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Outline
Search Int. Luminosity Documentation

Slow HSCP 4.7/fb EXO-11-022
(1.1/fb, 4.7 /fb coming soon)

Stopped HSCP 0.9/fb EXO-11-020

Displaced Leptons 1.1/fb EXO-11-004

Displaced Photons
(using conversions) 2.1/fb EXO-11-067

2nd Generation
Leptoquarks (μμjj,μνjj) 2.0/fb EXO-11-028

3rd Generation 
Leptoquarks (bbνν) 1.8/fb EXO-11-030

Updates in progress!
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Introduction : Long-lived Particles
• Many models of new physics predict long-lived massive particles 

including SUSY, Extra dimensions, Hidden valley.
• Experimentally challenging.
• Detection strategies depend on charge and βγcτ:

Charge βγcτ Example Detection Strategy

Charged ~cm - detector 
scale Gluino,

stop

Stopped HSCP: Isolated, out-
of-time energy in calorimeter.

Charged > detector 
scale

Gluino,
stop Slow HSCP: Ionization (dE/dx) 

and time-of-flight.

Neutral ~cm - detector 
scale

H➞XX➞4l,
GMSB NLSP
neutralino

Displaced photons,
Displaced leptons

Neutral > detector 
scale SUSY LSP Large MET
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Slow HSCP
Triggers: 
• Single μ, MET (for charge suppression models) 
• 75% (10%) efficiency for staus with β = 0.6 

(0.45)

Two selection strategies: 
• Tracker-only : large dE/dx + large pT 
• Tracker+TOF:  Tracker-only + μ-like + long 

time-of-flight (β-1 from μ system)
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*Defined in backup slides.

Data-driven background estimation: 
From uncorrelated sidebands in β-1 , dE/dx 
MIP-compatibility (Ias*), and pT (w/ correction 
for η-dependence of dE/dx).
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Slow HSCP
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HSCPHSCP

Model Considered:
• pair produced gluino/stop (R-hadrons)

• pair produced stau (lepton-like)

• stau from GMSB SPS7 cascade decay

• pair produced hyper-k (through DY + hyper-rho resonance)

Lepton-like HSCPs behave like (heavy) muons with large ionization
energy loss

R-Hadron, also has hadronic interactions
- Cloud model: most R-hadrons end up charged after several interactions.

Eur. Phys. J. C50 (2007) 353

- Charge suppression interaction scenario: all R-baryons become neutral
after a hadronic interaction
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• pair produced hyper-k (through DY + hyper-rho resonance)

Lepton-like HSCPs behave like (heavy) muons with large ionization
energy loss

R-Hadron, also has hadronic interactions
- Cloud model: most R-hadrons end up charged after several interactions.
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- Charge suppression interaction scenario: all R-baryons become neutral
after a hadronic interaction
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Kinematic 
threshold for 
resonant 
production.
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Tk - Only
gg~gluino; 50% 
gg~gluino; 10% 
g; ch. suppr.g~gluino; 10% 

stop
stop; ch. suppr.
Pair Prod. stau
GMSB stau

Theoretical Prediction

gluino (NLO+NLL)

stop   (NLO+NLL)

Pair Prod. stau   (NLO)

GMSB stau   (NLO)

95% CLS mass limits for
• R-hadrons: gluino, stop 
‣ Two interaction models: cloud and 

conservative charge suppression
‣ R-gluonball fractions: 0.1, 0.5

• Lepton-like:
‣ stau (direct pair production, GMSB)
‣ Hyper-kaon (DY+range of Mhyper-ρ)
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Stopped HSCP
Trigger: 50 GeV single jet trigger with BPTX veto in triggered bunch crossing 
(BX) ±1 BX.  168 hours live time.
Background rate: 
• 1.7±0.7e-5 Hz from beam-related, cosmic rays, and detector noise.  
• Signal efficiency ~13%.  
• Noise and cosmic rates from 2010 data (36 pb-1).
Methods: Counting experiment and timing profile analysis (for τ<0.7ms).
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8 6 Search Results

with observed events overlaid. For lifetimes much longer than the length of the gaps between
bunch crossings, the signal PDF becomes flat and background-like, and the sensitivity of the
method naturally degrades. We perform the analysis for lifetimes up to 0.7 ms, which is suffi-
ciently long that this degradation can be observed.

Table 4: Results of counting experiments for selected τ, including the effective integrated lumi-
nosity, Le f f , calculated with toy MC.

Lifetime Le f f (pb
−1) Expected Bg Observed

75 ns 4.3 0.11 ± 0.05 0
100 ns 12.5 0.35 ± 0.14 0
1 µs 139 3.3 ± 1.3 4
10 µs 352 10.1 ± 4.1 9

30 µs - 103 s 360 10.4 ± 4.2 10
104 s 268 10.4 ± 4.2 10
105 s 65 10.4 ± 4.2 10
106 s 7.5 10.4 ± 4.2 10
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Figure 2: 95% C.L. limits on HSCP pair production cross-section times the probability of either
HSCP to stop, as a function of HSCP lifetime.

Including the stopping probability obtained from simulation (Section 3), we then place limits
on the particle production cross-section. Figures 4 and 5 show the observed 95% C.L. limits on
gluino and stop pair production cross-sections, for different models of R-hadron interactions,
as a function of particle lifetime assuming 100% branching ratio, and fixed visible energy of
mHSCP − Mχ̃0

1
> 100 GeV/c

2. The stopping probability used to construct these limits assume
mg̃ = 500 GeV/c

2 and mt̃ = 300 GeV/c
2; the variation of the limit with HSCP mass may be

inferred from Figures 6 and 7.
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Stopped HSCP
• 95% CL mass exclusion limits assuming 10-6<τ<103 s:
‣ mgluino<601 GeV
‣ mstop<337 GeV

• 95% CL limits on cross section x BR x stopping efficiency are 
independent of interaction model.

7

8 6 Search Results
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Including the stopping probability obtained from simulation (Section 3), we then place limits
on the particle production cross-section. Figures 4 and 5 show the observed 95% C.L. limits on
gluino and stop pair production cross-sections, for different models of R-hadron interactions,
as a function of particle lifetime assuming 100% branching ratio, and fixed visible energy of
mHSCP − Mχ̃0
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Displaced Lepton Pair
New physics model: 
• gg ➞ H0 ➞ 2X, X➞l+l-
• X is long-lived, spin 0
• Consider 200<MH<1000 GeV and 

20<MX<500 GeV.
• Assume ee/μμ are each 50% of l+l- width.

8
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Displaced LeptonDisplaced Lepton  PairPair
Model considered:

gg → H0→2X, X→l+l-   X being long-lived spin 0
particle.
– Different Higgs (200-1000 GeV) and X boson (20-500

GeV) masses, with X boson lifetimes c!=1.5-40 cm

– Br(X → ee/µµ) is set to 50% each
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* for muon (electron)

Selection: 
• track and event quality,
• isolated tracks,
• transverse decay length 

significance > 8 (5)*,
• no back-to-back tracks,
• dilepton p collinear with 

primary and displaced 
vertices, 

• signal efficiency = 20-30% 
(10-20%)*

→
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5

nificance itself.

Figures 3 shows the reconstructed dilepton mass for dielectron and dimuon candidates after
all selection cuts. In the dielectron channel, the background is dominated by Z bosons, which
survive the cut on the decay length significance, as a result of bremsstrahlung giving non-
Gaussian tails to the resolution function. In the dimuon channel, the simulated background is
dominated by a single QCD event which has a large weighting.

By inverting the cut on the transverse decay length, one can obtain a control sample which
is dominated by promptly produced dileptons. The dilepton mass spectrum obtained with
this inverted cut is shown in Fig. 4. Good agreement is seen in both shape and normalisation
between data and Monte Carlo simulation.
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Figure 2: The transverse decay length significance of the candidates for the dielectron (left) and
dimuon (right) channels. It is required to be more than 8 for dielectron candidates and more
than 5 for dimuon candidates.

5 Systematic Uncertainties and Corrections
5.1 Luminosity

For the running period corresponding to this analysis, CMS estimates the relative uncertainty
on the luminosity to be 4.5% [15].

5.2 Effect of Pile-Up

The number of reconstructed primary vertices in data and simulation gives rise to a relative
systematic uncertainty in the signal selection efficiency of less than 2% for all mass points.

