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Experimentalist’s Checklist
Discover new boson consistent with Higgs.

Confirm it is the Higgs (2-3σ on JP, 3-5σ on couplings with 30fb-1).

Why is the electroweak scale so small in units of the assumed UV 
cutoff of the SM, i.e. the Planck mass? 

Natural solutions: Large extra dimensions, supersymmetry (SUSY), 
Unnatural solutions: multiverse (anthropic principle).

How do the gauge interactions unify at higher energy?
Georgi-Glashow+SUSY, Pati-Salam+SUSY.

What is dark matter?
Stable, neutral, lightest SUSY particle; other fermionic WIMP.

Why do neutrinos have such small mass?
Why does the electroweak interaction violate parity symmetry?
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Experimental Considerations

Many non-SUSY BSM models 
predict accessible topologies and 
large cross sections.
Don’t stop there!  
• Use categories of b-tags, vector 

boson tags, particle multiplicity, 
etc.

• Explore more challenging 
regions of phase space: lower 
thresholds

• Cover as many topologies as 
possible.

Sensitivity vs. Generality.
Biggest issue!  
• We are working to safely 

generalize optimized 
analyses & optimize general 
searches.

• Advertise our model-
independent results.

• Interpret searches in context of 
more models.  For instance, 
leptoquarks ⇔RPV SUSY.
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Outline

Basic “Resonances”
• Z’ ➞ ee, μμ, ττ
• X ➞ dijet, bb, dijet+W/Z-tag
• X ➞ invisible

ST scaling
• Black holes ➞ jets+X
• Stealth SUSY ➞ photons+jets

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

Results from both 7TeV and 8TeV data.  
All 7TeV results with full 5/fb dataset.
Publications in progress for most results.

~
Leptons + Jets
• LQ, RPV q ➞ lj+lj 
• WR ➞ lljj 

Long-lived particles 
• Stopped particle
• Heavy stable charge particle
• Fractionally charged HSCP
• Displaced photons

I will not discuss 4th 
generation searches or 
general boosted topologies. 
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Z  ́ ➞ e+e-, μ+μ- EXO-12-015
EXO-11-019
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Figure 2: The invariant mass spectrum of µ+µ− (top) and ee (bottom) events. The points with
error bars represent the data. The histograms represent the expectations from standard model
processes: Z/γ∗, tt and other sources of prompt leptons (tW, diboson production, Z → ττ),
and the multi-jet backgrounds. Multi-jet backgrounds contain at least one jet that has been
misreconstructed as a lepton.

14 7 Conclusions

Figure 6: Upper limits as a function of resonance mass M on the production ratio Rσ of cross
section times branching fraction into lepton pairs for Z�

SSM and Z�
ψ boson production to the same

quantity for Z bosons for the combined dilepton 7+8 TeV data, with the 7 TeV limits described in
[4]. Shaded green and yellow bands correspond to the 68% and 95% quantiles for the expected
limits.

Rσ =
σ(pp → Z� + X → ��+ X)
σ(pp → Z + X → ��+ X)

. (1)

• Search for narrow [4-14% σ(M)/M] resonance predicted in many models.
• Background from Drell-Yan, tt, and QCD (non-prompt l) estimated with 

fit of spectrum.

• Interpretations for Z’SSM  of sequential 
standard model and Z’ψ of SU(5) GUTs.

• No hint of excess just below ~1TeV that 
visible in 7TeV data.

-

M(Z’SSM ) > 2.59 TeV
M(Z’ψ) > 2.26 TeV

μμ
8TeV

μμ+ee
7+8TeV
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Z  ́ ➞ ττ EXO-11-031
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Figure 1: M(τ1, τ2, Emiss
T ) distributions for all four final states: (a) τeτµ, (b) τeτh, (c) τµτh, and

(d) τhτh. The dashed line represents the mass distribution for a Z�
SSM → τ+τ− with a mass of

750 GeV.
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Figure 2: Combined upper limit at the 95% CL on the product of the cross section and branching
fraction into τ pairs as a function of the Z� mass. The bands represent the one and two standard
deviations obtained from the background-only hypothesis.

standard deviations higher than expected in the region above 600 GeV.238

9 Summary239

A search for new heavy Z� bosons decaying into τ-lepton pairs using data corresponding to240

an integrated luminosity of 4.94 ± 0.11 fb−1 collected by the CMS detector in proton-proton241

collisions at
√

s = 7 TeV was performed. The observed mass spectrum did not reveal any242

evidence for Z� → τ+τ− production, and an upper limit, as a function of the Z� mass, on the243

product of the resonance cross section and branching fraction into τ+τ− was calculated. The244

Z�
SSM and Z�

ψ resonances decaying to τ-lepton pairs were excluded for masses below 1.4 and245

1.1 TeV, respectively, at 95% CL. These represent the most stringent limits on the production of246

a new heavy resonance decaying into τ-lepton pairs published to date.247
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M(τ1, τ2, /ET) =
�

(Eτ1 + Eτ2 + /ET)2 − (�pτ1 + �pτ2 + �/ET)2

• Search for resonance coupling to 3rd generation in τeτμ, τeτh, τμτh, τhτh.
• Background from Drell-Yan, tt, W+jets, QCD estimated from data samples 

with like-sign leptons, relaxed isolation, extra MET, extra b-jets, etc.

-

M(Z’SSM ) > 1.4 TeV
M(Z’ψ) > 1.1 TeV

Effective visible mass:

τμτh 
7TeV

τeτμ+τeτh+τμτh+τhτh

7TeV
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Dijets EXO-12-016
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3.3 Dijet mass spectrum 3

The dijet system is composed of the two wide jets. We require that the pseudorapidity separa-
tion of the two wide jets satisfies |∆ηjj| < 1.3, and that both wide jets are reconstructed in the
region |η| < 2.5. These |∆ηjj| and η requirements maximize the search sensitivity for isotropic
decays of dijet resonances in the presence of QCD background. The selected kinematics define
the phase space of the analysis to be considered in the theory calculations. The dijet mass is
given by mjj =

�
(E1 + E2)2 − (�p1 + �p2)2. We select events with mjj > 890 GeV.

3.3 Dijet mass spectrum

Figure 1 shows the dijet mass distribution in bins approximately equal to the dijet mass resolu-
tion [12]. The data are compared to a leading order (LO) QCD prediction from PYTHIA V6.424
[29], which includes a GEANT4 based [30] simulation of the CMS detector. The prediction uses
a renormalization and factorization scale µ = pT of the hard-scattered partons and CTEQ6L1
parton distribution functions [31], and has been normalized to the data by multiplying the pre-
diction by a factor of 1.34. The shape of the PYTHIA prediction agrees with the data in the bulk
of the distribution. For values of dijet mass above 2.7 TeV, PYTHIA predicts more events than
what seen in the data.

A data-driven method is used to estimate the background from QCD multijet production. We
fit the following parameterization to the data:

dσ

dmjj
=

P0(1 − x)P1

xP2+P3 ln (x) , (1)

with the variable x = mjj/
√

s and four free parameters P0, P1, P2, and P3. This functional form is
used in previous searches [12, 14, 15, 32] to describe both data and QCD predictions. In Figs. 1
and 2 we show the fit, which has a chi-squared (χ2) of 25.7 for 32 degrees of freedom, as well as
the bin-by-bin fit residuals, defined as the difference between the data and the fit value divided
by the statistical uncertainty of the data. The data are reasonably well described by the smooth
parameterization. The most significant excesses seen in data compared to the background fit
are at dijet masses around 1.9 and 3.5 TeV. The highest mass event (4.5 TeV) is shown in Fig. 3.

