisions at √s = 7 TeV

• Performance of Methods for Data-Driven Background Estimation in SUSY Searches
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Jim Brooke (Univ. of Bristol) - ICHEP 2010, Paris

Search Procedure

! Perform a counting experiment in the mass range 
75-1200 GeV/c2 using 198 nb-1 data
! Summing over bins in !, Nhits

! Background for each bin determined from data using an 
“ABCD” method + (data-determined) correction

! Signal efficiency does not depend strongly on 
threshold (see right)
! Optimise thresholds to yield desired background

! Define a tight selection for the search

! And a background enriched selection for cross-
checks
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Figure 7: Expected number of signal candidates, as predicted by MC, versus the expected num-
ber of background candidates from a data-driven prediction in the search region. Left figure is
for the tracker plus muon selection, with the 100 GeV/c2 τ̃1 signal; Right figure is for the tracker
only selection, with the 200 GeV/c2 g̃ signal.

Table 1: Selections used in the analysis. The actual pT and Ias thresholds depend on the sub-
sample as explained in the text and are therefore expressed as a range of values. Top: loose
selection. Bottom: full (tight) selection.

LOOSE �pT pcut
T �I Icut

as
Tracker+Muon 10−1.0 7.7 - 25.9 10−1.5 0.0036 - 0.4521
Tracker only 10−2.0 7.9 - 67.4 10−2.0 0.0037 - 0.5293

TIGHT �pT pcut
T �I Icut

as
Tracker+Muon 10−3.0 7.7 - 125.9 10−3.0 0.0036 - 0.6526
Tracker only 10−4.0 7.9 - 259.0 10−3.5 0.0037- 0.8901

Table 2: Counting experiment results for the loose selection. First two columns: corrected
expected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

LOOSE Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Tracker+Muon 82± 33 77 1007± 200 838
Tracker Only 108± 38 122 184± 250 260

Table 3: Counting experiment results for the tight selection. First two columns: corrected ex-
pected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

TIGHT Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Muon-like 0.153± 0.061 0 0.249± 0.050 0
Tk-only 0.060± 0.021 0 0.060± 0.011 0
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Search Procedure

! Perform a counting experiment in the mass range 
75-1200 GeV/c2 using 198 nb-1 data
! Summing over bins in !, Nhits

! Background for each bin determined from data using an 
“ABCD” method + (data-determined) correction

! Signal efficiency does not depend strongly on 
threshold (see right)
! Optimise thresholds to yield desired background

! Define a tight selection for the search

! And a background enriched selection for cross-
checks
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Figure 7: Expected number of signal candidates, as predicted by MC, versus the expected num-
ber of background candidates from a data-driven prediction in the search region. Left figure is
for the tracker plus muon selection, with the 100 GeV/c2 τ̃1 signal; Right figure is for the tracker
only selection, with the 200 GeV/c2 g̃ signal.

Table 1: Selections used in the analysis. The actual pT and Ias thresholds depend on the sub-
sample as explained in the text and are therefore expressed as a range of values. Top: loose
selection. Bottom: full (tight) selection.

LOOSE �pT pcut
T �I Icut

as
Tracker+Muon 10−1.0 7.7 - 25.9 10−1.5 0.0036 - 0.4521
Tracker only 10−2.0 7.9 - 67.4 10−2.0 0.0037 - 0.5293

TIGHT �pT pcut
T �I Icut

as
Tracker+Muon 10−3.0 7.7 - 125.9 10−3.0 0.0036 - 0.6526
Tracker only 10−4.0 7.9 - 259.0 10−3.5 0.0037- 0.8901

Table 2: Counting experiment results for the loose selection. First two columns: corrected
expected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

LOOSE Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Tracker+Muon 82± 33 77 1007± 200 838
Tracker Only 108± 38 122 184± 250 260

Table 3: Counting experiment results for the tight selection. First two columns: corrected ex-
pected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

TIGHT Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Muon-like 0.153± 0.061 0 0.249± 0.050 0
Tk-only 0.060± 0.021 0 0.060± 0.011 0

number of background tracks (predicted)

-310 -210 -110 1 10

n
u

m
b

e
r 

o
f 

s
ig

n
a

l 
tr

a
c
k
s
 (

e
x
p

e
c
te

d
 f

ro
m

 M
C

)