5.3 PDF, Renormalisation and Factorisation Scale Uncertainties

All simulated samples were generated using the CTEQ6L1 [16] PDF set. Systematic uncertain-
ties on the acceptances due to uncertainties in this PDF set are evaluated using the procedure
[17], which uses the uncertainty eigenvector sets of MSTW2008nlo [18] and CTEQ66 [19]. For
all mass points, the relative uncertainty in the efficiency to select a X → �+�− arising from this
source is less than 1%.

6 5 Systematic Uncertainties and Corrections
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Figure 3: The reconstructed dilepton mass in the dielectron (left) and dimuon (right) channels
after all selection cuts have been applied. The dielectron channel shows residual Z background
in the selection, whereas in the dimuon channel, the predicted background is dominated by a
single QCD event with a large weighting.
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Figure 4: The invariant mass distribution of dielectron (left) and dimuon (right) candidates af-
ter applying all selection cuts except the ones on transverse impact parameter and on vertex
flight direction, and with the decay length significance cut inverted. This predominantly selects
prompt background such as Z bosons. The agreement of both shape and normalisation be-
tween data and Monte Carlo simulation demonstrates a good understanding of the Standard
Model backgrounds.

Displaced Lepton Pair
• Background estimate from fit to MC.
• LXY ≈ 4cm for backgrounds.
• 95% CLS cross section limits vs. cτ
‣ Typically 3-30 fb for cτ ≈ 1 meter.

9

Assume 
BR(X ➞ll)=1%

Signal Region
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Displaced Photons
New physics model: 
• GMSB SPS8:
• 2 < neutralino cτ < 25cm
• high pT jets, MET, displaced 

diphotons

10

Conversion Reconstruction: 
• Determine photon impact parameter (dXY) 

from γ ➞ ee conversions in tracker.
‣ Complementary to analysis of timing/

shape of showers in EM calorimeter 
(for signals with cτ~1m).

• Reco efficiency of 6-7%.
• Z ➞ μμγ studies:
‣ ~20% uncertainty on efficiency
‣ Negligible uncertainty on dXY resolution.

1

New heavy particles with long lifetimes are predicted in many models of physics beyond the

Standard Model (SM), like Hidden Valley [1] or supersymmetry (SUSY) with gauge-mediated

breaking [2–7]. Such particles may be neutral and decay into photons and invisible particles.

Their lifetime is essentially a free parameter of the model. For sufficiently high decay lengths

O(1 m), measurement of shower direction [8] or time-of-flight [9] with the electro-magnetic

calorimeter can be used to identify such decays.

In this note, we devise a new method which is sensitive to much shorter lifetimes for decay

lengths of O(1 cm). Capitalizing on the large amount of material in the CMS tracker, we use

photons that undergo conversion into e+e− pairs. The tracks of the electrons can be precisely

reconstructed and used to calculate the photon trajectory and, in particular, the impact param-

eter of the photon with respect to the interaction point.

We search for a signature of a photon with significant impact parameter in association with

missing transverse energy. As a signal benchmark, we use the classic gauge-mediated SUSY

model SPS8 [10, 11]. Figure 1 shows a typical production diagram. Assuming R parity is

conserved, SUSY particles are produced in pairs and decay into SM particles and the lightest

neutralino (χ̃0

1
). The neutralino decays into a photon and a gravitino, the lightest SUSY particle

in this model, which escapes the detector, leading to apparent missing energy Emiss
T . Moreover,

in all relevant models, the χ̃0

1
is produced in association with high pT jets. We consider neu-

tralino decay lengths between cτ = 2 cm and cτ = 25 cm, corresponding to the lifetime in the

range of O(0.1 ns) to O(1 ns).

Figure 1: Feynman diagram of χ̃0

1
pair production and χ̃0

1
→ γ + G̃ decay.

The data sample was collected in 2011 by the CMS detector at the LHC for pp collisions at

a center-of-mass-energy of 7 TeV, corresponding to an integrated luminosity of 2.1 fb
−1

. The

analysis strategy is to select events with a diphoton final state, and then to examine the impact

parameter of each single photon for the displaced photon signal. Missing transverse energy

(Emiss
T ) and the presence of jets are also required. The background is estimated using a low

Emiss
T control sample. Upper limits on the cross section for pair-production of χ̃0

1
s, each of

which decays into a photon and invisible particles, are set as the function of the χ̃0

1
lifetime.

A detailed description of the CMS detector can be found elsewhere [12]. The detector’s central

feature is a superconducting solenoid providing a 3.8 T axial magnetic field along the beam

direction. Charged particle trajectories are measured by a silicon pixel and strip tracker system,

covering 0 ≤ φ ≤ 2π in azimuth and |η| < 2.5, where the pseudo-rapidity is defined as

η = − ln tan θ/2, and θ is the polar angle with respect to the counterclockwise beam direction.

A lead-tungstate crystal electromagnetic calorimeter (ECAL) and a brass/scintillator hadron

calorimeter (HCAL) surround the tracker volume. For the barrel calorimeter (|η| < 1.479), the

modules are arranged in projective towers. Muons are measured in gas detectors embedded

χ̃0
1 → γG̃

3

reconstruction of charged-particle momenta in the high occupancy environment of LHC col-

lisions. Achieving this goal inevitably led to a substantial amount of tracker material. As a

result, a large fraction of photons convert into e+e− pairs, called “photon conversions”, while

traversing the tracker. Conversions can be used to obtain the photon direction. By extrapola-

tion along the momentum direction from the conversion vertex back to the beam line, we can

calculate the impact parameter of the displaced photons (Fig. 2). If the χ̃0

1
has a non-zero life-

time, the decay photons can originate in the tracker volume rather than at the primary vertex

and will point away. Quantitively these photons can have non-zero impact parameters (IP),

which can be the signature for the long-lived χ̃0

1
signal.

(a) (b)

Figure 2: (a) The decay χ̃0

1
→ γ + G̃ as seen in the CMS tracker; (b) diagram of the photon

conversion into an e+e− pair, showing the reconstruction of the impact parameter.

The transverse impact parameter dXY is the distance of closest approach of the photon trajectory

to the beam line in the transverse plane. The longitudinal impact parameter dZ is the distance

from the chosen primary vertex to the Z position where dXY is calculated (Equation 1). The

photon trajectory is defined as a straight line from the conversion vertex along the conversion

momentum.

dXY = −LX · sin φ + LY · cos φ

dZ = LZ − LX · pX + LY · pY
pT

· pZ

pT

(1)

Equation 1 shows dXY and dZ in terms of the vector between the conversion vertex and the

primary vertex (L), and the polar angle φ of the conversion momentum vector p in azimuth.

The momentum p is calculated by the vector summation of the e+e− pair momenta at the con-

version vertex.

Because the conversion vertex has zero invariant mass, the e+e− tracks should be parallel in

momentum so that the kinematic constraint of θ and φ of the track momenta can be applied to

select conversion tracks, and the conversion vertex can be fitted using the kinematic constraint.

Three reconstruction algorithms are used: the “tracker-only” [17, 18], the “ECAL-seeded” [19],

and the “Gaussian Sum Filter” (GSF) electron [20]. The tracker-only algorithm selects con-

version track pairs from all reconstructed tracks, with the kinematic constraint, and fits the

conversion vertex; the ECAL-seeded algorithm takes the energy deposit of conversion tracks

Primary Vertex

~10cm
χ̃0

1

G̃
γ

e+
e−
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Displaced Photons
New physics model: 
• GMSB SPS8:
• 2 < neutralino cτ < 25cm
• high pT jets, MET, displaced 

diphotons

11

Conversion Reconstruction: 
• Determine photon impact parameter (dXY) 

from γ ➞ ee conversions in tracker.
‣ Complementary to analysis of timing/

shape of showers in EM calorimeter 
(for signals with cτ~1m).

• Reco efficiency of 6-7%.
• Z ➞ μμγ studies:
‣ ~20% uncertainty on efficiency
‣ Negligible uncertainty on dXY resolution.
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New heavy particles with long lifetimes are predicted in many models of physics beyond the

Standard Model (SM), like Hidden Valley [1] or supersymmetry (SUSY) with gauge-mediated

breaking [2–7]. Such particles may be neutral and decay into photons and invisible particles.

Their lifetime is essentially a free parameter of the model. For sufficiently high decay lengths

O(1 m), measurement of shower direction [8] or time-of-flight [9] with the electro-magnetic

calorimeter can be used to identify such decays.