4 Search for Resonances
We search in the dijet mass spectrum for narrow resonances, for which the natural resonance
width is small compared to the CMS dijet mass resolution. Figure 4 shows the predicted dijet
mass distributions for a few representative resonance models using PYTHIA V6.424, Tune D6T,
and the CMS detector simulation. The predicted mass distributions have a Gaussian core com-
ing from the jet energy resolution and a tail towards lower mass. The tail comes primarily from
QCD radiation. However, for high-mass resonances, there is also another significant contribu-
tion depending on both parton distributions and the natural width of the Breit-Wigner. When
the resonance is made from non-valence partons in the proton, the low-mass component of
the Breit-Wigner resonance shape is amplified by a larger parton probability at low fractional
momentum, producing a large tail at low mass.

The mass distributions are relatively narrow for quark-quark resonances, wider for quark-
gluon resonances, and are the widest for gluon-gluon resonances. The increase of the width
of the mass shape and the shift of the mass distribution towards lower masses are enhanced
when the number of gluons in the final state is larger, because gluons are more likely to radiate
than quarks. The distributions in Fig. 4 are valid for generic resonances which decay into the

• Search for narrow resonance in dijets.
• “WideJet” reconstruction improves mass 

resolution by few-50% depending on 
parton content.

• Background from fit of smooth spectrum.

6 2 Measurement of Dijet Mass Spectrum

are called ”wide jets” as shown in Fig. 2. The wide jet algorithm is described in more detail174

elsewhere [4].175

Figure 2: Wide jets are made by combining PF jets.

Finally, we require both the wide jets to satisfy the requirements |∆ηWide

jj
| = |η1 − η2| < 1.3.176

This selection serves several purposes:177

• It suppresses QCD t-channel contribution significantly more than dijet resonances178

which is s-channel.179

• It defines a fiducial region for our measurement predominantly in the barrel.180

• It provide a faster trigger turn-on curve for the jet trigger which uses ET, allowing181

us to start the analysis at lower mass.182

These kinematic requirements are the same used in the 2011 searches, both the 1 fb
−1

published183

analysis [2] and the 5 fb
−1

preliminary result [1]. The same jet requirements are applied to both184

data and simulation.185

The dijet mass m
Wide

jj
is computed using the two wide jets of the event. The events were selected186

with the minimal mass m
Wide

jj
> 890 GeV motivated by the trigger efficiency described in the187

following section. The selections cut flow is shown on the table 2.188

Selection criteria N
data

events

Good Primary Vertex, HBHE noise filter, HCAL laser filter, m
Wide

jj
> 890 GeV 3726105

Two leading jets η < 2.5 and |∆ηWide

jj
| < 1.3 1097400

Two leading jets pass tight jetID 1093260

Table 2: Number of events in data passing the sequence of dijet selection requirements. Wide

jets are used.

2.4 Dijet Mass Spectrum189

2.4.1 Trigger190

The data for this analysis was collected with various triggers based on HT and dijet mass re-191

quirements.192

The lower threshold on the di-wide jets mass (m
Wide

jj
) was tuned in such a way that for the entire193

data taking period there was at least one unperscaled trigger which was efficient at 99.5% above194

8TeV
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3.3 Dijet mass spectrum 3

The dijet system is composed of the two wide jets. We require that the pseudorapidity separa-
tion of the two wide jets satisfies |∆ηjj| < 1.3, and that both wide jets are reconstructed in the
region |η| < 2.5. These |∆ηjj| and η requirements maximize the search sensitivity for isotropic
decays of dijet resonances in the presence of QCD background. The selected kinematics define
the phase space of the analysis to be considered in the theory calculations. The dijet mass is
given by mjj =

�
(E1 + E2)2 − (�p1 + �p2)2. We select events with mjj > 890 GeV.

3.3 Dijet mass spectrum

Figure 1 shows the dijet mass distribution in bins approximately equal to the dijet mass resolu-
tion [12]. The data are compared to a leading order (LO) QCD prediction from PYTHIA V6.424
[29], which includes a GEANT4 based [30] simulation of the CMS detector. The prediction uses
a renormalization and factorization scale µ = pT of the hard-scattered partons and CTEQ6L1
parton distribution functions [31], and has been normalized to the data by multiplying the pre-
diction by a factor of 1.34. The shape of the PYTHIA prediction agrees with the data in the bulk
of the distribution. For values of dijet mass above 2.7 TeV, PYTHIA predicts more events than
what seen in the data.

A data-driven method is used to estimate the background from QCD multijet production. We
fit the following parameterization to the data:

dσ

dmjj
=

P0(1 − x)P1

xP2+P3 ln (x) , (1)

with the variable x = mjj/
√

s and four free parameters P0, P1, P2, and P3. This functional form is
used in previous searches [12, 14, 15, 32] to describe both data and QCD predictions. In Figs. 1
and 2 we show the fit, which has a chi-squared (χ2) of 25.7 for 32 degrees of freedom, as well as
the bin-by-bin fit residuals, defined as the difference between the data and the fit value divided
by the statistical uncertainty of the data. The data are reasonably well described by the smooth
parameterization. The most significant excesses seen in data compared to the background fit
are at dijet masses around 1.9 and 3.5 TeV. The highest mass event (4.5 TeV) is shown in Fig. 3.

4 Search for Resonances
We search in the dijet mass spectrum for narrow resonances, for which the natural resonance
width is small compared to the CMS dijet mass resolution. Figure 4 shows the predicted dijet
mass distributions for a few representative resonance models using PYTHIA V6.424, Tune D6T,
and the CMS detector simulation. The predicted mass distributions have a Gaussian core com-
ing from the jet energy resolution and a tail towards lower mass. The tail comes primarily from
QCD radiation. However, for high-mass resonances, there is also another significant contribu-
tion depending on both parton distributions and the natural width of the Breit-Wigner. When
the resonance is made from non-valence partons in the proton, the low-mass component of
the Breit-Wigner resonance shape is amplified by a larger parton probability at low fractional
momentum, producing a large tail at low mass.

The mass distributions are relatively narrow for quark-quark resonances, wider for quark-
gluon resonances, and are the widest for gluon-gluon resonances. The increase of the width
of the mass shape and the shift of the mass distribution towards lower masses are enhanced
when the number of gluons in the final state is larger, because gluons are more likely to radiate
than quarks. The distributions in Fig. 4 are valid for generic resonances which decay into the

• Search for narrow resonance in dijets.
• “WideJet” reconstruction improves mass 

resolution by few-50% depending on 
parton content.

• Background from fit of smooth spectrum.
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Figure 4: Dijet mass spectrum from HLT wide jets (points) compared to a smooth fit (solid)

and to predictions [28] including detector simulation of QCD (short-dashed), di-quark signals

(dot-dashed), and a W’ signal (long-dashed). The QCD prediction has been normalized to the

data (see text). The error bars are statistical only. The shaded band shows the contribution from

the systematic uncertainty in the jet energy scale (JES). The bin-by-bin fit residuals are shown

at the bottom.