0.02

0.04

0.06

0.08

0.1

0.12

0.14 Tracker + Muon

 1001!
"

-1 = 7TeV   198 nb sCMS Preliminary 2010   

number of background tracks (predicted)

-310 -210 -110 1 10

n
u

m
b

e
r 

o
f 

s
ig

n
a

l 
tr

a
c
k
s
 (

e
x
p

e
c
te

d
 f

ro
m

 M
C

)

10

15

20

25

30

Tracker - Only

 200g~

-1 = 7TeV   198 nb sCMS Preliminary 2010   

track+muon

track-only

Jim Brooke (Univ. of Bristol) - ICHEP 2010, Paris

Search Procedure

! Perform a counting experiment in the mass range 
75-1200 GeV/c2 using 198 nb-1 data
! Summing over bins in !, Nhits

! Background for each bin determined from data using an 
“ABCD” method + (data-determined) correction

! Signal efficiency does not depend strongly on 
threshold (see right)
! Optimise thresholds to yield desired background

! Define a tight selection for the search

! And a background enriched selection for cross-
checks
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Figure 7: Expected number of signal candidates, as predicted by MC, versus the expected num-
ber of background candidates from a data-driven prediction in the search region. Left figure is
for the tracker plus muon selection, with the 100 GeV/c2 τ̃1 signal; Right figure is for the tracker
only selection, with the 200 GeV/c2 g̃ signal.

Table 1: Selections used in the analysis. The actual pT and Ias thresholds depend on the sub-
sample as explained in the text and are therefore expressed as a range of values. Top: loose
selection. Bottom: full (tight) selection.

LOOSE �pT pcut
T �I Icut

as
Tracker+Muon 10−1.0 7.7 - 25.9 10−1.5 0.0036 - 0.4521
Tracker only 10−2.0 7.9 - 67.4 10−2.0 0.0037 - 0.5293

TIGHT �pT pcut
T �I Icut

as
Tracker+Muon 10−3.0 7.7 - 125.9 10−3.0 0.0036 - 0.6526
Tracker only 10−4.0 7.9 - 259.0 10−3.5 0.0037- 0.8901

Table 2: Counting experiment results for the loose selection. First two columns: corrected
expected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

LOOSE Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Tracker+Muon 82± 33 77 1007± 200 838
Tracker Only 108± 38 122 184± 250 260

Table 3: Counting experiment results for the tight selection. First two columns: corrected ex-
pected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

TIGHT Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Muon-like 0.153± 0.061 0 0.249± 0.050 0
Tk-only 0.060± 0.021 0 0.060± 0.011 0
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Background-Enriched Selection

! Good agreement between expected background and observation

! Both in event counts :

! And in mass distribution :
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Figure 7: Expected number of signal candidates, as predicted by MC, versus the expected num-
ber of background candidates from a data-driven prediction in the search region. Left figure is
for the tracker plus muon selection, with the 100 GeV/c2 τ̃1 signal; Right figure is for the tracker
only selection, with the 200 GeV/c2 g̃ signal.

Table 1: Selections used in the analysis. The actual pT and Ias thresholds depend on the sub-
sample as explained in the text and are therefore expressed as a range of values. Top: loose
selection. Bottom: full (tight) selection.

LOOSE �pT pcut
T �I Icut

as
Tracker+Muon 10−1.0 7.7 - 25.9 10−1.5 0.0036 - 0.4521
Tracker only 10−2.0 7.9 - 67.4 10−2.0 0.0037 - 0.5293

TIGHT �pT pcut
T �I Icut
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Tracker+Muon 10−3.0 7.7 - 125.9 10−3.0 0.0036 - 0.6526
Tracker only 10−4.0 7.9 - 259.0 10−3.5 0.0037- 0.8901

Table 2: Counting experiment results for the loose selection. First two columns: corrected
expected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

LOOSE Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Tracker+Muon 82± 33 77 1007± 200 838
Tracker Only 108± 38 122 184± 250 260

Table 3: Counting experiment results for the tight selection. First two columns: corrected ex-
pected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

TIGHT Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Muon-like 0.153± 0.061 0 0.249± 0.050 0
Tk-only 0.060± 0.021 0 0.060± 0.011 0
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Background-Enriched Selection

! Good agreement between expected background and observation

! Both in event counts :

! And in mass distribution :
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Figure 7: Expected number of signal candidates, as predicted by MC, versus the expected num-
ber of background candidates from a data-driven prediction in the search region. Left figure is
for the tracker plus muon selection, with the 100 GeV/c2 τ̃1 signal; Right figure is for the tracker
only selection, with the 200 GeV/c2 g̃ signal.