In this note, we devise a new method which is sensitive to much shorter lifetimes for decay

lengths of O(1 cm). Capitalizing on the large amount of material in the CMS tracker, we use

photons that undergo conversion into e+e− pairs. The tracks of the electrons can be precisely

reconstructed and used to calculate the photon trajectory and, in particular, the impact param-

eter of the photon with respect to the interaction point.

We search for a signature of a photon with significant impact parameter in association with

missing transverse energy. As a signal benchmark, we use the classic gauge-mediated SUSY

model SPS8 [10, 11]. Figure 1 shows a typical production diagram. Assuming R parity is

conserved, SUSY particles are produced in pairs and decay into SM particles and the lightest

neutralino (χ̃0

1
). The neutralino decays into a photon and a gravitino, the lightest SUSY particle

in this model, which escapes the detector, leading to apparent missing energy Emiss
T . Moreover,

in all relevant models, the χ̃0

1
is produced in association with high pT jets. We consider neu-

tralino decay lengths between cτ = 2 cm and cτ = 25 cm, corresponding to the lifetime in the

range of O(0.1 ns) to O(1 ns).

Figure 1: Feynman diagram of χ̃0

1
pair production and χ̃0

1
→ γ + G̃ decay.

The data sample was collected in 2011 by the CMS detector at the LHC for pp collisions at

a center-of-mass-energy of 7 TeV, corresponding to an integrated luminosity of 2.1 fb
−1

. The

analysis strategy is to select events with a diphoton final state, and then to examine the impact

parameter of each single photon for the displaced photon signal. Missing transverse energy

(Emiss
T ) and the presence of jets are also required. The background is estimated using a low

Emiss
T control sample. Upper limits on the cross section for pair-production of χ̃0

1
s, each of

which decays into a photon and invisible particles, are set as the function of the χ̃0

1
lifetime.

A detailed description of the CMS detector can be found elsewhere [12]. The detector’s central

feature is a superconducting solenoid providing a 3.8 T axial magnetic field along the beam

direction. Charged particle trajectories are measured by a silicon pixel and strip tracker system,

covering 0 ≤ φ ≤ 2π in azimuth and |η| < 2.5, where the pseudo-rapidity is defined as

η = − ln tan θ/2, and θ is the polar angle with respect to the counterclockwise beam direction.

A lead-tungstate crystal electromagnetic calorimeter (ECAL) and a brass/scintillator hadron

calorimeter (HCAL) surround the tracker volume. For the barrel calorimeter (|η| < 1.479), the

modules are arranged in projective towers. Muons are measured in gas detectors embedded

χ̃0
1 → γG̃

3

reconstruction of charged-particle momenta in the high occupancy environment of LHC col-

lisions. Achieving this goal inevitably led to a substantial amount of tracker material. As a

result, a large fraction of photons convert into e+e− pairs, called “photon conversions”, while

traversing the tracker. Conversions can be used to obtain the photon direction. By extrapola-

tion along the momentum direction from the conversion vertex back to the beam line, we can

calculate the impact parameter of the displaced photons (Fig. 2). If the χ̃0

1
has a non-zero life-

time, the decay photons can originate in the tracker volume rather than at the primary vertex

and will point away. Quantitively these photons can have non-zero impact parameters (IP),

which can be the signature for the long-lived χ̃0

1
signal.

(a) (b)

Figure 2: (a) The decay χ̃0

1
→ γ + G̃ as seen in the CMS tracker; (b) diagram of the photon

conversion into an e+e− pair, showing the reconstruction of the impact parameter.

The transverse impact parameter dXY is the distance of closest approach of the photon trajectory

to the beam line in the transverse plane. The longitudinal impact parameter dZ is the distance

from the chosen primary vertex to the Z position where dXY is calculated (Equation 1). The

photon trajectory is defined as a straight line from the conversion vertex along the conversion

momentum.

dXY = −LX · sin φ + LY · cos φ

dZ = LZ − LX · pX + LY · pY
pT

· pZ

pT

(1)

Equation 1 shows dXY and dZ in terms of the vector between the conversion vertex and the

primary vertex (L), and the polar angle φ of the conversion momentum vector p in azimuth.

The momentum p is calculated by the vector summation of the e+e− pair momenta at the con-

version vertex.

Because the conversion vertex has zero invariant mass, the e+e− tracks should be parallel in

momentum so that the kinematic constraint of θ and φ of the track momenta can be applied to

select conversion tracks, and the conversion vertex can be fitted using the kinematic constraint.

Three reconstruction algorithms are used: the “tracker-only” [17, 18], the “ECAL-seeded” [19],

and the “Gaussian Sum Filter” (GSF) electron [20]. The tracker-only algorithm selects con-

version track pairs from all reconstructed tracks, with the kinematic constraint, and fits the

conversion vertex; the ECAL-seeded algorithm takes the energy deposit of conversion tracks
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in the ECAL as seeds and then extrapolates back to the tracker to fit the conversion tracks and

vertices; the GSF electron algorithm follows a similar procedure to the tracker-only algorithm

but uses GSF electrons to find the track pairs. The conversions from these three algorithms are

merged and the duplicates are removed. Among the reconstructed conversion tracks the one

with the largest number of hits is kept if its χ2 probability is not significantly worse than the

others (χ2 probability should be greater than 10−6). Otherwise the track with the highest χ2

probability is kept and the others are removed. To select the conversions, the two opposite-

signed tracks both need at least five valid hits and the conversion vertex requires a valid fit

with χ2 probability > 5 × 10−4.

In high luminosity conditions, multiple collisions give multiple primary vertices. The true

primary vertex has a large deviation in the longitudinal direction but much less uncertainty

in the transverse direction. To be robust against the pile-up conditions, the transverse impact

parameter (dXY) w.r.t the transverse position of the the beam line is used in this analysis. To

illustrate the dXY signature, its distribution in data with Emiss
T > 30 GeV is compared with a

Monte Carlo sample with χ̃0

1
lifetime cτ = 5 cm, as shown in Fig. 3. The requirement that dXY

be larger than 0.6 cm defines the signal region. This value for dXY is derived by optimizing the

expected limits on the production cross section. As seen in Fig. 3, one event passes all selection

criteria. The Monte Carlo sample is normalized to the integrated luminosity and 7.79 events

pass all selections.
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Figure 3: dXY distribution for data with Emiss
T > 30 GeV compared with signal simulation for

cτ = 5 cm normalized to the integrated luminosity of the data.

The effect of the event selection is illustrated in Table 1 for the cτ = 5 cm sample. Of the 45,057

events which were simulated, 711 events remain after all the cuts, for an overall event selection

efficiency of 1.58%. Efficiencies for four neutralino lifetimes are given in Table 2. On average,

the signal event selection efficiency is about 1% to 2% after all the above trigger requirements

and the selection criterial are applied.

Because of the γ’s and jets in the final state, the background is due to single-γ-plus-jets events

and QCD multi-jets events with no true large Emiss
T . In single-γ-plus-jets events, the true ener-

getic photons are the final state ones. In QCD multi-jets events, the jets can be misidentified

as photons. The χ̃0

1
→ γ + G̃ decay has two signatures: Emiss

T from the unseen G̃ and large

Data-Driven Bkg. Estimation: 
• Compare dXY in isolated/non-isolated 

and high-MET/low-MET regions ➞ 
dXY shape independent of MET and 
isolation.

• Use low-MET control sample for 
background shape.
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Figure 4: Photon dXY comparison: (a) fake photon in background and signal region; (b) isolated
and fake photon distributions in background region.
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Figure 5: dXY distribution: background region compared to the signal region.
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Introduction : Scalar Leptoquarks
• Predicted by many BSM theories including versions of GUTs, technicolor, 

and superstring-inspired E6.
‣ Natural explanation for observed quark-lepton symmetry of SM.

• Carry both baryon and lepton number.
• Assume coupling only within a single generation.
• Produced dominantly via qq and gg annihilation.
‣ Cross section determined by model-independent LQ-gluon coupling.

• Today, discuss μμjj/μνjj and bbνν final states.
‣ eejj/eνjj results from 2010 data; update coming soon.