Figure 5: Relative difference (points) between the dijet mass data from HLT wide jets and the

smooth fit, compared to the simulated ratios for di-quark signals (dot-dashed) in the CMS

detector. The error bars represent statistical uncertainties only.

Data scouting: Low mass 
(0.5-1TeV) probed with special 
trigger and reduced data format.

CMS-PAS-EXO-11-094

7TeV
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5

provide a single limit by assuming a particular value for the bb jet fraction f
bb

, defined as

f
bb

=
BR(X → bb)
BR(X → jj)

. (2)

As the fraction increases, events from a resonance in the 0-tag spectrum will be expected to

populate the 1- and 2-tag spectra, depending on the efficiencies shown in Fig. 1. Mistags of

light flavor are also accounted for appropriately, according to the quoted efficiencies. Since

the efficiencies for all non-b-quark jets are (conservatively) assumed to be the same, the only

free parameter that specifies the fraction of 0-, 1-, and 2-tag events originating from a narrow

resonance with a given mass is f
bb

.

While events from a resonance that are double tagged are dominated by the b-jet final state

(assuming that f
bb

is not trivially small), there still remains an ambiguity for the 0- and 1-

tag cases. Resonances like an RS graviton decay predominantly into pairs of gluons, while

decaying only a fraction of the time into qq. On the other hand, particles like the Z� or S8b will

decay exclusively into qq final states. Because of the gluon’s larger color factor, gluons radiate

more than quarks, resulting in a broader resonance shape (and consequently weaker expected

limits). While the wide-jet reconstruction technique mitigates this effect, the limits depend on

whether the 0- and 1-tag resonance shapes are dominated by gluons in the final state or by

quarks in the final state. Therefore two sets of upper limits are placed on σ × BR × A, one for

resonances that decay predominantly into gluons in addition to b quarks (“gg/bb”) and one for

resonances that decay predominantly into quarks only (“qq/bb”). Line shapes appropriate to

gg resonances or qq resonances are used in conjuction with a bb line shape used for both types

of resonances. The line shapes in each tag category are weighted according to the expected

gluon, quark, or b-quark content, as determined by the tagging efficiencies and f
bb

.
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for gg/bb (left) and qq/bb (right) resonances. The limits include

both statistical and systematic uncertainties. Theoretical cross sections for RS graviton, Z�, and

S8b are shown for comparison.

The sources of systematic uncertainty considered in this analysis are the jet-energy scale (3%),

the jet-energy resolution (10%), the integrated luminosity (2.2%) [18], the statistical uncertainty

on the background parameterization, and the b-tagging scale factors (∼ 5% for heavy and ∼
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populate the 1- and 2-tag spectra, depending on the efficiencies shown in Fig. 1. Mistags of
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.
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S8b are shown for comparison.

The sources of systematic uncertainty considered in this analysis are the jet-energy scale (3%),

the jet-energy resolution (10%), the integrated luminosity (2.2%) [18], the statistical uncertainty

on the background parameterization, and the b-tagging scale factors (∼ 5% for heavy and ∼
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Figure 4: Comparison of the 90% CL upper limits on the dark matter-nucleon scattering

cross section versus mass of dark matter particle for the (left) spin-independent and (right)

spin-dependent models with results from CMS using monophoton signature [14], CDF [15],

XENON100 [16], CoGeNT [17], COUPP[18], CDMS II [19, 20], Picasso [21], SIMPLE [22], Ice-

Cube [23], and Super-K [24] collaborations.

Table 6: Observed 90% CL limits on the dark matter-nucleon cross section and effective contact

interaction scale Λ for the spin-dependent and spin-independent interactions.

Spin-dependent Spin-independent

Mχ (GeV/c2) Λ (GeV) σχN (cm2) Λ (GeV) σχN (cm2)

0.1 754 1.03 × 10−42 749 2.90 × 10−41

1 755 2.94 × 10−41 751 8.21 × 10−40

10 765 8.79 × 10−41 760 2.47 × 10−39

100 736 1.21 × 10−40 764 2.83 × 10−39

200 677 1.70 × 10−40 736 3.31 × 10−39

300 602 2.73 × 10−40 690 4.30 × 10−39

400 524 4.74 × 10−40 631 6.15 × 10−39

700 341 2.65 × 10−39 455 2.28 × 10−38

1000 206 1.98 × 10−38 302 1.18 × 10−37

Table 7: Observed and expected 95% CL lower limits on the ADD model parameter MD (in

TeV/c2) as a function of δ, with and without NLO K-factors applied.

LO NLO

δ Exp. Limit Obs. Limit Exp. Limit Obs. Limit

(TeV/c2) (TeV/c2) (TeV/c2) (TeV/c2)

2 3.81 4.08 4.20 4.54

3 3.06 3.24 3.32 3.51

4 2.69 2.81 2.84 2.98

5 2.44 2.52 2.59 2.71

6 2.28 2.38 2.40 2.51
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Figure 5: Comparison of lower limits on MD versus the number of extra dimensions with
ATLAS [12], LEP [25–28], CDF [29], and D0 [30]. Results from a previous CMS search [11] are
also shown.

7 Summary
A search has been performed for signatures of new physics yielding an excess of events in the
monojet and Emiss

T channel. The results have been used to constrain the pair production of
dark matter particles in models with a heavy mediator, and large extra dimensions in the con-
text of the Arkani-Hamed, Dimopoulos, and Dvali model. The data sample corresponds to an
integrated luminosity of 5.0 fb−1 and includes events containing a jet with transverse momen-
tum above 110 GeV/c and Emiss

T above 350 GeV/c. Many standard model processes also have
the same signature. The QCD multijet contribution is reduced by several orders of magnitude
to a negligible level using topological selections. The dominant backgrounds, Z(νν̄)+jets and
W+jets, are estimated from data samples enriched in Z(µµ) and W(µν) events. The data are
found to be in good agreement with the expected contributions from standard model processes.

A dark matter-nucleon scattering cross section in the framework of an effective theory is ex-
cluded above 1.03 × 10−42 (1.21 × 10−40) cm2 and 2.90 × 10−41 (2.83 × 10−39) cm2 for a dark
matter particle with mass 0.1 (100) GeV/c2 at the 90% CL for the spin-dependent and spin-
independent models, respectively. For the spin-independent model, these are the best limits
for dark matter particles with mass below 3.5 GeV/c2, a region as yet unexplored by the direct
detection experiments. For the spin-dependent model, these limits represent the most stringent
constraints over the 0.1–200 GeV/c2 mass range.

Values for the large extra dimensions ADD model parameter MD smaller than 4.54, 3.51, 2.98,
2.71, and 2.51 TeV/c2 are excluded for a number of extra dimensions δ =2, 3, 4, 5, and 6, respec-
tively, representing a significant improvement (1 TeV/c2) over the previous limits.
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels

for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess

of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists

mainly of (Z → νν)+ j and (W → �invν)+ j final states. In the latter case the charged lepton � is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been

performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-

jets in 1 fb−1 of data, although we will also compare to the earlier CMS analysis [23], which used

36 pb−1 of integrated luminosity. The ATLAS search contains three separate analyses based on

successively harder pT cuts, the major selection criteria from each analysis that we apply in our

analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |η(j1)| < 2, and events

are vetoed if they contain a second jet with pT (j2) > 30 GeV and |η(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |η(j1)| < 2, and events

are vetoed if there is a second jet with |η(j2)| < 4.5 and with either pT (j2) > 60 GeV or

∆φ(j2, /ET ) < 0.5. Any further jets with |η(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |η(j1)| < 2, and

events are vetoed if there is a second jet with |η(j2)| < 4.5 and with either pT (j2) > 60 GeV

or ∆φ(j2, /ET ) < 0.5. Any further jets with |η(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |η(e)| < 2.47
and pT (e) > 20 GeV and for muons as |η(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events

are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity

|η(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with

the leading jet is ∆φ(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are

vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and

observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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• Search for non-interacting particles (dark 
matter, ADD graviton) tagged by ISR jet/γ 
in MET distribution.