Table 1: Selections used in the analysis. The actual pT and Ias thresholds depend on the sub-
sample as explained in the text and are therefore expressed as a range of values. Top: loose
selection. Bottom: full (tight) selection.

LOOSE �pT pcut
T �I Icut

as
Tracker+Muon 10−1.0 7.7 - 25.9 10−1.5 0.0036 - 0.4521
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Table 2: Counting experiment results for the loose selection. First two columns: corrected
expected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

LOOSE Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Tracker+Muon 82± 33 77 1007± 200 838
Tracker Only 108± 38 122 184± 250 260

Table 3: Counting experiment results for the tight selection. First two columns: corrected ex-
pected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

TIGHT Exp. Obs. Exp. in full spectrum Obs. in full spectrum
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Background-Enriched Selection

! Good agreement between expected background and observation

! Both in event counts :

! And in mass distribution :
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Figure 7: Expected number of signal candidates, as predicted by MC, versus the expected num-
ber of background candidates from a data-driven prediction in the search region. Left figure is
for the tracker plus muon selection, with the 100 GeV/c2 τ̃1 signal; Right figure is for the tracker
only selection, with the 200 GeV/c2 g̃ signal.

Table 1: Selections used in the analysis. The actual pT and Ias thresholds depend on the sub-
sample as explained in the text and are therefore expressed as a range of values. Top: loose
selection. Bottom: full (tight) selection.

LOOSE �pT pcut
T �I Icut
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Tracker+Muon 10−1.0 7.7 - 25.9 10−1.5 0.0036 - 0.4521
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Table 2: Counting experiment results for the loose selection. First two columns: corrected
expected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

LOOSE Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Tracker+Muon 82± 33 77 1007± 200 838
Tracker Only 108± 38 122 184± 250 260

Table 3: Counting experiment results for the tight selection. First two columns: corrected ex-
pected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.
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Muon-like 0.153± 0.061 0 0.249± 0.050 0
Tk-only 0.060± 0.021 0 0.060± 0.011 0
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Search Procedure

! Perform a counting experiment in the mass range 
75-1200 GeV/c2 using 198 nb-1 data
! Summing over bins in !, Nhits

! Background for each bin determined from data using an 
“ABCD” method + (data-determined) correction

! Signal efficiency does not depend strongly on 
threshold (see right)
! Optimise thresholds to yield desired background

! Define a tight selection for the search

! And a background enriched selection for cross-
checks
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Figure 7: Expected number of signal candidates, as predicted by MC, versus the expected num-
ber of background candidates from a data-driven prediction in the search region. Left figure is
for the tracker plus muon selection, with the 100 GeV/c2 τ̃1 signal; Right figure is for the tracker
only selection, with the 200 GeV/c2 g̃ signal.

Table 1: Selections used in the analysis. The actual pT and Ias thresholds depend on the sub-
sample as explained in the text and are therefore expressed as a range of values. Top: loose
selection. Bottom: full (tight) selection.

LOOSE �pT pcut
T �I Icut

as
Tracker+Muon 10−1.0 7.7 - 25.9 10−1.5 0.0036 - 0.4521
Tracker only 10−2.0 7.9 - 67.4 10−2.0 0.0037 - 0.5293

TIGHT �pT pcut
T �I Icut

as
Tracker+Muon 10−3.0 7.7 - 125.9 10−3.0 0.0036 - 0.6526
Tracker only 10−4.0 7.9 - 259.0 10−3.5 0.0037- 0.8901

Table 2: Counting experiment results for the loose selection. First two columns: corrected
expected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

LOOSE Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Tracker+Muon 82± 33 77 1007± 200 838
Tracker Only 108± 38 122 184± 250 260

Table 3: Counting experiment results for the tight selection. First two columns: corrected ex-
pected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

TIGHT Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Muon-like 0.153± 0.061 0 0.249± 0.050 0
Tk-only 0.060± 0.021 0 0.060± 0.011 0
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Background-Enriched Selection

! Good agreement between expected background and observation

! Both in event counts :

! And in mass distribution :
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Figure 7: Expected number of signal candidates, as predicted by MC, versus the expected num-
ber of background candidates from a data-driven prediction in the search region. Left figure is
for the tracker plus muon selection, with the 100 GeV/c2 τ̃1 signal; Right figure is for the tracker
only selection, with the 200 GeV/c2 g̃ signal.

