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Introduction Overview

The Challenges of Jet Substructure

• Jet substructure is a huge

opportunity for searches at the LHC
• We have available an entirely new

class of observables compared to the
Tevatron!

• Many reasons to consider substructure
when looking for new physics

1 Signals are often boosted– standard
techniques can break down!

2 Detectors have incredibile
granularity and resolution– small
structure is easier to resolve!

3 New physics is hiding– need as
many handles as we can get!
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Introduction Overview

The Challenges of Jet Substructure

• But with great opportunity, come
great challenges

• ATLAS has been spent the past 3+
years trying to address these
challenges, and this talk will be
structured around them:

1 Understanding the theory landscape
2 Dealing with pileup
3 Testing methods in data
4 Actually applying substructure to

searches

• Not going to go into great detail on
the methods, but feel free to ask!
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Understanding the Theory Landscape

M. Swiatlowski Substructure at ATLAS 27 January, 2014 4 / 36



Understanding Theory Theory is Complicated

The Theory Landscape

• From an experimental perspective...
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• How can you process all of these ideas?
• How do you begin to tell what’s useful?
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Understanding Theory Processing New Ideas

Processing New Ideas

• Substructure as we know it began in 2008– the seminal BDRS paper
• A new idea at the time: use Zh and Wh production at high boson pT

and merged Higgs-jets to search for h ! bb̄
• This field began because of a new idea for a search!

• First ATLAS results (with data) on similar large-R jets: May 2011
• Not a bad turn around, given we had to start running a detector!
• But three years is still a long time...

3

on mass resolution and background rejection.

The above results were obtained with HER-
WIG 6.510[17, 18] with Jimmy 4.31 [19] for the under-
yling event, which has been used throughout the sub-
sequent analysis. The signal reconstruction was also
cross-checked using Pythia 6.403[20]. In both cases
the underlying event model was chosen in line with the
tunes currently used by ATLAS and CMS (see for ex-
ample [21] 2). The leading-logarithmic parton shower
approximation used in these programs have been shown
to model jet substructure well in a wide variety of pro-
cesses [23, 24, 25, 26, 27, 28]. For this analysis, sig-
nal samples of WH, ZH were generated, as well as
WW, ZW, ZZ, Z + jet, W + jet, tt̄, single top and dijets
to study backgrounds. All samples correspond to a lu-
minosity � 30 fb�1, except for the lowest p̂min

T dijet sam-
ple, where the cross section makes this impractical. In
this case an assumption was made that the selection ef-
ficiency of a leptonically-decaying boson factorises from
the hadronic Higgs selection. This assumption was tested
and is a good approximation in the signal region of the
mass plot, though correlations are significant at lower
masses.

The leading order (LO) estimates of the cross-section
were checked by comparing to next-to-leading order
(NLO) results. High-pT V H and V bb̄ cross sections were
obtained with MCFM [29, 30] and found to be about 1.5
times the LO values for the two signal and the Z0bb̄ chan-
nels (confirmed with MC@NLO v3.3 for the signal [31]),
while the W±bb̄ channel has a K-factor closer to 2.5 (as
observed also at low-pT in [30]).3 The main other back-
ground, tt̄ production, has a K-factor of about 2 (found
comparing the HERWIG total cross section to [32]). This
suggests that our final LO-based signal/

�
background es-

timates ought not to be too strongly a�ected by higher
order corrections, though further detailed NLO studies
would be of value.

Let us now turn to the details of the event selection.
The candidate Higgs jet should have a pT greater than
some p̂min

T . The jet R-parameter values commonly used
by the experiments are typically in the range 0.4 - 0.7.
Increasing the R-parameter increases the fraction of con-
tained Higgs decays. Scanning the region 0.6 < R < 1.6
for various values of p̂min

T indicates an optimum value
around R = 1.2 with p̂min

T = 200 GeV.