!"#

Leptoquarks 
Supporting theory 

 Hypothetical particles that carry both lepton & baryon # 
 Have both color and electric charge 
 Couple to quarks & leptons: unlike anything else! 
 Predicted in GUT models, would explain why (# of 
leptons) = (# of quarks) 
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8 6 Background Estimation in the µνjj channel

Table 3: Event yields at preselections and at final selection level for the µµjj analysis. Uncer-
tainties are statistical.

MLQ LQ Signal Single Top tt̄+VV W+Jets Z+Jets Data Total BG
PreSel — 17.6±0.6 657.1±17.6 1.21±0.55 4381.3±22.3 4947 5057.1±28.4
250 3668.1±27.5 8.57±0.41 263.2±11.1 0.81±0.49 286.8±5.3 489 559.3±12.3
350 556.4±3.8 1.97±0.19 57.8±5.2 0.20±0.20 62.8±2.0 101 122.8 +5.6

−5.6
400 234.9±1.6 0.97±0.14 30.1±3.8 0.00+0.19

−0.00 27.6±1.3 50 58.7 +4.0
−4.0

450 110.0±0.7 0.51±0.10 13.6±2.5 0.00+0.19
−0.00 15.0±1.0 27 29.1 +2.7

−2.7
500 54.7±0.4 0.37±0.09 8.46±1.99 0.00+0.19

−0.00 7.80±0.68 18 16.6 +2.1
−2.1

550 24.7±0.2 0.07±0.03 2.35±1.05 0.00+0.19
−0.00 3.04±0.42 9 5.46 +1.15

−1.13
600 14.1±0.1 0.07±0.03 2.35±1.05 0.00+0.19

−0.00 2.70±0.39 8 5.12 +1.14
−1.12

650 7.86±0.05 0.02±0.01 0.94±0.66 0.00+0.19
−0.00 2.02±0.34 7 2.98 +0.77

−0.75
750 2.35±0.01 0.000+0.014

−0.000 0.00+0.54
−0.00 0.00+0.19

−0.00 0.98±0.24 1 0.98 +0.62
−0.24

850 0.86±0.01 0.000+0.014
−0.000 0.00+0.54

−0.00 0.00+0.19
−0.00 0.98±0.24 1 0.98 +0.62

−0.24

Table 4: Event information for the µµjj final-selection events final-selection events for MLQ =
550 GeV.

ST pµ
T ηµ σ

µ
pT qµ pµ

T ηµ σ
µ
pT qµ pjet

T ηjet pjet
T ηjet Emiss

T
1032.32 158.85 2.10 13.46 + 68.86 0.50 0.84 - 578.11 -0.58 226.50 -0.23 100.98
1093.21 455.91 1.17 26.55 - 145.84 -0.01 2.68 + 426.06 0.16 65.40 -0.67 123.95
863.20 290.46 1.17 18.76 - 110.17 1.05 2.60 + 391.47 -0.95 71.11 -2.13 16.79
875.39 374.54 0.87 12.82 + 159.67 0.50 3.00 - 309.75 0.66 31.43 -1.98 46.90
771.32 211.24 1.50 2.18 - 176.69 -0.10 4.23 + 323.95 0.15 59.44 -0.95 36.43

1024.28 127.50 -0.97 3.83 - 73.03 0.20 0.80 + 480.57 -0.81 343.18 1.08 35.78
765.82 363.47 -0.12 10.98 + 73.93 1.44 1.68 - 264.92 -1.16 63.50 -1.75 40.68

1071.91 189.91 0.86 3.91 - 183.87 1.49 7.56 + 354.78 0.07 343.35 -0.60 62.02
1037.14 436.10 -0.30 18.22 + 88.52 -0.82 1.38 - 396.57 0.13 115.95 2.17 25.17
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Figure 6: Comparison of Sµµ
T and MLQ reconstruction at final selection level for a LQ mass of

400 GeV in the µµjj channel.

6 Background Estimation in the µνjj channel
The main processes that can mimic the signature of the signal are of three types: a) processes
which lead to the production of a real W bosons such as W+jets, tt̄, single top production, dibo-
son processes (WW, WZ); b) instrumental background, mostly caused by the misidentification
of jets as lepton in multijet processes, and creating fake muons and fake missing transverse
energy in the final state; c) and Z boson production, such as Z/γ∗+jets and ZZ processes.

5.4 Data Comparison in the µµjj channel 7
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Figure 4: Comparison of Sµµ
T and Mµµ reconstruction at preselection level in the µµjj channel.
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Figure 5: Comparison of the best choice for the muon-jet invariant mass at preselection level in
the µµjj channel.

Full-selection

Pre-selection
Data driven background estimation:
• Normalization for Z+jets.
• Norm and shape for ttbar.

Selection:
• μμjj
‣ pTμ>40GeV, |ημ|<2.1, pTj>30GeV
‣ Mμμ (remove Z+jets),
‣ Scalar sum of μμjj pT,
‣ Smaller Mμj in Mμj-pair that 

minimizes LQ-LQ mass difference.
• μνjj
‣ 2nd μ veto, electron veto,
‣ pTμ>80GeV,
‣ MET (remove W+jets),
‣ Scalar sum of μνjj pT,
‣ Mμj that minimizes ΔM(LQ,LQ)

__

__
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• Statistics dominated; background modeling systematic 
uncertainty is largest.

• 95% CLS limits (crosscheck with Bayesian+MCMC method).
‣ MLQ > 632 (523) GeV, assuming β = 1.0 (0.5).

17

8 Results
The number of observed data passing the full selection criteria is consistent with the standard

model background prediction. An upper limit on the LQ production cross section in the ab-

sence of a LQ signal is therefore set using the CLS modified frequentist approach [25, 26]. Lim-

its are found to be consistent with calculations using the Bayesian technique [27] with Markov

Chain Monte Carlo (MCMC) probing of the systematics space. Systematic uncertainties are

included as described in Section 7. A log-normal probability function is used to integrate over

the systematic uncertainties, except for the uncertainties in the µµjj channel, in which the small

statistics from the tt data control region require the use of a Gamma distribution. The 95% CL

upper limit on σ × β2 or σ × 2β(1 − β) as a function of LQ mass are shown together with the

NLO predictions for the scalar LQ pair production cross section in Figures 16, 17. The theoreti-

cal cross sections are represented for different values of the re-normalization and factorization

scale, µ, varied between one half the leptoquark mass and twice the leptoquark mass (green

shaded region). The PDF uncertainties are taken into account in the theoretical cross section

values.

By comparing the observed upper limit with the theoretical cross section values, we exclude

second generation scalar leptoquarks with masses less than 632(523) GeV with the assumption

that β = 1(0.5). This is to be compared with an median expected limit of 684(536) GeV.
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Figure 16: The expected and observed upper limit at 95% CL on the LQ pair production cross

section times β as a function of the second generation LQ mass. The expected limit and uncer-

tainty bands represent the median expected limit and the 68% and 95% confidence intervals.

The systematic uncertainties reported in Table 7 are included in the calculation. The shaded

region is excluded by the current ATLAS limit [10] and CMS limit [9] for β = 1 in the µµjj
channel only. The σtheory curve and its band represent, respectively, the theoretical scalar LQ

pair production cross section and the uncertainties due to the choice of PDF and renormaliza-

tion/factorization scales.

In summary, we search for pair production of second generation scalar leptoquarks decaying

18 8 Results
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Figure 17: The expected and observed upper limit at 95% CL on the LQ pair production cross
section times 2β(1 − β) as a function of the second generation LQ mass. The expected limit
and uncertainty bands represent the median expected limit and the 68% and 95% confidence
intervals. The systematic uncertainties reported in Table 8 are included in the calculation. The
shaded region is excluded by the current ATLAS limit [10] for β = 0.5 in the µν jj channel only.
The σtheory curve and its band represent, respectively, the theoretical scalar LQ pair production
cross section and the uncertainties due to the choice of PDF and renormalization/factorization
scales.

1-β = BR(LQ➞νq) β = BR(LQ➞μq)
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• Razor-based analysis: Model-
independent variables to search for 
pair-produced particles with masses 
larger than those of SM particles and 
MET.

__

12 6 Results
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Figure 5: Comparison of the background prediction with data observed in the LL sample in
the HAD signal box for MR (left) and R (right) distributions. The expected contribution from
leptoquark signal events with mass M = 250 GeV is shown.