Table 1: Selections used in the analysis. The actual pT and Ias thresholds depend on the sub-
sample as explained in the text and are therefore expressed as a range of values. Top: loose
selection. Bottom: full (tight) selection.

LOOSE �pT pcut
T �I Icut

as
Tracker+Muon 10−1.0 7.7 - 25.9 10−1.5 0.0036 - 0.4521
Tracker only 10−2.0 7.9 - 67.4 10−2.0 0.0037 - 0.5293

TIGHT �pT pcut
T �I Icut

as
Tracker+Muon 10−3.0 7.7 - 125.9 10−3.0 0.0036 - 0.6526
Tracker only 10−4.0 7.9 - 259.0 10−3.5 0.0037- 0.8901

Table 2: Counting experiment results for the loose selection. First two columns: corrected
expected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

LOOSE Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Tracker+Muon 82± 33 77 1007± 200 838
Tracker Only 108± 38 122 184± 250 260

Table 3: Counting experiment results for the tight selection. First two columns: corrected ex-
pected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

TIGHT Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Muon-like 0.153± 0.061 0 0.249± 0.050 0
Tk-only 0.060± 0.021 0 0.060± 0.011 0
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Background-Enriched Selection

! Good agreement between expected background and observation

! Both in event counts :

! And in mass distribution :
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Figure 7: Expected number of signal candidates, as predicted by MC, versus the expected num-
ber of background candidates from a data-driven prediction in the search region. Left figure is
for the tracker plus muon selection, with the 100 GeV/c2 τ̃1 signal; Right figure is for the tracker
only selection, with the 200 GeV/c2 g̃ signal.

Table 1: Selections used in the analysis. The actual pT and Ias thresholds depend on the sub-
sample as explained in the text and are therefore expressed as a range of values. Top: loose
selection. Bottom: full (tight) selection.

LOOSE �pT pcut
T �I Icut

as
Tracker+Muon 10−1.0 7.7 - 25.9 10−1.5 0.0036 - 0.4521
Tracker only 10−2.0 7.9 - 67.4 10−2.0 0.0037 - 0.5293

TIGHT �pT pcut
T �I Icut

as
Tracker+Muon 10−3.0 7.7 - 125.9 10−3.0 0.0036 - 0.6526
Tracker only 10−4.0 7.9 - 259.0 10−3.5 0.0037- 0.8901

Table 2: Counting experiment results for the loose selection. First two columns: corrected
expected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

LOOSE Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Tracker+Muon 82± 33 77 1007± 200 838
Tracker Only 108± 38 122 184± 250 260

Table 3: Counting experiment results for the tight selection. First two columns: corrected ex-
pected and observed number of events in the search region of the mass spectrum. Last two
columns: corrected expected and observed number of events in the full mass spectrum.

TIGHT Exp. Obs. Exp. in full spectrum Obs. in full spectrum
Muon-like 0.153± 0.061 0 0.249± 0.050 0
Tk-only 0.060± 0.021 0 0.060± 0.011 0
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Background Determination

! Background for each (Nhits, !) bin is determined using an “ABCD” method

! Background in signal region, D = BC/A

! This relies on non-correlation of pt and dE/dx measurements

! Shown above, Ias distribution for two pt ranges

! This method is extended to also predict the expected background mass spectrum 

! Cross-check the background determination by comparing observed with 
expected background counts for a control region (mass < 75 GeV/c2)

! Find that a correction is required, average factor 1.32 (tk+muon), 1.36 (tk only)

! Also use this to determine the systematic uncertainty on the background
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! Background for each (Nhits, !) bin is determined using an “ABCD” method

! Background in signal region, D = BC/A

! This relies on non-correlation of pt and dE/dx measurements

! Shown above, Ias distribution for two pt ranges

! This method is extended to also predict the expected background mass spectrum 

! Cross-check the background determination by comparing observed with 
expected background counts for a control region (mass < 75 GeV/c2)

! Find that a correction is required, average factor 1.32 (tk+muon), 1.36 (tk only)