Three subselections are used for vector bosons: (a) An
e+e� or µ+µ� pair with an invariant mass 80 GeV <
m < 100 GeV and pT > p̂min

T . (b) Missing transverse
momentum > p̂min

T . (c) Missing transverse momentum

2 The non-default parameter setting are: PRSOF=0,
JMRAD(73)=1.8, PTJIM=4.9 GeV, JMUEO=1, with
CTEQ6L [22] PDFs.

3 For the V bb̄ backgrounds these results hold as long as both the
vector boson and bb̄ jet have a high pT ; relaxing the requirement
on pTV leads to enhanced K-factors from electroweak double-
logarithms.
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FIG. 2: Signal and background for a 115 GeV SM Higgs
simulated using HERWIG, C/A MD-F with R = 1.2 and
pT > 200 GeV, for 30 fb�1. The b tag e�ciency is assumed
to be 60% and a mistag probability of 2% is used. The qq̄
sample includes dijets and tt̄. The vector boson selections
for (a), (b) and (c) are described in the text, and (d) shows
the sum of all three channels. The errors reflect the statisti-
cal uncertainty on the simulated samples, and correspond to
integrated luminosities > 30 fb�1.

> 30 GeV plus a lepton (e or µ) with pT > 30 GeV,
consistent with a W of nominal mass with pT > p̂min

T . It
may also be possible, by using similar techniques to re-
construct hadronically decaying bosons, to recover signal
from these events. This is a topic left for future study.

To reject backgrounds we require that there be no lep-
tons with |�| < 2.5, pT > 30 GeV apart from those used
to reconstruct the leptonic vector boson, and no b-tagged
jets in the range |�| < 2.5, pT > 50 GeV apart from the
Higgs candidate. For channel (c), where the tt̄ back-
ground is particularly severe, we require that there are
no additional jets with |�| < 3, pT > 30 GeV. The re-
jection might be improved if this cut were replaced by a
specific top veto [5]. However, without applying the sub-
jet mass reconstruction to all jets, the mass resolution
for R = 1.2 is inadequate.

The results for R = 1.2, p̂min
T = 200 GeV are shown

in Fig. 2, for mH = 115 GeV. The Z peak from ZZ and
WZ events is clearly visible in the background, providing
a critical calibration tool. Relaxing the b-tagging selec-
tion would provide greater statistics for this calibration,
and would also make the W peak visible. The major
backgrounds are from W or Z+jets, and (except for the
HZ(Z ! l+l�) case), tt̄.

Combining the three sub-channels in Fig. 2d, and sum-
ming signal and background over the two bins in the
range 112-128 GeV, the Higgs is seen with a significance
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Understanding Theory Processing New Ideas

Current Processing Time: Q-jets

• More recent example: look at Q-jets (multiple re-interpretations of
one jet):

2

ing us to use a very small fraction of the trees. This is
possible beause infrared and collinear safe jet observables
must be insensitive to small reshu�ings of the momenta,
implying that large classes of trees give very similar in-
formation.

The algorithm we propose assembles a tree via a series
of 2 ! 1 mergings:

1. At every stage of clustering, a set of weights �ij for
all pairs �ij� of the four-vectors is computed, and a
probability �ij = �ij/N , where N =

�
�ij� �ij , is

assigned to each pair.

2. A random number is generated and used to choose
a pair �ij� with probability �ij . The chosen pair
is merged, and the procedure is repeated until all
particles all clustered.

This algorithm directly produces trees distributed ac-
cording to their weight

�
mergings �ij . To produce a dis-

tribution of trees for each jet, this algorithm is simply
repeated Ntree times (not necessarily yielding Ntree dis-
tinct trees). Note that any algorithm which modifies a
tree during its construction (e.g., jet pruning) can be
adapted to work with this procedure, as demonstrated
below.

One particularly interesting class of weights is given by

�(�)
ij � exp

�
��

(dij � dmin)

dmin

�
. (1)

with � a real number we call rigidity. Here, dij is the jet
distance measure for the �ij� pair, e.g.,

dij =

�
dkT � min{p2

Ti, p
2
Tj}�R2

ij

dC/A � �R2
ij

, (2)

where �R2
ij = �y2

ij + ��2
ij , and dmin is the minimum

over all pairs at this stage in the clustering. Note that
with this metric, our algorithm reduces to a traditional
clustering algorithm when � ! �, i.e., in that limit
the minimal dij is always chosen. In this sense, it is
helpful to think of the traditional, single tree algorithm
as the “classical” approach, with � � 1/� controlling the
deviation from the “classical” clustering behavior. With
this analogy, we call the trees constructed in this non-
deterministic fashion Q-jets (“quantum” jets).