Mass of LQ3 [GeV] R2 MR
>200 0.25 400
>330 0.30 400
>340 0.35 400

Table 9: R/MR thresholds defining the signal boxes for various LQ mass hypothesis. These
selections are used for the search of a LQ3 signal in the LL-tagged HAD box events.

R/MR Expected Number of Events Observed Number of Events
MR > 400, R2 > 0.25 326.98 ±30.98 295
MR > 400, R2 > 0.30 195.49 ±25.58 172
MR > 400, R2 > 0.35 121.88 ±21.51 107

Table 10: Expected and observed number of events in different signal boxes.

MLQ[GeV] Signal Efficiency
200 0.64 ±0.08
250 1.85 ±0.22
280 3.04 ±0.36
320 5.29 ±0.62
340 4.96 ±0.58
450 9.64 ±1.11
600 11.38 ±1.32

Table 11: Efficiency of the cuts listed in Table 9 for various LQ signal hypothesis. Statistical and
systematic uncertainties listed in Sec. 5 are included.

A 95% C.L. upper limit is set on the potential signal cross-section, as summarized in Table 12,
and the limits on third generation LQ pair production cross section are shown in Fig. 6. The
upper limits are compared to the NLO prediction of the LQ pair production cross section [28],
and we set a 95% C.L. exclusion on LQ masses smaller than 350 GeV (expected 340 GeV),
assuming Br(LQ → bντ) = 1. We also present the 95% C.L. limit on Br(LQ → bντ) as a function
of LQ mass as shown in Figure 7.

1

1 Introduction
Leptoquarks (LQ) are hypothetical color-triplet bosons with spin 0 (scalar LQ) or 1 (vector LQ)
that have fractional electric charge, and both lepton and baryon quantum numbers. Many the-
oretical extensions of the Standard Model (SM), such as Grand Unified Theories [1], composite
models [2], Technicolor schemes [3–5], and superstring-inspired E6 models [6] predict the ex-
istence of leptoquarks. Usually it is assumed that leptoquarks couple to only one generation
to avoid experimental constraints on flavor-changing neutral currents, which allows one to
classify leptoquarks as first-, second-, or third-generation.

At the LHC, the production of LQs is mediated via the strong interaction, and the dominant
processes are gg-fusion and qq̄ annihilation, so it can be considered to be independent of cou-
pling strength λ to lepton and quark. For scalar leptoquarks, the production cross section is
determined by the coupling between a leptoquark and a gluon and is model independent. The
cross-section for vector leptoquark production is expected to be about an order of magnitude
larger than that for the scalar ones, but vector leptoquark interactions with the gluon field in-
clude model-dependent couplings, and possibly other anomalous couplings. A LQ decays to a
charged lepton and a quark of the same generation, with unknown branching fraction β, or a
neutrino and a quark, with branching fraction 1 − β.

In this note we focus on the search for pair-produced scalar third generation leptoquarks (LQ3),
where each of the leptoquarks decays into a b-quark and ντ. The search is performed using
1.8 fb−1 of pp collision data at

√
s = 7 TeV collected with the Compact Muon Solenoid (CMS)

detector during 2011 data-taking. Previous experimental results on searches for production of
third generation scalar LQ at Tevatron are reported in [7], which excludes third generation LQs
below masses of ∼ 250 GeV.

The LQ signal considered in this search is characterized by two high pT b-jets accompanied by
large missing transverse energy (

�
ET). Occasionally, additional high pT jets may be produced by

initial or final state radiation (ISR/FSR). The SM processes providing the main backgrounds to
this search are: multijets accompanied by heavy flavor (HF) production, heavy vector boson (W
or Z) accompanied by HF production and tt̄+jets. In the case of multijet events and hadronic
W/Z decays, the measured missing transverse energy is due to jet energy mismesurements.
In the case of leptonic W/Z decays, genuine missing transverse energy is produced by the
escaping neutrinos with the charged lepton going undetected.

This analysis is performed using the razor variables introduced in [8, 9], which are designed
to search for production of pairs of heavy particles (leptoquarks in this case), whose masses
are significantly larger than those of any SM particle. The analysis is designed to kinematically
discriminate the pair production of heavy particles from SM backgrounds, without making
strong assumptions about the

�
ET spectrum or any details of the decay chains of these particles.

We force every event into a dijet topology by combining all jets in the event into two mega-jets
[9], and define the razor kinematic variable MR, that peaks at the leptoquark mass M as [8]:

MR ≡
�
(Ej1 + Ej2)

2 − (pj1
z + pj2

z )2 . (1)

We define an average transverse mass MR
T as:

MR
T ≡

��
ET(pj1

T + pj2
T )− ��ET·(�p j1

T + �p j2
T )

2
(2)

1

1 Introduction
Leptoquarks (LQ) are hypothetical color-triplet bosons with spin 0 (scalar LQ) or 1 (vector LQ)
that have fractional electric charge, and both lepton and baryon quantum numbers. Many the-
oretical extensions of the Standard Model (SM), such as Grand Unified Theories [1], composite
models [2], Technicolor schemes [3–5], and superstring-inspired E6 models [6] predict the ex-
istence of leptoquarks. Usually it is assumed that leptoquarks couple to only one generation
to avoid experimental constraints on flavor-changing neutral currents, which allows one to
classify leptoquarks as first-, second-, or third-generation.

At the LHC, the production of LQs is mediated via the strong interaction, and the dominant
processes are gg-fusion and qq̄ annihilation, so it can be considered to be independent of cou-
pling strength λ to lepton and quark. For scalar leptoquarks, the production cross section is
determined by the coupling between a leptoquark and a gluon and is model independent. The
cross-section for vector leptoquark production is expected to be about an order of magnitude
larger than that for the scalar ones, but vector leptoquark interactions with the gluon field in-
clude model-dependent couplings, and possibly other anomalous couplings. A LQ decays to a
charged lepton and a quark of the same generation, with unknown branching fraction β, or a
neutrino and a quark, with branching fraction 1 − β.

In this note we focus on the search for pair-produced scalar third generation leptoquarks (LQ3),
where each of the leptoquarks decays into a b-quark and ντ. The search is performed using
1.8 fb−1 of pp collision data at

√
s = 7 TeV collected with the Compact Muon Solenoid (CMS)

detector during 2011 data-taking. Previous experimental results on searches for production of
third generation scalar LQ at Tevatron are reported in [7], which excludes third generation LQs
below masses of ∼ 250 GeV.

The LQ signal considered in this search is characterized by two high pT b-jets accompanied by
large missing transverse energy (

�
ET). Occasionally, additional high pT jets may be produced by

initial or final state radiation (ISR/FSR). The SM processes providing the main backgrounds to
this search are: multijets accompanied by heavy flavor (HF) production, heavy vector boson (W
or Z) accompanied by HF production and tt̄+jets. In the case of multijet events and hadronic
W/Z decays, the measured missing transverse energy is due to jet energy mismesurements.
In the case of leptonic W/Z decays, genuine missing transverse energy is produced by the
escaping neutrinos with the charged lepton going undetected.

This analysis is performed using the razor variables introduced in [8, 9], which are designed
to search for production of pairs of heavy particles (leptoquarks in this case), whose masses
are significantly larger than those of any SM particle. The analysis is designed to kinematically
discriminate the pair production of heavy particles from SM backgrounds, without making
strong assumptions about the

�
ET spectrum or any details of the decay chains of these particles.

We force every event into a dijet topology by combining all jets in the event into two mega-jets
[9], and define the razor kinematic variable MR, that peaks at the leptoquark mass M as [8]:

MR ≡
�
(Ej1 + Ej2)

2 − (pj1
z + pj2

z )2 . (1)

We define an average transverse mass MR
T as:

MR
T ≡

��
ET(pj1

T + pj2
T )− ��ET·(�p j1

T + �p j2
T )

2
(2)

2 3 Data samples, triggers and event selection

whose maximum value for signal events equals M. The razor dimensionless ratio is then de-

fined as:

R ≡ MR
T

MR
(3)

using the global and transverse estimators of the scale M.

To extract the peaking signal we need first to reduce the QCD multijet background to manage-

able levels. This is achieved by imposing a threshold value for R. Recall that for signal events

MR
T has a maximum value of M (i.e. a kinematic edge); thus R has a maximum value of approx-

imately one and the distribution of R for signal peaks around 0.5, in contrast to QCD multijet

events which peak at zero. These properties motivate the appropriate kinematic requirements

for the signal selection and background reduction. We note that, while MR
T and MR measure

the same scale (one as an end-point the other as a peak), they are largely uncorrelated for signal

events.