! Also use this to determine the systematic uncertainty on the background
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Background Determination

! Background for each (Nhits, !) bin is determined using an “ABCD” method

! Background in signal region, D = BC/A

! This relies on non-correlation of pt and dE/dx measurements

! Shown above, Ias distribution for two pt ranges

! This method is extended to also predict the expected background mass spectrum 

! Cross-check the background determination by comparing observed with 
expected background counts for a control region (mass < 75 GeV/c2)

! Find that a correction is required, average factor 1.32 (tk+muon), 1.36 (tk only)

! Also use this to determine the systematic uncertainty on the background
21

A

B

C

D

pt

I a
s

pt threshold

I a
s 
th

re
sh

o
ld

dE/dx discriminator
0 0.2 0.4 0.6 0.8 1

a
rb

it
ra

ry
 u

n
it
s

-6
10

-5
10

-410

-3
10

-210

-110

Tracker - Only

<20 GeV
T

7.5<p

>20 GeV
T

p

-1 = 7TeV   198 nb sCMS Preliminary 2010   

dE/dx discriminator
0 0.2 0.4 0.6 0.8 1

a
rb

it
ra

ry
 u

n
it
s

-5
10

-410

-3
10

-210

-110

Tracker + Muon

<20 GeV
T

7.5<p

>20 GeV
T

p

-1 = 7TeV   198 nb sCMS Preliminary 2010   

29

Wednesday, August 25, 2010



Stopping Particles Simulation

Jim Brooke (Univ. of Bristol) - ICHEP 2010, Paris
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Figure 1: R-hadron stopping points for mg̃ = 200 GeV, and
√

s = 7 TeV.

These fully simulated stopped gluino events are passed on to trigger emulation, then to default

reconstruction, and are finally analysed as normal Monte Carlo data. With Phase 2 of the sim-

ulation we are thus able to estimate trigger and reconstruction efficiencies for any set of online

and offline cuts.

Phase 3 of our simulation uses a toy Monte Carlo to determine how often a stopped-gluino de-

cay will occur during a beam gap. It takes as input the stopping efficiency determined in Phase

1 and the combined trigger times reconstruction efficiency obtained in Phase 2. These efficien-

cies are multiplied together and then multiplied by the production cross-section, to determine

the total number of detectable decays per unit integrated luminosity. The record of luminos-

ity delivered by the LHC is taken from the CMS luminosity monitoring system [22]. For each

luminosity section (a 23 s period defined by the trigger system) we multiply the luminosity in

that section by the rate of detectable decays, to obtain a number of detectable decays produced

within that section.

Next, the simulation determines when these decays take place. Each decaying particle is as-

signed a time of production that is spread equally amongst collision bunch-crossings and orbits

within the luminosity section. A random lifetime is then drawn from an exponential distribu-

tion with time constant equal to the proper lifetime of the gluino, τg̃ . These two amounts of

time are added to the time of the bunch-crossing within the orbit to determine the time at which

4 3 Event Selection
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Figure 2: Probability, ε
g̃
stop, for a produced R-hadron to stop anywhere inside the CMS detector

for different gluino masses, and
√

s = 7 TeV. The solid line shows the stopping efficiency for

both electromagnetic and nuclear interactions, the dashed line shows that for electromagnetic

interactions only, and the dotted line shows that for “neutral R-baryon” models in which only

R-Mesons stop. For the purposes of this comparison, charge exchange reactions are considered

NI.

the decay takes place.

The simulation performs similar steps to estimate the expected background. For this we use

the rate of instrumental noise and cosmic-ray events, as measured during early 2010 collision

data, described in Section 3. The background rate is multiplied by the trigger live-time and

the resultant events are randomly assigned bunch-crossings and orbit numbers in either the

collision or beam-gap periods.

Finally, the simulation determines whether each event takes place at a sensitive time and is

“observable” or not. The number of observable events is recorded, and a counting experiment

is performed, the results of which are presented in Section 5.