• Background: Z+jets/γ, W+jets/γ from Z(μμ) 
and W(μv).
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1 Introduction
A search for new physics has been made based on events containing a jet and an imbalance
in transverse momentum (Emiss

T ) in a data sample corresponding to an integrated luminosity
of 5.0 fb−1. The data were collected with the Compact Muon Solenoid (CMS) detector in pp
collisions provided by the Large Hadron Collider (LHC) at a center-of-mass energy of 7 TeV.
This search is sensitive to beyond the standard model particles that do not interact in the CMS
detector and whose presence can thus only be inferred by the observation of Emiss

T . The signa-
ture has been proposed as a discovery signal for many new physics scenarios. In this paper,
we use this signature to constrain the pair production of dark matter particles [1, 2] and large
extra dimensions in the framework of the model proposed by Arkani–Hamed, Dimopoulos,
and Dvali (ADD) [3–7]. The primary backgrounds to this signature arise from the production
of Z+jet and W+jet events.

Dark matter (DM) is required to accommodate numerous astrophysical measurements, such
as the rotational speed of galaxies and gravitational lensing [8–10]. One of the best candidates
for dark matter is a stable weakly interacting massive particle. These particles may be pair-
produced at the LHC provided their mass is less than half the parton center-of-mass energy,√

ŝ. When accompanied by a jet from initial state radiation (ISR), DM events will have the sig-
nature of a jet plus missing transverse momentum. The interaction between the dark matter
particle (χ) and standard model (SM) particles can be assumed to be mediated by a heavy par-
ticle such that it can be treated as a contact interaction, characterized by a scale Λ = M/√gχgq
where M is the mass of the mediator, gχ and gq are its coupling to χ and to quarks, respec-
tively [2]. In this paper, results for the vector and axial-vector interactions between χ and
quarks are presented, assuming χ is a Dirac fermion. The vector interaction can be related
to spin-independent DM-nucleon whereas axial-vector interaction can be converted to spin-
dependent DM-nucleon interactions. The results are not greatly altered if the DM particle is a
Majorana fermion, although the vector interactions are not present in this case [2].

Results from previous collider searches in the monojet plus Emiss
T channel [11, 12] have been

used to set limits on the dark matter-nucleon scattering cross section (σχN) [2, 13]. Limits
on σχN have also been determined by the CMS Collaboration in the monophoton plus Emiss

T
channel [14], and by the CDF Collaboration in the monojet channel [15]. Dark matter particle
production results from colliders can be compared with results from searches for dark matter-
nucleon scattering (direct detection) [16–22] and from searches for dark matter annihilation
(indirect detection) [23, 24]. Indirect detection experiments assume that the DM particle is a
Majorana fermion.

The ADD model accommodates the large difference between the electroweak and Planck scales
by introducing a number δ of extra spatial dimensions, which in the simplest scenario are com-
pactified over a multidimensional torus of common radius R. In this framework, the SM parti-
cles and gauge interactions are confined to the ordinary 3 + 1 space-time dimensions, whereas
gravity is free to propagate through the entire multidimensional space. The strength of the
gravitational force in 3 + 1 dimensions is effectively diluted. The fundamental scale MD of this
4+δ-dimensional theory is related to the apparent four-dimensional Planck scale MPl accord-
ing to MPl

2 ≈ MD
δ+2Rδ. The production of gravitons is expected to be greatly enhanced by

the increased phase space available in the extra dimensions. Once produced, the graviton es-
capes undetected into extra dimensions and its presence must be inferred from Emiss

T . Searches
for large extra dimensions in monojet or monophoton channels were performed previously
[11, 12, 25–31], and no evidence of new physics was observed. The current lower limits on MD
range from 3.67 TeV/c2 for δ = 2 to 2.25 TeV/c2 for δ = 6 [11].
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Search for LQ3, vector LQ3, and 
light RPV stop in τlb+τhadb (l=e,μ).

EXO-12-002

 (GeV)TS
100 200 300 400 500 600 700 800 900 1000

Ev
en

ts

10

20

30

40

50
-1 = 7 TeV, 4.8 fbsCMS Preliminary 

Data
ttbar
W/Z + jets
Other

=450 GeV
LQ

Signal M

μτbb+eτbb

 (GeV)
1t

~LQ3/M
200 300 400 500 600 700 800

 (p
b)

!"2
 b

)
#

$ 1t~
Br

(L
Q

3/

-410

-310

-210

-110

1

10

210

310 =1% with theory unc., theory! "2%

=1333
'
& with theory unc., theory! "2 b)#$1t

~Br(

 with theory unc.theory! "2 b)#$Br(VLQ3

Expected 95% C.L. upper limit

Observed 95% C.L. upper limit

CMS Preliminary
-1 L dt = 4.8 fb'

Background estimation:
top: MC validated in Mτb sideband,
V+jets:  Rate of jet misID as τhad 
measured in data,
Z➞ll/ττ and diboson:  From MC

MLQ3 > 525 (370) GeV for β = 1.0 (0.5).
MVLQ3 > 763 GeV for β = 1.0.
Mstop > 453 (240) GeV for λ333=1 (➞0).

7TeV

7TeV

• Predicted by many BSM theories:  GUTs [1,7], composite models [8], 
technicolor [9-11], and superstring-inspired E6 [12]. 
‣ Natural explanation for observed quark-lepton symmetry of SM.

• Spin 0 or 1, fractional charge, carry both baryon and lepton number.
‣ In general, we search for spin 0; consider also spin 1 in LQ3 search.
‣ Observed FCNC constraints ! no coupling b/w three generations.

• Production at LHC from model-independent LQ-gluon coupling:

!"#

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) 
 
 

 

Leptoquarks

• NLO cross sections from Kramer et al. [13].
• Search in final states: 
‣ 1st/2nd Gen: �j+�j, νj+�j for �=e,μ
‣ 3rd Gen:  τhadb+�b for �=e,μ  (and νb+νb, not discussed today).

7Saturday, July 7, 2012

3rd Generation LQ + light RPV t~
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Heavy Neutrino & WR

EXO-12-017
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Background Estimation
Top: shape/norm from eμjj data.
DY+jets: normalize MC shape in Z-peak.
QCD: fake rate from data
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MWR > 2.8 TeV for MN=MWR/2 from 
2011+2012 combination of μμjj.

Assume: small WR/WL, Nl/Nl’ mixing; one 
lepton channel kinematically accessible.

of Left-Right Symmetric Model

HEAVY NEUTRINO IN 8 TEV
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[CMS PAS EXO-12-017]

P-violation from LR 
breaking at intermediate 
scale.
Heavy LRSM neutrino + 
seesaw mechanism ➞ 
small Mν in SM.
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Stopped Long Lived 
Particle (LLP)

EXO-11-020

Search for gluino/stop decays at 
rest in calorimeter (with cloud 
model of R-hadron interactions).