2 CMS apparatus
A detailed description of the CMS detector can be found elsewhere [10]. A characteristic fea-

ture of the CMS detector is the superconducting solenoid magnet, of 6 m internal diameter,

providing a field of 3.8 T. The silicon pixel and strip tracker, the crystal electromagnetic calori-

meter (ECAL) and the brass/scintillator hadron calorimeter (HCAL) are contained within the

solenoid. Muons are detected in gas ionization chambers embedded in the steel return yoke.

The ECAL has an energy resolution of better than 0.5% above 100 GeV. The HCAL combined

with the ECAL, measures the jet energy with a resolution ∆E/E ≈ 100% /
√

E/GeV ⊕ 5 %.

CMS uses a right-handed coordinate system, with the origin located at the nominal collision

point, the x-axis pointing towards the center of the LHC, the y-axis pointing up (perpendicular

to the LHC plane), and the z-axis along the beam direction. The azimuthal angle φ is measured

with respect to the x-axis in the xy plane and the polar angle θ is defined with respect to the

z-axis. The pseudorapidity is defined as η = − ln(tan(θ/2)).

3 Data samples, triggers and event selection
The design of the analysis was guided on the basis of Monte Carlo simulation (MC). The MC

samples were generated with PYTHIA 6 [11] and MADGRAPH 5 [12], and processed with a de-

tailed simulation of the CMS detector response based on GEANT4 [13]. Events with QCD mul-

tijets, top quarks and electroweak bosons where generated with MADGRAPH interfaced with

PYTHIA for parton showering, hadronization and the underlying event description. Signal

samples for LQ masses from 200 to 500 GeV were generated with PYTHIA, tune D6T [14, 15].

Events used in this search are collected by a set of dedicated triggers, which apply lower thresh-

olds on the values of R and MR. Three trigger categories are used: (i) hadronic razor triggers

with moderate/tight requirements on R and MR; (ii) muon-razor triggers with looser require-

ments on R and MR and at least one muon in the central part of the detector with pT > 10 GeV;

and (iii) electron-razor triggers with similar R and MR requirements and at least one electron

of pT > 10 GeV, satisfying loose isolation criteria. The search for presence of LQ signal is

performed in events collected with the hadronic razor triggers. Events collected with the the

muon and electron triggers are used as control regions for background studies, since the signal

contribution in these events is negligible.
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MLQ [GeV] -2σ -1σ Medium Expected Limit [pb] +1σ +2σ Observed Limit [pb]
200 3.20 3.97 5.53 7.83 9.86 4.35
210 2.22 3.12 4.41 5.93 7.69 3.38
220 1.97 2.37 3.46 4.95 6.11 2.68
230 1.41 2.14 2.85 3.97 4.93 2.25
240 1.33 1.69 2.28 3.21 4.02 1.80
250 0.95 1.35 1.93 2.64 3.33 1.50
260 0.82 1.22 1.67 2.39 2.87 1.36
270 0.74 0.94 1.32 1.85 2.27 1.00
280 0.60 0.84 1.16 1.64 1.98 0.91
290 0.51 0.72 0.98 1.37 1.71 0.77
310 0.44 0.54 0.76 1.06 1.38 0.60
320 0.36 0.49 0.67 0.94 1.21 0.52
330 0.35 0.42 0.60 0.85 1.08 0.46
340 0.32 0.40 0.55 0.77 1.04 0.45
350 0.31 0.39 0.52 0.72 0.94 0.46
450 0.14 0.17 0.22 0.32 0.42 0.20
500 0.11 0.15 0.19 0.27 0.35 0.17
550 0.10 0.13 0.17 0.24 0.32 0.15
600 0.09 0.12 0.15 0.22 0.30 0.14

Table 12: Expected and Observed 95%C.L. upper limits for different LQ masses.
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Figure 6: Expected and observed 95%C.L. upper limit on the LQ production cross section as a
function of LQ3 masses, for Br(LQ → bντ) = 1, compared to the theoretical expectation.

6.1 Conclusion

We perform a search for third generation leptoquarks in the all-hadronic channel with a signa-
ture of large

�
ET and b-tagged jets, using 1.8 fb−1 of data collected by the CMS detector at the

LHC in pp collisions at
√

s = 7 TeV. The background estimates are derived using data-driven
methods. The number of observed events, passing a selection optimized for exclusion of the
LQ hypothesis, is in good agreement with the predictions for the SM background processes.
Using the CLs approach that includes the treatment of the systematic uncertainties as nuisance
parameters has been used to set an upper limit on the LQ pair production cross section, exclud-
ing a scalar LQ with masses below 350 GeV.

14 6 Results
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Figure 7: 95% CL upper limits on the branching ratio Br(LQ → bντ) as a function of the LQ
mass. The ± one standard deviation equivalent variations in the uncertainties are shown as a
band around the median expected limit.

• Data-driven background estimation using R sidebands and 
signal-depleted samples from lepton triggers.

• Signal efficiency 1-10% for 200<MLQ<600 GeV.

β=BR(LQ➞νq)=1
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• CMS has an active search program for 
the “most exotic” new physics signals.

• Updates in progress and new analyses 
planned.
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As an estimator of the degree of compatibility of the observed 
charge measurements with the MIP hypothesis, a modified 
version of the Smirnov-Cramer- von Mises [18, 19] 
discriminant is used (the modification applied to the original 
form of the discriminant eliminates the sensitivity to 
incompatibility with the MIP hypothesis due to low ionization):

2 3 Candidate Selection and Background Estimation

information from the silicon strip detectors. The dE/dx measurement precision is limited by

the silicon strip analogue-to-digital converter (ADC) modules that are characterized by a max-

imum number of counts per channel corresponding to about three times the average charge

released by a minimum–ionizing particle (MIP) in 300 µm of silicon. This is the thickness of

the modules mounted in the innermost silicon strip central layers. The pT resolution for tracks

measured in the central (forward) region of the silicon tracker is 1% (2%) for pT values up to

50 GeV/c and degrades to 10% (20%) at pT values of 1 TeV/c. The trigger and reconstruction

efficiencies for HSCPs in the muon detectors are limited by the requirements on the arrival time

of the particles at the muon system. These requirements affect the efficiency for detecting slow

HSCPs. The dependence of the muon trigger efficiency on the particle velocity (β) is studied

using data and Monte Carlo (MC) simulations and found to decrease, below β = 0.7. The

muon trigger becomes completely inefficient at β = 0.5. A much more detailed description of

the CMS apparatus can be found elsewhere [17].

3 Candidate Selection and Background Estimation
Candidate HSCPs are pre-selected by requiring a track with |η| < 2.5, pT > 15 GeV/c, relative

uncertainty on the pT less than 15%, and transverse (longitudinal) impact parameter with re-

spect to the reconstructed primary collision vertex less than 0.25 (2.0) cm. Candidate tracks are

also required to have at least three measurements in the silicon-strip detector. For the tracker-

plus-muon selection, we additionally require the track to be compatible with track segments re-

constructed in the muon system. As an estimator of the degree of compatibility of the observed

charge measurements with the MIP hypothesis, a modified version of the Smirnov-Cramer-

von Mises [18, 19] discriminant is used (the modification applied to the original form of the

discriminant eliminates the sensitivity to incompatibility with the MIP hypothesis due to low

ionization):

Ias =
3

N
×

�
1

12N
+

N

∑
i=1

�
Pi ×

�
Pi −

2i − 1

2N

�2
��

, (1)

where N is the number of charge measurements in the silicon-strip detectors, Pi is the probabil-

ity for a MIP to produce a charge smaller or equal to the i–th charge measurement for the ob-

served path length in the detector, and the sum is over the track measurements ordered in terms

of increasing Pi. The charge probability density function used to calculate Pi is obtained using

tracks with p > 5 GeV/c in events collected with a minimum bias trigger. Non-relativistic

HSCP candidates will have the value of the discriminant Ias approaching unity. Figure 1 shows

normalized distributions of pT and Ias in data and two MC samples, for candidates passing

the tracker-only pre-selection. The first MC sample contains events from QCD processes. The

second MC sample contains signal events from pair-production of stable �g with a mass of 200

GeV/c2
. Both samples are generated with the PYTHIA v6.422 [20] MC package. More details on

the simulation of the signal sample will be given below. The MC QCD simulations are found

to reproduce the data, and the simulated signal is clearly separated. Because of the limited

number of available simulated events with low transverse-momentum transfers, the MC QCD

distributions display bin-to-bin variations in the size of the statistical errors.