In order to get the most information out of the Q-jets,
it is logical to consider observables which are sensitive
to the ordering of the clusterings in the tree. One such
observable is the pruned jet mass, which we will use as
our illustrative example. As described in Ref. [8] prun-
ing is one of the jet grooming tools [9]. It is used to
sharpen signal and reduce background when considering
boosted heavy objects. The basic idea is to move along
the tree and try to discard radiation which is soft and not
collinear, and therefore likely to represent contamination

FIG. 1. Distribution of pruned jet mass for a single QCD-
jet with pT � 500 GeV. The black and red solid lines show
the classical pruned masses when C/A and kT algorithms are
used to cluster the jet. The black and dashed (red and dot-
dashed) line shows the pruned jet mass distribution of 1000
trees (constructed from the same jet in the same event), when
the C/A (kT) measure is used in Eq. (1). These distributions
result from clusterings with rigidity � = 1.0 (top) and � =
0.01 (bottom).

from a part of the event in which we are not particularly
interested (like the underlying event). In detail, if a step
in the clustering would merge particles i and j which
satisfy

zij �
min

�
pTi , pTj

�

| �pTi + �pTj |
< zcut and

�Rij > Dcut ,

(3)

then the merging is vetoed and the softer of the two four-
momenta is discarded. In the specific analysis described
here we take zcut = 0.1 and Dcut = mjet/pjet, which are
typical cuts for the C/A algorithm.

We apply this pruned Q-jets procedure to samples of
simulated boosted W (signal) and QCD (background)
jets generated with Pythia v6.422 [10] with pT -ordered
showers using the Perugia 2011 tunes [11] and assuming
a 7 TeV LHC. In lieu of detector simulation we group
the visible output of Pythia into massless �� � �� =
0.1�0.1 “calorimeter cells” (with |�| < 5), preserving the
energy and the direction to the cell. The cells with energy
bigger than 0.5 GeV become the inputs to the initial jet-
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• Went from theory paper (June 2012) to experimental result (August
2013) in about one year

•
Much faster turn-around time for trying new ideas!
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Understanding Theory Processing New Ideas

How Do We Get Fast Results?

• Many factors contribute to our ability
to study new algorithms and ideas
quickly

1 Well understood data samples:
especially boosted W -jets, top jets,
QCD jets

2 Existing code infrastructure means
less time spent on “basics”

3 The collaboration is much more
comfortable with new ideas because
of the success of previous studies
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Understanding Theory Comparing Results

How Do You Choose?

• Being able to study new
algorithms quickly is great! But
we do not study them just for
their own sake...

• Importantly, need to compare

performance of all these
ideas

• New ideas and improved
performance are great, but there
is a need for stability and

consistency so that searches
can actually use these
techniques
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• Study Q-jets in detail, but we
see it performs the same as
older techniques (n-subjettiness)
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Understanding Theory Comparing Results

How Do You Choose: Top Tagging

Jet Substructure at the Tevatron and LHC 35

(a) all pT , optimised (b) pT 500–600 GeV, optimised

(c) all pT (d) pT 500–600 GeV

Figure 15. Mis-tag vs. e�ciency for several top tagging methods, as tested
on herwig++ tt̄ and dijet samples. For Figures (a) and (b), the input
parameters are optimised for each e�ciency point. The input parameters for
the unoptimised scans are taken from the 35% e�ciency point in Figure (b).

performance. This simulation has yet to be extensively studied, so the results presented

here should be considered preliminary and interpreted with caution.

The detector simulation code is available at the author’s website,

http://atlas.physics.arizona.edu/~loch, and is also provided with SpartyJet as

the RadialSmearingTool tool. You can use it in a SpartyJet analysis via:

builder = SJ.JetBuilder()

builder.add_jetTool_input(SJ.RadialSmearingTool())

<add analyses and run...>

Comparing Figures 14–16 with 17 we can see that including realistic detector
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• Theory results suggest that n-Subjettiness and HEP Top Tagger are
best: also seen in ATLAS

• But important to note that peformance changes with e�ciency

• Some final states might require higher e�ciency, and a di↵erent tagger!
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Understanding Theory Comparing Results

Understanding the Theory Landscape

•
New ideas are constantly emerging, and ATLAS is constantly
implementing them

• Turn-around on new ideas is a year or less, oftentimes
• Dialogue with theorists has been extremely productive for everyone

• We are beginning to understand what works best: but we tread
carefully, as this is final state dependent

•
What is missing?