Trigger: 50 GeV jet trigger with 
beam veto in triggered bunch 
crossing ±1BX.  246 hrs live time.

Background rate measured in 
2010 data (3.6 pb-1) = 5.6±2.5e-6 
Hz from beam-related, cosmic rays, 
and detector noise.  

8 8 Excluded region in the m�g - m�χ0 plane

left-hand axes of Fig. 3 for stop and gluino, respectively. These limits assume visible daughter
energies of Egluon > 100 GeV for gluino, and Etop > 125 GeV for stop, ensuring the detection
efficiency is on the plateau shown in Fig 2. The sensitivity of the search decreases at short
and long lifetimes as the effective luminosity decreases. The structure observed between 10−7 s
and 10−5 s is due to the number of observed events incrementing across boundaries between
lifetime bins.
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Figure 3: Expected and observed 95% CL limits on stop and gluino pair production cross sec-
tion (left-hand axes), using the cloud model of R-hadron interactions, as a function of particle
lifetime. The theoretical cross sections for 400 GeV gluino and stop production are taken from
Ref. [39]. Also shown is the model-independent 95% CL limit on particle production cross-
section × branching fraction × stopping probability × detection efficiency (right-hand axis).
The structure observed between 10−7 s and 10−5 s is due to the number of observed events
incrementing when crossing boundaries between lifetime bins.

Figure 4 shows the limit on particle mass as a function of lifetime, for gluino and stop, assuming
theoretical production cross sections [39], as well as BF(�g → g�χ0

1) = 100% and BF(�t → t�χ0
1) =

100%. For lifetimes between 10 µs to 1000 s, we exclude gluinos with masses below 640 GeV
and stops with masses below 340 GeV, at 95% CL.

8 Excluded region in the m�g - m�χ0 plane
For lifetimes in the range 10 µs to 1000 s, we interpret the results of the analysis as an excluded
region in the m�g - m�χ0 plane, assuming BF(�g → g�χ0

1) = 100%. These results are presented
in Fig. 5. The excluded region is bounded by two contours, one at constant m�g and one at

constant Egluon. The latter is described by m�g = Emin
gluon +

�
Emin

gluon
2
+ m2

�χ0 , where Emin
gluon is the

minimum gluon energy for which the result is valid, obtained from the start of the plateau in
reconstruction efficiency shown in Fig. 2.

Since the signal efficiency is essentially flat above Emin
gluon, and the background falls steeply with

energy, we obtain stronger limits on the gluino production cross section and hence on m�g, by

8 8 Excluded region in the m�g - m�χ0 plane

left-hand axes of Fig. 3 for stop and gluino, respectively. These limits assume visible daughter
energies of Egluon > 100 GeV for gluino, and Etop > 125 GeV for stop, ensuring the detection
efficiency is on the plateau shown in Fig 2. The sensitivity of the search decreases at short
and long lifetimes as the effective luminosity decreases. The structure observed between 10−7 s
and 10−5 s is due to the number of observed events incrementing across boundaries between
lifetime bins.
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Figure 3: Expected and observed 95% CL limits on stop and gluino pair production cross sec-
tion (left-hand axes), using the cloud model of R-hadron interactions, as a function of particle
lifetime. The theoretical cross sections for 400 GeV gluino and stop production are taken from
Ref. [39]. Also shown is the model-independent 95% CL limit on particle production cross-
section × branching fraction × stopping probability × detection efficiency (right-hand axis).
The structure observed between 10−7 s and 10−5 s is due to the number of observed events
incrementing when crossing boundaries between lifetime bins.

Figure 4 shows the limit on particle mass as a function of lifetime, for gluino and stop, assuming
theoretical production cross sections [39], as well as BF(�g → g�χ0

1) = 100% and BF(�t → t�χ0
1) =

100%. For lifetimes between 10 µs to 1000 s, we exclude gluinos with masses below 640 GeV
and stops with masses below 340 GeV, at 95% CL.

8 Excluded region in the m�g - m�χ0 plane
For lifetimes in the range 10 µs to 1000 s, we interpret the results of the analysis as an excluded
region in the m�g - m�χ0 plane, assuming BF(�g → g�χ0

1) = 100%. These results are presented
in Fig. 5. The excluded region is bounded by two contours, one at constant m�g and one at

constant Egluon. The latter is described by m�g = Emin
gluon +

�
Emin

gluon
2
+ m2

�χ0 , where Emin
gluon is the

minimum gluon energy for which the result is valid, obtained from the start of the plateau in
reconstruction efficiency shown in Fig. 2.

Since the signal efficiency is essentially flat above Emin
gluon, and the background falls steeply with

energy, we obtain stronger limits on the gluino production cross section and hence on m�g, by

8 8 Excluded region in the m�g - m�χ0 plane

left-hand axes of Fig. 3 for stop and gluino, respectively. These limits assume visible daughter
energies of Egluon > 100 GeV for gluino, and Etop > 125 GeV for stop, ensuring the detection
efficiency is on the plateau shown in Fig 2. The sensitivity of the search decreases at short
and long lifetimes as the effective luminosity decreases. The structure observed between 10−7 s
and 10−5 s is due to the number of observed events incrementing across boundaries between
lifetime bins.
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Figure 3: Expected and observed 95% CL limits on stop and gluino pair production cross sec-
tion (left-hand axes), using the cloud model of R-hadron interactions, as a function of particle
lifetime. The theoretical cross sections for 400 GeV gluino and stop production are taken from
Ref. [39]. Also shown is the model-independent 95% CL limit on particle production cross-
section × branching fraction × stopping probability × detection efficiency (right-hand axis).
The structure observed between 10−7 s and 10−5 s is due to the number of observed events
incrementing when crossing boundaries between lifetime bins.

Figure 4 shows the limit on particle mass as a function of lifetime, for gluino and stop, assuming
theoretical production cross sections [39], as well as BF(�g → g�χ0

1) = 100% and BF(�t → t�χ0
1) =

100%. For lifetimes between 10 µs to 1000 s, we exclude gluinos with masses below 640 GeV
and stops with masses below 340 GeV, at 95% CL.

8 Excluded region in the m�g - m�χ0 plane
For lifetimes in the range 10 µs to 1000 s, we interpret the results of the analysis as an excluded
region in the m�g - m�χ0 plane, assuming BF(�g → g�χ0

1) = 100%. These results are presented
in Fig. 5. The excluded region is bounded by two contours, one at constant m�g and one at

constant Egluon. The latter is described by m�g = Emin
gluon +

�
Emin

gluon
2
+ m2

�χ0 , where Emin
gluon is the

minimum gluon energy for which the result is valid, obtained from the start of the plateau in
reconstruction efficiency shown in Fig. 2.

Since the signal efficiency is essentially flat above Emin
gluon, and the background falls steeply with

energy, we obtain stronger limits on the gluino production cross section and hence on m�g, by

8 8 Excluded region in the m�g - m�χ0 plane

left-hand axes of Fig. 3 for stop and gluino, respectively. These limits assume visible daughter
energies of Egluon > 100 GeV for gluino, and Etop > 125 GeV for stop, ensuring the detection
efficiency is on the plateau shown in Fig 2. The sensitivity of the search decreases at short
and long lifetimes as the effective luminosity decreases. The structure observed between 10−7 s
and 10−5 s is due to the number of observed events incrementing across boundaries between
lifetime bins.