The most probable value of the particle dE/dx is determined using a harmonic estimator Ih of

grade k = −2:

Ih =

�
1

N ∑
i

ck
i

�1/k

, (2)

where ci is the charge per unit path length in the detector of the i-th measurement for a given

where N is the number of charge measurements in the silicon-strip 
detectors, Pi is the probability for a MIP to produce a charge smaller 
or equal to the ith charge measurement for the observed path length 
in the detector, and the sum is over the track measurements 
ordered in terms of increasing Pi. The charge probability density 
function used to calculate Pi is obtained using tracks with p > 5 
GeV/c in events collected with a minimum bias trigger. Non-
relativistic HSCP candidates will have the value of the discriminant 
Ias approaching unity.

8 5 Background Determination and Search Optimization
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Figure 1: Distributions of pT, Ias, and β−1 in data, simulated standard model processes, and

some of the simulated signal samples. The two plots on the left are for the tracker-only selec-

tion. The three plots on the right are for the tracker+TOF selection. Different simulated signal

samples are used for the left and right plots.
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The most probable value of the particle dE/dx is determined 
using a harmonic estimator Ih of grade k = −2:

where ci is the charge per unit path length in the detector of the ith 
measurement for a given track. In order to estimate the mass (m) 
of highly ionizing particles, the following relationship
between Ih, p, and m is assumed:

Equation 3 reproduces the Bethe-Bloch formula with an 
accuracy of better than 1% in the range 0.4 < β < 0.9, which 
corresponds to 1.1 < (dE/dx)/(dE/dx)MIP < 4.0. The empirical 
parameters K and C are determined from data using a sample of 
low-momentum protons.

3
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Figure 1: Normalized distributions of pT (left) and Ias (right) in data and two MC samples, for

candidates passing the tracker-only pre-selection. The two MC samples contain events from

QCD processes and from pair-production of �g with a mass of 200 GeV/c2
, respectively.

track. In order to estimate the mass (m) of highly ionizing particles, the following relationship

between Ih, p, and m is assumed:

Ih = K
m2

p2
+ C. (3)

Equation 3 reproduces the Bethe-Bloch formula [21] with an accuracy of better than 1% in the

range 0.4 < β < 0.9, which corresponds to 1.1 < (dE/dx)/(dE/dx)MIP < 4.0. The empirical

parameters K and C are determined from data using a sample of low-momentum protons, for

which the fitted values are K = 2.579 ± 0.001 MeV cm
−1 c2

and C = 2.557 ± 0.001 MeV cm
−1

,

and the mass resolution is 7%. The reconstructed mass distribution for kaons and protons is in

very good agreement with the one obtained from MC following this procedure [22]. For masses

above 100 GeV/c2
, the mass resolution is expected to worsen because of the deterioration of the

momentum resolution and because of the limit on the maximum charge that can be measured

by the silicon strip tracker ADCs, which also affects the mass scale. For a 300 GeV/c
2

HSCP,

the mass resolution is 12% and the reconstructed peak position is at 265 GeV/c2
.

The search is performed as a counting experiment. Signal candidates are required to have Ias
and pT greater than threshold values and the mass to be in the range of 75 to 2000 GeV/c2

,

allowing sensitivity to HSCP masses as low as 100 GeV/c2
. The Ias distribution for the pre-

selected tracks, and in particular its tail, depends strongly on the number of charge measure-

ments on the track. Thus, to increase the sensitivity of the search, pre-selected tracks are di-

vided into subsamples according to the number of silicon strip measurements. The Ias (pT)

threshold in each subsample is determined by requiring a constant efficiency on data for all

subsamples, when the threshold is applied separately. A method that exploits the absence

of correlation between the pT and dE/dx measurements in data is used to estimate the back-

ground from MIPs. In a given subsample j, the number of tracks that are expected to pass both

the final pT and Ias thresholds set for the subsample is estimated as Dj = BjCj/Aj, where Aj is

the number of tracks that fail both the Ias and pT selections and Bj (Cj) is the number of tracks

that pass only the Ias (pT) selection. The Bj and Cj tracks are then used to form a binned proba-

bility density function in Ih (p) for the Dj tracks. Finally, using the mass determination (Eq. 3),

the full mass spectrum of the background in the signal region D is predicted.

2 3 Candidate Selection and Background Estimation

information from the silicon strip detectors. The dE/dx measurement precision is limited by

the silicon strip analogue-to-digital converter (ADC) modules that are characterized by a max-

imum number of counts per channel corresponding to about three times the average charge

released by a minimum–ionizing particle (MIP) in 300 µm of silicon. This is the thickness of

the modules mounted in the innermost silicon strip central layers. The pT resolution for tracks

measured in the central (forward) region of the silicon tracker is 1% (2%) for pT values up to

50 GeV/c and degrades to 10% (20%) at pT values of 1 TeV/c. The trigger and reconstruction

efficiencies for HSCPs in the muon detectors are limited by the requirements on the arrival time

of the particles at the muon system. These requirements affect the efficiency for detecting slow

HSCPs. The dependence of the muon trigger efficiency on the particle velocity (β) is studied

using data and Monte Carlo (MC) simulations and found to decrease, below β = 0.7. The

muon trigger becomes completely inefficient at β = 0.5. A much more detailed description of

the CMS apparatus can be found elsewhere [17].

3 Candidate Selection and Background Estimation
Candidate HSCPs are pre-selected by requiring a track with |η| < 2.5, pT > 15 GeV/c, relative

uncertainty on the pT less than 15%, and transverse (longitudinal) impact parameter with re-

spect to the reconstructed primary collision vertex less than 0.25 (2.0) cm. Candidate tracks are

also required to have at least three measurements in the silicon-strip detector. For the tracker-

plus-muon selection, we additionally require the track to be compatible with track segments re-

constructed in the muon system. As an estimator of the degree of compatibility of the observed

charge measurements with the MIP hypothesis, a modified version of the Smirnov-Cramer-

von Mises [18, 19] discriminant is used (the modification applied to the original form of the

discriminant eliminates the sensitivity to incompatibility with the MIP hypothesis due to low

ionization):

Ias =
3

N
×

�
1

12N
+

N

∑
i=1

�
Pi ×

�
Pi −

2i − 1

2N

�2
��

, (1)

where N is the number of charge measurements in the silicon-strip detectors, Pi is the probabil-

ity for a MIP to produce a charge smaller or equal to the i–th charge measurement for the ob-

served path length in the detector, and the sum is over the track measurements ordered in terms

of increasing Pi. The charge probability density function used to calculate Pi is obtained using

tracks with p > 5 GeV/c in events collected with a minimum bias trigger. Non-relativistic

HSCP candidates will have the value of the discriminant Ias approaching unity. Figure 1 shows

normalized distributions of pT and Ias in data and two MC samples, for candidates passing

the tracker-only pre-selection. The first MC sample contains events from QCD processes. The

second MC sample contains signal events from pair-production of stable �g with a mass of 200

GeV/c2
. Both samples are generated with the PYTHIA v6.422 [20] MC package. More details on

the simulation of the signal sample will be given below. The MC QCD simulations are found

to reproduce the data, and the simulated signal is clearly separated. Because of the limited

number of available simulated events with low transverse-momentum transfers, the MC QCD

distributions display bin-to-bin variations in the size of the statistical errors.

The most probable value of the particle dE/dx is determined using a harmonic estimator Ih of

grade k = −2:

Ih =

�
1

N ∑
i

ck
i

�1/k

, (2)

where ci is the charge per unit path length in the detector of the i-th measurement for a given
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12 7 Conclusions

Table 2: Sources of systematic uncertainties and corresponding relative uncertainties.