• No public ATLAS or CMS results on boosted Higgs!
• Hard to pin down exactly why... not enough cross-section? Need new

techniques? Backgrounds too di�cult?
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Pileup
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Pileup The Problem

Pileup is a Concern

• Using large-R jets means we are
very suspectible to extra

radiation

• Which is a shame, because
the LHC plans to throw a lot
of radiation at us

• Even in 2011 conditions, see a
large dependence of mass on

pileup

• How can we hope to do physics
in these conditions?  [GeV]
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Pileup The Problem

Area Corrections and Grooming are Magic
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• Areas correction: measures susceptibility of jets to radiation by
measuring ambient energy in events

• Trimming: remove soft subjets from large-R jets

• Even with 200 interactions, these two techniques restore the jet

mass spectrum
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Pileup The Problem

What About Jet Shapes?

• Can easily extend the areas correction
to work for jet shapes

• Corrected distributions show no slope

vs. more interactions

• We can use the same technology to
correct for many other shapes as well
(and even event-shapes!)
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Pileup Concluding on Pileup

Are We Still Worried About Pileup?

• The answer is both yes and no:
•

Yes! We do not know if the MC is correct! Low pT jets have problems!
•

No! The MC has not lied yet, and 2012 results are good! Substructure
does not really care about low pT !

• For now, it seems like jet substructure observables will survive to very
high pileup conditions

• Other elements of searches, like Emiss
T , may not!

• Validation of these techniques will be critical in 2015
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Comparing Data/MC
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Comparing Data/MC Introduction

Validating Substructure

• Much of ATLAS’s e↵orts with substructure so far have been towards
validation:

• Understanding data/MC agreement
• Studying performance in di↵erent samples
• Measuring resolution and uncertainties

• The challenge: understand to what extent jet substructure actually

works in the data
• Don’t just look at QCD backgrounds, but real signals as well
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Comparing Data/MC Results

Validating Mass

• First thing to understand: in a well
known sample, how accurate is our
modeling of the jet mass?

• The simplest jet substructure
observable...

• Can use a clean sample of W -jets to
measure how well data and MC agree–
use this to derive uncertainties
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Comparing Data/MC Results

Jet Mass (with Trimming)
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• Can see a beautiful top peak in the top sample: spectrum is very
well modeled

• Lots of variation in MC for QCD: Powheg and Herwig++ do best
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Comparing Data/MC Results

HEP Top Tagger: Very High Purity

• Trimming and n-subjettiness often
used in semi-leptonic searches: need
high signal e�ciency

• But what about all-hadronic searches–
where you need high signal purity?

• HEP Top Tagger provides a much
cleaner sample, and is also very well
modeled

Top Quark Candidate Mass [GeV]
0 30 60 90 120 150 180 210 240

To
p 

Q
ua

rk
 C

an
di

da
te

s 
/ 4

 G
eV

0

100

200

300

400

500

Data 2012
tt

W+jets
Single Top
Z+jets
Statistical uncertainty

ATLAS
-1 L dt = 20.3 fb∫

 = 8 TeVs

Preliminary

M. Swiatlowski Substructure at ATLAS 27 January, 2014 21 / 36



Comparing Data/MC Results

Template Methods in Quark-Gluon Tagging

• Significant data/MC disagreement for variables sensitive to
quark/gluon tagging required the use of a data-driven templates

quarks gluons

60% 40%+ =

+jet�

quarksgluons

40%+60%
=

dijet

• Take percentages from MC, measure �+jet and dijet in data: solve
for quark and gluon distributions in data

• More information on method in backup
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Comparing Data/MC Results

Templates with Data
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• Data disagrees with Pythia in ntrk , leading to worse separation than
expected

• Track Width has better agreement, though not good at high pT
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Comparing Data/MC Conclusions

Validating Substructure

• In top and W measurements, remarkable agreement between data
and MC

• In both QCD and signal samples!

• Quark/gluon tagging has more trouble: gluon properties in particular
are not well modeled

• Need to help theorists understand these issues!