 [s]!

-710 -610 -510 -410 -310 -210 -110 1 10 210 310 410 510 610

   
[p

b]
  

de
t

" # 
st

op
" #

 B
F 

# 
$

-310

-210

-110

1

10

CMS 2011
-1 L dt = 4.0 fb%

 = 7 TeVs

 > 125 GeVtop > 100 GeV, EgluonE

 = 400 GeV)
g~

 (mtheory$

 = 400 GeV)
t~

 (mtheory$

95% CL Limits:

Observed
$1±Expected 
$2±Expected 

)  
 [p

b]
  

0 &'
 g

( g~
 B

F(
#) g~ g~  

(
(p

p 
$

-110

1

10

210

310

)  
 [p

b]
  

0 &'  t
( t~

 B
F(

#) t~ t~  
(

(p
p 

$

-110

1

10

210

310

Figure 3: Expected and observed 95% CL limits on stop and gluino pair production cross sec-
tion (left-hand axes), using the cloud model of R-hadron interactions, as a function of particle
lifetime. The theoretical cross sections for 400 GeV gluino and stop production are taken from
Ref. [39]. Also shown is the model-independent 95% CL limit on particle production cross-
section × branching fraction × stopping probability × detection efficiency (right-hand axis).
The structure observed between 10−7 s and 10−5 s is due to the number of observed events
incrementing when crossing boundaries between lifetime bins.

Figure 4 shows the limit on particle mass as a function of lifetime, for gluino and stop, assuming
theoretical production cross sections [39], as well as BF(�g → g�χ0

1) = 100% and BF(�t → t�χ0
1) =

100%. For lifetimes between 10 µs to 1000 s, we exclude gluinos with masses below 640 GeV
and stops with masses below 340 GeV, at 95% CL.

8 Excluded region in the m�g - m�χ0 plane
For lifetimes in the range 10 µs to 1000 s, we interpret the results of the analysis as an excluded
region in the m�g - m�χ0 plane, assuming BF(�g → g�χ0

1) = 100%. These results are presented
in Fig. 5. The excluded region is bounded by two contours, one at constant m�g and one at

constant Egluon. The latter is described by m�g = Emin
gluon +

�
Emin

gluon
2
+ m2

�χ0 , where Emin
gluon is the

minimum gluon energy for which the result is valid, obtained from the start of the plateau in
reconstruction efficiency shown in Fig. 2.

Since the signal efficiency is essentially flat above Emin
gluon, and the background falls steeply with

energy, we obtain stronger limits on the gluino production cross section and hence on m�g, by
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Figure 5: The region of m�g - m�χ0 excluded by the analysis, valid for gluino lifetimes 10−5 s
< τgluino < 103 s, using several jet energy thresholds Ethresh.

was performed for the decay of such particles, during gaps between LHC beam crossings, us-
ing a dedicated calorimeter trigger. Using a data set in which CMS recorded an integrated
luminosity of 4.0 fb−1, and a total search interval of 246 hours, a total of 12 events were ob-
served, against a mean background prediction of 8.6 ± 2.4 events. Limits are set at 95% CL on
long-lived particle pair production, over 13 orders of magnitude of lifetime. For visible energy
Egluon > 100 GeV, assuming BF(�g → g�χ0

1) = 100%, a gluino with lifetimes ranging from 10 µs
to 1000 s and m�g < 640 GeV is excluded. Under similar assumptions, Etop > 125 GeV, and
BF(�t → t�χ0

1) = 100%, a stop with lifetimes ranging from 10 µs to 1000 s and m�t < 340 GeV is
excluded. By repeating the analysis with increased jet energy thresholds, lower limits on the
gluino mass are set up to 720 GeV, valid for Egluon > 150 GeV and lifetimes in the range 10 µs to
1000 s. These results considerably extend constraints obtained from previous stopped particle
searches [12–14] and are consistent with the complementary exclusions provided by the direct
searches [20–22].
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8 8 Excluded region in the m�g - m�χ0 plane

left-hand axes of Fig. 3 for stop and gluino, respectively. These limits assume visible daughter
energies of Egluon > 100 GeV for gluino, and Etop > 125 GeV for stop, ensuring the detection
efficiency is on the plateau shown in Fig 2. The sensitivity of the search decreases at short
and long lifetimes as the effective luminosity decreases. The structure observed between 10−7 s
and 10−5 s is due to the number of observed events incrementing across boundaries between
lifetime bins.
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Figure 3: Expected and observed 95% CL limits on stop and gluino pair production cross sec-
tion (left-hand axes), using the cloud model of R-hadron interactions, as a function of particle
lifetime. The theoretical cross sections for 400 GeV gluino and stop production are taken from
Ref. [39]. Also shown is the model-independent 95% CL limit on particle production cross-
section × branching fraction × stopping probability × detection efficiency (right-hand axis).
The structure observed between 10−7 s and 10−5 s is due to the number of observed events
incrementing when crossing boundaries between lifetime bins.

Figure 4 shows the limit on particle mass as a function of lifetime, for gluino and stop, assuming
theoretical production cross sections [39], as well as BF(�g → g�χ0

1) = 100% and BF(�t → t�χ0
1) =

100%. For lifetimes between 10 µs to 1000 s, we exclude gluinos with masses below 640 GeV
and stops with masses below 340 GeV, at 95% CL.

8 Excluded region in the m�g - m�χ0 plane
For lifetimes in the range 10 µs to 1000 s, we interpret the results of the analysis as an excluded
region in the m�g - m�χ0 plane, assuming BF(�g → g�χ0

1) = 100%. These results are presented
in Fig. 5. The excluded region is bounded by two contours, one at constant m�g and one at

constant Egluon. The latter is described by m�g = Emin
gluon +

�
Emin

gluon
2
+ m2

�χ0 , where Emin
gluon is the

minimum gluon energy for which the result is valid, obtained from the start of the plateau in
reconstruction efficiency shown in Fig. 2.

Since the signal efficiency is essentially flat above Emin
gluon, and the background falls steeply with

energy, we obtain stronger limits on the gluino production cross section and hence on m�g, by
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left-hand axes of Fig. 3 for stop and gluino, respectively. These limits assume visible daughter
energies of Egluon > 100 GeV for gluino, and Etop > 125 GeV for stop, ensuring the detection
efficiency is on the plateau shown in Fig 2. The sensitivity of the search decreases at short
and long lifetimes as the effective luminosity decreases. The structure observed between 10−7 s
and 10−5 s is due to the number of observed events incrementing across boundaries between
lifetime bins.
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Figure 3: Expected and observed 95% CL limits on stop and gluino pair production cross sec-
tion (left-hand axes), using the cloud model of R-hadron interactions, as a function of particle
lifetime. The theoretical cross sections for 400 GeV gluino and stop production are taken from
Ref. [39]. Also shown is the model-independent 95% CL limit on particle production cross-
section × branching fraction × stopping probability × detection efficiency (right-hand axis).
The structure observed between 10−7 s and 10−5 s is due to the number of observed events
incrementing when crossing boundaries between lifetime bins.