Source of systematic uncertainty Relative uncertainty (%)

Signal acceptance:

- Trigger efficiency 5

- Track momentum scale < 4

- Ionization energy loss 2

- Time-of-flight 2

- Track reconstruction efficiency < 2

- Muon reconstruction efficiency < 2

- Pile-up < 0.5

Total uncertainty on signal acceptance 7

Expected background 10

Integrated luminosity 4.5

production, depending on the mass. In all cases the sources of uncertainty include renormal-386

ization and factorization scales, αs, and the parton distribution functions. The cross sections387

for K̃ production used in this paper are computed at leading order only. The theoretical uncer-388

tainty on K̃ was not evaluated due to lack of corresponding theoretical NLO calculations. For a389

fixed ρ̃ mass, the K̃ ¯̃K cross section is a combination of a ρ̃ resonance and Drell-Yan production.390

When the K̃ mass is much smaller than half the ρ̃ mass, Drell-Yan production dominates. As391

the K̃ mass increases, resonance production becomes dominant until the kinematic threshold.392

For K̃ mass greater than half the ρ̃ mass, resonance production turns off, resulting in a steep393

drop in the total cross section (nearly vertical line in Fig. 4). In addition, near the threshold394

the ρ̃→ K̃ ¯̃K process produces very slow moving K̃’s. The signal acceptance therefore decreases395

dramatically until the resonance production turns off, at which point the acceptance increases396

again. This results in a spike in the cross section limit just below threshold.397

From the intersection of the cross section limit curve and the central value of the theoretical398

cross section band, a 95% CL lower limit of 1091 (1038) GeV/c2 on the mass of pair-produced �g,399

hadronizing into stable R-gluonballs with 0.1 (0.5) probability, is determined with the tracker-400

only selection. The tracker+TOF selection gives a lower limit of 1076 (1024) GeV/c2 for the same401

signal model. The analogous limit on the t̃1 mass is 709 GeV/c2 with the tracker-only selection402

and 734 GeV/c2 with the tracker+TOF selection. The charge suppression scenario discussed403

above yields a �g mass limit of 923 GeV/c2 for f = 0.01 and 623 GeV/c2 for the t̃1. The limits404

on GMSB and pair produced τ̃1 are calculated at 306 and 221 GeV/c2, respectively, with the405

tracker+TOF selection. The mass limits on K̃ are established at 481, 599 and 746 GeV/c2 for ρ̃406

masses of 800, 1200 and 1600 GeV/c2, respectively, with the tracker+TOF selection.407

7 Conclusions408

The CMS detector has been used to search for highly-ionizing, high-pT particles and to recon-409

struct their masses. Two searches have been conducted: a very inclusive and model-independent410

one that uses highly ionizing tracks reconstructed in the inner tracker detector, and a second re-411

quiring that these tracks also be identified in the CMS muon system and have long TOF. In each412

case, the observed number of candidates is consistent with the expected background. Lower413

limits on masses of stable, weakly- and strongly-interacting particles have been established for414

a variety of models. These limits are the most restrictive to date.415
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Figure 3: The reconstructed dilepton mass in the dielectron (left) and dimuon (right) channels
after all selection cuts have been applied. The dielectron channel shows residual Z background
in the selection, whereas in the dimuon channel, the predicted background is dominated by a
single QCD event with a large weighting.
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Figure 4: The invariant mass distribution of dielectron (left) and dimuon (right) candidates af-
ter applying all selection cuts except the ones on transverse impact parameter and on vertex
flight direction, and with the decay length significance cut inverted. This predominantly selects
prompt background such as Z bosons. The agreement of both shape and normalisation be-
tween data and Monte Carlo simulation demonstrates a good understanding of the Standard
Model backgrounds.

5

nificance itself.

Figures 3 shows the reconstructed dilepton mass for dielectron and dimuon candidates after
all selection cuts. In the dielectron channel, the background is dominated by Z bosons, which
survive the cut on the decay length significance, as a result of bremsstrahlung giving non-
Gaussian tails to the resolution function. In the dimuon channel, the simulated background is
dominated by a single QCD event which has a large weighting.

By inverting the cut on the transverse decay length, one can obtain a control sample which
is dominated by promptly produced dileptons. The dilepton mass spectrum obtained with
this inverted cut is shown in Fig. 4. Good agreement is seen in both shape and normalisation
between data and Monte Carlo simulation.
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Figure 2: The transverse decay length significance of the candidates for the dielectron (left) and
dimuon (right) channels. It is required to be more than 8 for dielectron candidates and more
than 5 for dimuon candidates.

5 Systematic Uncertainties and Corrections
5.1 Luminosity

For the running period corresponding to this analysis, CMS estimates the relative uncertainty
on the luminosity to be 4.5% [15].

5.2 Effect of Pile-Up

The number of reconstructed primary vertices in data and simulation gives rise to a relative
systematic uncertainty in the signal selection efficiency of less than 2% for all mass points.

5.3 PDF, Renormalisation and Factorisation Scale Uncertainties

All simulated samples were generated using the CTEQ6L1 [16] PDF set. Systematic uncertain-
ties on the acceptances due to uncertainties in this PDF set are evaluated using the procedure
[17], which uses the uncertainty eigenvector sets of MSTW2008nlo [18] and CTEQ66 [19]. For
all mass points, the relative uncertainty in the efficiency to select a X → �+�− arising from this
source is less than 1%.
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Figure 7: 95% confidence level upper limits on σB for the electron and muon channels for a

Higgs mass of 1000 GeV/c2
. The expected limit band for the electron channel is too small to be

visible.
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Figure 8: 95% confidence level upper limits on σB for the electron and muon channels for a

Higgs mass of 400 GeV/c2
. The expected limit band for the electron channel is too small to be

visible.

Displaced Lepton Pair

• Electron channel results
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Assume 
BR(X ➞ll)=1%
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multijets and tt̄) are estimated from data. Events from the MU box are used to extract the prob-

ability density functions (pdfs) describing the behavior of R and MR shapes of a given process.

For W/Z+b-jets we use heavy-flavor-enriched MADGRAPH simulation to get the shape predic-

tion. The procedure of extracting the background shapes is described in details in Sec. 5, and

the samples used are summarized in Table 1.

To predict the background yields in the signal region we adopt the following strategy for nor-

malizing the SM expectations. The events in the ELE and HAD boxes are split into two orthog-

onal categories:

• sideband: events with 400 < MR < 600 GeV and 0.2 < R2 < 0.25

• high R2
: events with MR > 400 GeV and R2 > 0.25

and the LL-tagged high R2
events in the HAD box define the signal search region. The yields

of the SM backgrounds in the signal region are obtained in a two-step procedure:

• the SM processes are normalized according to their theoretical cross sections, except

for tt̄ where the measured CMS cross section is used [24]

• total background prediction in high R2
region is multiplied by a scale factor (SF)

derived from the sideband.

The L-tagged HAD box events are used to derive the SF, since the signal contamination in

the LL-tagged sideband is large (S/(S + B) > 20% for MLQ = 200 GeV) compared to that

in the L-tagged sample (S/(S + B) ∼ 5%). The SF is obtained in the sideband as SF =
Nexpected/Nobserved, where Nexpected is obtained using the background pdfs normalized to their

individual cross-sections.

In order to avoid potential bias in the search, we test our understanding of the SM background

in the control regions, before analyzing the events in the signal region. The background esti-

mation procedure is tested by comparing the predictions of the background model as derived

using the MU box to the data observed in ELE box. To ensure that both the shapes and nor-

malizations of the background components describe the data, the same procedure as that in the

HAD box is employed in the ELE box. Kinematic “sideband” and “and signal-like” regions in

the ELE box are defined using the same R2
and MR cuts as in the HAD box, and the overall

background modeling procedure is tested in those regions.

Sample R2
cut leptons # b-taged jets Comment

W/Z MC R2 > 0.07 tight µ ≥ 2 shape of W/Z+HF jets

MU R2 > 0.14 tight µ ≥ 2 shape of tt̄+jets

MU R2 > 0.14 loose µ ≥ 1 shape of HF multijets

ELE 0.2 < R2 < 0.25 tight e = 1 MR < 600, sideband to extract SFELE

ELE R2 > 0.25 tight e ≥ 2 ELE “signal-like” control region

HAD 0.2 < R2 < 0.25 veto leptons =1 MR < 600, sideband to extract SFHAD

HAD R2 > 0.25 veto leptons ≥ 2 signal box, search for LQ signal

Table 1: Summary of various samples used in the search, with a short description of their

specific purpose. MR > 400 is always applied in all boxes. The cuts on R2
listed in the table

are after recalculating
�
ET and R when leptons are treated as neutrinos. Definitions of muons (µ)

and electrons (e) are listed in Sec. 3.1.

Thursday, March 29, 2012