• Has the challenge been met?
• W and top samples used as much as possible to understand “real”

substructure
•

But the pT spectrum is very limited– not related to real signals

• Where else is it interesting to measure structure?
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Searches
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Searches Overview

Searches: Actually Using Substructure

• Now that we understand the tools, we should actually be using these
in searches

• Recall: the entire field is motivated by a search (BDRS and Higgs)

• ATLAS has a number of analyses that apply our techniques
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Searches tt̄ Resonances

tt̄ Resonances

• One of the canonicial searches
utilizing substructure

• High mass Z 0 decays to high pT top
quarks: too boosted for a resolved

analysis to see

• Reconstruct Z 0 mass with
semi-leptonic and hadronic top
candidates
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Searches tt̄ Resonances

tt̄ Resonances: Limits

• Search utilizes very high pT top
quarks: how well do we understand
large-R jets, especially mass, here?

• Validation regions are at lower pT

• Limits are significanctly better than a
resolved analysis would be!
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Searches Mono-W

Dark Matter with Substructure

• Another search with substructure at
the very heart: look for dark matter

produced in association with ISR
W -jet

• Semi-leptonic and resolved jets have
huge backgrounds! Go to very high
pT to avoid backgrounds: requires
substructure
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Searches Mono-W

Mono-W Limits

• Set limits on e↵ective theory mass
scale as a function of dark matter
mass

• Making some assumptions on the
e↵ective operators of dark matter, can
even show limits compared to

direct-detection experiments
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Searches SUSY Multijets

Total Jet Mass in SUSY

• A completely di↵erent approach: high
multiplicity SUSY final state, lots of
jets and Emiss

T

• Large jets here may not coincide with
tops or gluinos: but summing their

mass is sensitive

• This signal region is not the most
e↵ective at the end, but may be useful
for 13 TeV
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Searches Final Thoughts

The Potential For Searches

• So far, not too many searches have utilized substructure!
• Many more are planned: direct stop, RPV SUSY multijets, W 0 ! tb,

W 0 ! WZ , exotic 4 top models, etc.

• What is preventing analyses from being released?
•

Access to information: SUSY multijets had to use “composite” jets,
because R = 1.0 jets were not available

•
More handles for optimization: New observables mean more room
for optimization, which takes time

•
Analyzers need to help with performance: A smaller set of users
means uncertainties, etc., require more work to derive

•
This is not low hanging fruit: The simple analyses have already been
done, so all that’s left is the fun stu↵ :-)

• What existing searches would benefit from substructure?
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Conclusions
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Conclusions Closing Thoughts

Summary

• Substructure is a new opportunity for searches at the LHC
• ATLAS has been working to test new techniques, measure

performance, and study data/MC agreement

• These techniques are no longer “experimental”: they are commissioned
and well understood!

• Data/MC agreement is, in general, remarkably good

• Large samples of boosted W and top jets make validation
straightforward

• Notably, quark/gluon discrimination does not work as well as expected
•

The one island of significant disagreement?

• Techniques are already used in many searches, but even more are in

progress

• 13 TeV will make boosted objects even more important: looking
forward to new developments!
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Thank You For Your Attention!
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Backup
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Backup Templates

Extracting Templates

• Goal: to better understand quark/gluon shapes in data, extrapolate
data to 100% purity with fractions from MC

• Ideally, solve for q/g on bin-per-bin basis from:

h�+j = P�+j
Q q + P�+j

G g

hdijet = Pdijet
Q q + Pdijet

G g

PQ = percentage quark

h = histogram value

q/g = templates

(� + jet)/(dijet) = di↵erent samples

• But, need to account for b and c fractions (for now, taken from MC):

h�+jet = P�+jet
Q q+P�+jet

G g+P�+jet
B b+P�+jet

C c

hdijet = Pdijet
Q q+Pdijet

G g+Pdijet
B b+Pdijet

C c

From Data

From MC

Solving for This

• Then, compare pure data shapes to pure MC shapes (used for
training tagger)
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Backup Templates

Testing Method in MC
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• MC-labeled distributions in �+jet and dijets agree very well with
templates derived in MC

• Disagreement at low pT will be discussed at length soon

• Gives us confidence that the algorithm is doing something sensible

M. Swiatlowski Substructure at ATLAS 27 January, 2014 2 / 2


	Understanding Theory
	Theory is Complicated
	Processing New Ideas
	Comparing Results

	Pileup
	The Problem
	Concluding on Pileup

	Comparing Data/MC
	Validation in Data
	Introduction
	Results
	Conclusions

	Searches
	Overview
	t Resonances
	Mono-W
	SUSY Multijets
	Final Thoughts

	Backup
	Templates