Figure 4 shows the limit on particle mass as a function of lifetime, for gluino and stop, assuming
theoretical production cross sections [39], as well as BF(�g → g�χ0

1) = 100% and BF(�t → t�χ0
1) =

100%. For lifetimes between 10 µs to 1000 s, we exclude gluinos with masses below 640 GeV
and stops with masses below 340 GeV, at 95% CL.

8 Excluded region in the m�g - m�χ0 plane
For lifetimes in the range 10 µs to 1000 s, we interpret the results of the analysis as an excluded
region in the m�g - m�χ0 plane, assuming BF(�g → g�χ0

1) = 100%. These results are presented
in Fig. 5. The excluded region is bounded by two contours, one at constant m�g and one at

constant Egluon. The latter is described by m�g = Emin
gluon +

�
Emin

gluon
2
+ m2

�χ0 , where Emin
gluon is the

minimum gluon energy for which the result is valid, obtained from the start of the plateau in
reconstruction efficiency shown in Fig. 2.

Since the signal efficiency is essentially flat above Emin
gluon, and the background falls steeply with

energy, we obtain stronger limits on the gluino production cross section and hence on m�g, by
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Heavy Stable 
Charged Particle

Triggers: 
• Single μ, MET (for charge suppression 

models) 
• Sensitivity for  β>0.3.
Identification strategies: 
• Tracker-only : large dE/dx + large pT 
• Tracker+TOF:  Tracker-only + μ-like + 

long time-of-flight (β-1 from μ system)
Background estimation from sidebands in 
β-1, dE/dx MIP-compatibility (Ias), and pT.
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gluino (NLO+NLL)

stop   (NLO+NLL)

Pair Prod. stau   (NLO)

GMSB stau   (NLO)

Search for LLP via dE/dx in tracker 
• Gluino, stop with cloud and 

conservative charge suppression 
models.

• Lepton-like: stau, Hyper-kaon

EXO-11-022

Tracker-only

Tracker-only
+TOF

7TeV

7TeV
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Heavy Stable Fractionally 
Charged Particle

EXO-11-074
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Figure 5: Expected and observed limits on the cross section for the production of a fractional

charge particle of charge q=2/3 (top) and 1/3 (bottom). The theoretical prediction from PYTHIA
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HSCP : EXO-11-022
Multiply charged HSCP : EXO-11-090

7TeV

6 5 Background estimate
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Figure 4: Number of events with at least one track with the given number of low-ionizing hits,
for data and the background estimate (above). The function fit to the background estimate
is shown, with the band representing its uncertainty. The ratio of the data to the estimate is
shown below.

5.3 Background from tracks with correlated hits from pp collisions

Since the binomial distribution applies only to uncorrelated trials, it would not account for
a background source with correlations among the dE/dx measurements of the hits. Such a
correlation could be caused by tracks which intersect several sensor layers near the edge of the
sensor module in each layer, producing hits with low-dE/dx values with greater likelihood.
In the control region bin for 5 low-ionizing hits, the signal data and control sample exceed the
prediction of the binomial function, but studies of the events in that bin have been inconclusive
as to the origin of those low-dE/dx hits. To be conservative, we account for the possibility of
a source of correlated low-dE/dx hits from pp collisions. Since no events are observed in the
control sample in the signal region, the central value for the size of this background is 0. The
68%-confidence upper limit for an observation of 0 events is 1.29 events [8]; after scaling to
account for the smaller statistics in the control sample, this corresponds to a 68%-confidence
upper limit of 4.6 events in the signal data sample. Thus the estimate for the background from
tracks with correlated hits from pp collisions is 0+4.6

−0 events.

5.4 Total background estimate

The total background estimate in the signal region is the sum of the estimates for the contri-
butions from cosmic rays, 1.0 ± 0.32 events, from pp collision tracks with uncorrelated hits,
0.040+0.067

−0.040 events, and from pp collision tracks with correlated hits, 0+4.6
−0 events. The total

background estimate is 1.04+4.6
−1.04 events.

6 5 Background estimate

hits with dE/dx < 2 MeV/cm
0 1 2 3 4 5 6!

Ev
en

ts

-110

1

10

210

310

410

510

610

signal sample data
ctrl sample data
fit to ctrl sample

-1=7 TeV, 5.0 fbsCMS Preliminary, 

hits with dE/dx < 2 MeV/cm
0 1 2 3 4 5 6!

si
gn

al
 s

am
pl

e 
/ c

trl
 s

am
pl

e

0
0.5

1
1.5

2

Figure 4: Number of events with at least one track with the given number of low-ionizing hits,
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5.3 Background from tracks with correlated hits from pp collisions

Since the binomial distribution applies only to uncorrelated trials, it would not account for
a background source with correlations among the dE/dx measurements of the hits. Such a
correlation could be caused by tracks which intersect several sensor layers near the edge of the
sensor module in each layer, producing hits with low-dE/dx values with greater likelihood.
In the control region bin for 5 low-ionizing hits, the signal data and control sample exceed the
prediction of the binomial function, but studies of the events in that bin have been inconclusive
as to the origin of those low-dE/dx hits. To be conservative, we account for the possibility of
a source of correlated low-dE/dx hits from pp collisions. Since no events are observed in the
control sample in the signal region, the central value for the size of this background is 0. The
68%-confidence upper limit for an observation of 0 events is 1.29 events [8]; after scaling to
account for the smaller statistics in the control sample, this corresponds to a 68%-confidence
upper limit of 4.6 events in the signal data sample. Thus the estimate for the background from
tracks with correlated hits from pp collisions is 0+4.6

−0 events.

5.4 Total background estimate

The total background estimate in the signal region is the sum of the estimates for the contri-
butions from cosmic rays, 1.0 ± 0.32 events, from pp collision tracks with uncorrelated hits,
0.040+0.067

−0.040 events, and from pp collision tracks with correlated hits, 0+4.6
−0 events. The total

background estimate is 1.04+4.6
−1.04 events.

7TeV

Signal 
region

M > 210 GeV for Q = e/3
M > 330 GeV for Q = 2e/3

• Search for fractionally charged long-lived lepton-like particle.
• Signature = 6 or more low-dE/dx hits in tracker.
• Backgrounds:  
‣ Cosmics from impact parameter sideband.
‣ Collisions measure “hits with 

dE/dx<2 MeV/cm” in Z ➞ μμ.
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Displaced 
Photons

Displaced Leptons : EXO-11-101
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Figure 5: The 1D projections for the E/T (left), and ECAL timing (right) after all selection require-
ments. The multi-jet and γ+ jet backgrounds use shapes derived from data and are normalised
using the fit. The rest of the backgrounds use shapes derived from MC and are normalised
using the given cross sections. For this figure, GMSB (100, 2000) corresponds to Λ = 100 TeV,
cτ = 2000 mm. Likewise, GMSB (100, 250) corresponds to Λ = 100 TeV, cτ = 250 mm.

No. Events
GMSB (100, 250) 6 ± 8

GMSB (100, 2000) 4 ± 4
multi-jet and γ+jet 80916 ± 290

tt + jet (fixed) 73
W → eν + jet (fixed) 116

Drell–Yan + jet (fixed) 67
W/Z + jet + γ (fixed) 215

Total background 81387
Data 81382

Table 2: The final number of events estimated for each component after all selection cuts and
the fit to data. The relative composition of multi-jet and γ+jet have been normalised to 67%
and 33% with respect to each other. The uncertainties listed correspond to the errors from the
fit.