3 Event Selection
We run a dedicated trigger to search for decays of particles at times when there are no colli-

sions. Information from the beam position and timing (BPTX) monitors are used to flag beam

gaps. The BPTX monitors are positioned 175 m around the LHC ring either side of the CMS

interaction region, and produce a signal when an LHC bunch passes the monitor. The coinci-

dence of signals from both BPTX indicates bunches passing in both directions, and hence the

possibility for a pp collision. For the stopped gluino search, we require a jet trigger together

with the condition that a BPTX coincidence did not occur, ensuring that the trigger will not fire

on jets produced from pp collisions. For the jet condition, we require a 10 GeV ET threshold

at the hardware trigger level (L1), and a 20 GeV energy threshold at the software trigger level

Simulation

! Solve the problem of simulating long 
lifetimes by factorising into 3 phases :
1. R-hadron production, interaction with detector, 

and map stopping points

2. Decay stopped R-hadron and simulate interaction 
of decay products with detector

3. Simulate time of production (based on delivered 
luminosity profile), time of decay and calculate 
“time acceptance”

10

~20% probability for an 
R-hadron to stop 

somewhere in CMS

We search in CMS HCAL
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Figure 1: R-hadron stopping points for mg̃ = 200 GeV, and
√

s = 7 TeV.

These fully simulated stopped gluino events are passed on to trigger emulation, then to default

reconstruction, and are finally analysed as normal Monte Carlo data. With Phase 2 of the sim-

ulation we are thus able to estimate trigger and reconstruction efficiencies for any set of online

and offline cuts.

Phase 3 of our simulation uses a toy Monte Carlo to determine how often a stopped-gluino de-

cay will occur during a beam gap. It takes as input the stopping efficiency determined in Phase

1 and the combined trigger times reconstruction efficiency obtained in Phase 2. These efficien-

cies are multiplied together and then multiplied by the production cross-section, to determine

the total number of detectable decays per unit integrated luminosity. The record of luminos-

ity delivered by the LHC is taken from the CMS luminosity monitoring system [22]. For each

luminosity section (a 23 s period defined by the trigger system) we multiply the luminosity in

that section by the rate of detectable decays, to obtain a number of detectable decays produced

within that section.

Next, the simulation determines when these decays take place. Each decaying particle is as-

signed a time of production that is spread equally amongst collision bunch-crossings and orbits

within the luminosity section. A random lifetime is then drawn from an exponential distribu-

tion with time constant equal to the proper lifetime of the gluino, τg̃ . These two amounts of

time are added to the time of the bunch-crossing within the orbit to determine the time at which

4 3 Event Selection

]2 [GeV/cg~m
200 300 400 500

g~ st
op

!

0

0.05

0.1

0.15

0.2

0.25

0.3 Full Cloud model

EM interactions only

Neutral R-Baryon model

CMS Preliminary

 = 7 TeVs

Figure 2: Probability, ε
g̃
stop, for a produced R-hadron to stop anywhere inside the CMS detector

for different gluino masses, and
√

s = 7 TeV. The solid line shows the stopping efficiency for

both electromagnetic and nuclear interactions, the dashed line shows that for electromagnetic

interactions only, and the dotted line shows that for “neutral R-baryon” models in which only

R-Mesons stop. For the purposes of this comparison, charge exchange reactions are considered

NI.

the decay takes place.

The simulation performs similar steps to estimate the expected background. For this we use

the rate of instrumental noise and cosmic-ray events, as measured during early 2010 collision

data, described in Section 3. The background rate is multiplied by the trigger live-time and

the resultant events are randomly assigned bunch-crossings and orbit numbers in either the

collision or beam-gap periods.

Finally, the simulation determines whether each event takes place at a sensitive time and is

“observable” or not. The number of observable events is recorded, and a counting experiment

is performed, the results of which are presented in Section 5.

3 Event Selection
We run a dedicated trigger to search for decays of particles at times when there are no colli-

sions. Information from the beam position and timing (BPTX) monitors are used to flag beam

gaps. The BPTX monitors are positioned 175 m around the LHC ring either side of the CMS

interaction region, and produce a signal when an LHC bunch passes the monitor. The coinci-

dence of signals from both BPTX indicates bunches passing in both directions, and hence the

possibility for a pp collision. For the stopped gluino search, we require a jet trigger together

with the condition that a BPTX coincidence did not occur, ensuring that the trigger will not fire

on jets produced from pp collisions. For the jet condition, we require a 10 GeV ET threshold

at the hardware trigger level (L1), and a 20 GeV energy threshold at the software trigger level

- 20% of particles stop somewhere 
  in CMS
- Search performed in HCAL 
  (highest probability)
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