Equation on the CTEQ65 model set as described in Ref. [19]. The uncertainty on the E/T res-
olution uses the conservative estimate of 10%. A conservative estimate of 0.1 ns is made on
the uncertainty due to the ECAL time. This was derived from a performance study of γ+jet
events. For the uncertainty on the background estimation both the uncertainty due to the nor-
malisation and in the shape are considered. The uncertainty on the normalisation is taken from
the error on the fit. The uncertainty on the shape is assessed by varying the background shape
bin-by-bin according to the Poisson uncertainty due to statistics. The uncertainty on the de-
rived shape of the data-driven backgrounds is assessed by re-weighting the E/T and ECAL time
according to differences seen in the shapes of the MC control sample and default selection. The
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Table 2: The final number of events estimated for each component after all selection cuts and
the fit to data. The relative composition of multi-jet and γ+jet have been normalised to 67%
and 33% with respect to each other. The uncertainties listed correspond to the errors from the
fit.

Equation on the CTEQ65 model set as described in Ref. [19]. The uncertainty on the E/T res-
olution uses the conservative estimate of 10%. A conservative estimate of 0.1 ns is made on
the uncertainty due to the ECAL time. This was derived from a performance study of γ+jet
events. For the uncertainty on the background estimation both the uncertainty due to the nor-
malisation and in the shape are considered. The uncertainty on the normalisation is taken from
the error on the fit. The uncertainty on the shape is assessed by varying the background shape
bin-by-bin according to the Poisson uncertainty due to statistics. The uncertainty on the de-
rived shape of the data-driven backgrounds is assessed by re-weighting the E/T and ECAL time
according to differences seen in the shapes of the MC control sample and default selection. The
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tt + jet (fixed) 73
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W/Z + jet + γ (fixed) 215
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Table 2: The final number of events estimated for each component after all selection cuts and
the fit to data. The relative composition of multi-jet and γ+jet have been normalised to 67%
and 33% with respect to each other. The uncertainties listed correspond to the errors from the
fit.

Equation on the CTEQ65 model set as described in Ref. [19]. The uncertainty on the E/T res-
olution uses the conservative estimate of 10%. A conservative estimate of 0.1 ns is made on
the uncertainty due to the ECAL time. This was derived from a performance study of γ+jet
events. For the uncertainty on the background estimation both the uncertainty due to the nor-
malisation and in the shape are considered. The uncertainty on the normalisation is taken from
the error on the fit. The uncertainty on the shape is assessed by varying the background shape
bin-by-bin according to the Poisson uncertainty due to statistics. The uncertainty on the de-
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Table 2: The final number of events estimated for each component after all selection cuts and
the fit to data. The relative composition of multi-jet and γ+jet have been normalised to 67%
and 33% with respect to each other. The uncertainties listed correspond to the errors from the
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Equation on the CTEQ65 model set as described in Ref. [19]. The uncertainty on the E/T res-
olution uses the conservative estimate of 10%. A conservative estimate of 0.1 ns is made on
the uncertainty due to the ECAL time. This was derived from a performance study of γ+jet
events. For the uncertainty on the background estimation both the uncertainty due to the nor-
malisation and in the shape are considered. The uncertainty on the normalisation is taken from
the error on the fit. The uncertainty on the shape is assessed by varying the background shape
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Figure 6: The observed 95% CL cross section upper limits as a function of the χ̃0
1 mass for

cτ = 250 mm (left), and the χ̃0
1 proper decay length for Mχ̃0

1
= 140 GeV/c2 (right) for SPS8.
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Figure 7: The observed exclusion region for the mass and proper decay length of the χ̃0
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7 Summary
The CMS experiment has performed a search for long-lived particles produced in association
with jets using 4.86 ± 0.11 fb−1 of proton-proton collision data at the centre-of-mass energy of 7
TeV. The missing transverse energy and timing information from the ECAL is used to search for

Mχ >220 GeV for cτ <10cm

Search for displaced photons with 
special ECAL timing and shower 
shape.

EXO-11-035
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CMS Detector

~76k scintillating PbWO4 crystals

Silicon strips
  ~16m2   ~137k channels

~13000 tonnes

MUON CHAMBERS 
Barrel:   250 Drift Tube & 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip & 432 Resistive Plate Chambers

STEEL RETURN YOKE 

HADRON CALORIMETER (HCAL)
Brass + plastic scintillator
~7k channels

SILICON TRACKER

FORWARD
CALORIMETER 

PRESHOWER

SUPERCONDUCTING
SOLENOID 

CRYSTAL ELECTROMAGNETIC
CALORIMETER (ECAL)

Total weight 
Overall diameter 
Overall length
Magnetic field

: 14000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

Niobium-titanium coil
carrying ~18000 A

Pixels (100 x 150 m2)
  ~1m2      ~66M channels
Microstrips (80-180 m)
  ~200m2   ~9.6M channels

Steel + quartz fibres
~2k channels

CMS Detector
Pixels
Tracker
ECAL
HCAL
Solenoid
Steel Yoke
Muons
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CMS 2012 Preliminary
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 = 8 TeV     s

"µ !W' 

ov
er

flo
w

 b
in

M(W’SSM ) > 2.85 TeV
M(W’KK ) > 1.4-3.3 TeV (μ=0.05-10TeV)
qql ν CI energy scale >8.7 TeV

• Search for W’SSM, W’KK in split-UED, qql ν contact interaction (CI).

• Background shape from MC, normalized in MT sideband.  
Crosscheck with extrapolation of fit to MT sideband.
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1st/2nd Generation Leptoquarks
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 = 7 TeVs

-1Data, 5.0 fb
W + jets
tt

QCD multijets
Other backgrounds
LQ M = 400 GeV

eνjj
7TeV

Background estimation
Z+jets: MC shape normalized in Z-peak.
top: Shape and norm from eμjj for lljj
W+jets, top (for lνjj): MC shape 
normalized in MT(l,MET) sideband.

EXO-11-027/8
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 = 7 TeVs

LQ2

μμjj
+μνjjβ 

≡ 
BR

(L
Q
➞
l±

q)

MLQ1 > 830 (640) GeV for β = 1.0 (0.5)
MLQ2 > 840 (650) GeV for β = 1.0 (0.5)

• Predicted by many BSM theories:  GUTs [1,7], composite models [8], 
technicolor [9-11], and superstring-inspired E6 [12]. 
‣ Natural explanation for observed quark-lepton symmetry of SM.

• Spin 0 or 1, fractional charge, carry both baryon and lepton number.
‣ In general, we search for spin 0; consider also spin 1 in LQ3 search.
‣ Observed FCNC constraints ! no coupling b/w three generations.

• Production at LHC from model-independent LQ-gluon coupling:

!"#

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) 
 
 

 

Leptoquarks

• NLO cross sections from Kramer et al. [13].
• Search in final states: 
‣ 1st/2nd Gen: �j+�j, νj+�j for �=e,μ
‣ 3rd Gen:  τhadb+�b for �=e,μ  (and νb+νb, not discussed today).

7Saturday, July 7, 2012
Pre-selection7TeV

• Search in μμjj, eejj, μνjj, eνjj
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