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New Physics @ LHC

Many physics models predict TeV-scale resonances.
If decay products are high pT isolated leptons our challenge is simplified.

Several of these resonances preferentially decay to hadronic final states.

Example: RS with all particles in the bulk  ⇒

All we need to do is find high mass tt pair!
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Figure 3: Invariant mass distribution of tt̄ pairs coming from the KK gluon resonance, and SM
tt̄ production. The errors shown on the background curve are the statistical errors assuming
100 fb−1 of luminosity.
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Figure 4: Invariant mass distribution of the decay products for several masses of the KK gluon.
This assumes all tt̄ events are fully collimated. “BG” is QCD dijet production. All jets are
required to have pseudo-rapidities |η| < 0.5, and at least one to have pT > 500 GeV. The errors
shown on the background curve are the statistical errors assuming 100 fb−1 of luminosity.
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Resonances are very wide

Top quarks are highly boosted as are
its daughter particles ( t ➝ Wb )

Leptonic W decay ⇒ lepton falls within b-jet

Hadronic W decay ⇒ ΔR(q,b) & ΔR(q,qʼ) < Rcone

B. Lillie et al., JHEP 0709:074,2007
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tt signal starts to look a lot like QCD multijet background.

B. Lillie et al., JHEP 0709:074,2007



Hadronic Final State Analysis

Analysis of events with hadronic final state.
Cluster calorimeter energy with a cone called a jet 
and correct jet energy back to parton/particle-level.

Can now ask about pT, y, etc...

Unfortunately pT wonʼt help us with                          .
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Moving Beyond Jet PT

What about the jet mass since top is much heavier compared to other 
hadrons?

Does Mjet equal Mtop?

Jet mass seems to
be a good discriminator
of top-jets and light-jets 
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Figure 6: Jet mass as a function of transverse momentum for jets passing the top monojet selection: jets
from the M = 2 (3) TeV Z′ sample in blue/open (red/filled).

The correlation between YScale values and jet mass for the first three splitting values is shown in
Figure 8.

4.2 Background Characteristics

The 5014, 5015 and 5016 samples are combined according to their relative cross-sections to obtain a
smooth distribution in jet transverse momentum distribution as shown in Figure 9. Events from sample
5015 get unit weight, so that the equivalent integrated luminosity of the sample is approximately 700
pb−1. To ensure that generator-level selection cuts do not bias the results, only jets with 300 GeV
< pT ( jet) < 2200 GeV will be used at the analysis stage. This covers the onset of the monojet signature
and includes the region where it is dominant.

The distributions of jet mass as well as jet mass as a function of jet transverse momentum for the
multijet background are shown in Figure 10. The YScale values for these jets, the correlation between
the splitting values for two and three, and three and four jets, and the correlation between the splitting
values and jet mass are shown in Figure 11. From these plots it is clear that the jet mass and YScale
distributions drop exponentially for jets originated by light quarks and gluons. The combination of these
variables should therefore yield a very effective discrimination between jets originating from top quarks
and those from light quarks or gluons. We quantify this in the next section.

4.3 Quantitative Analysis

From this point on, jets are required to have 300 GeV < pT ( jet) < 2200 GeV to avoid any biases
originating from phase space selection at the event generation level. The aim of this study is not to study
the particular signal used but rather to provide an estimate of the discriminating power between top and
light jets of the variables described above. For this purpose this kinematic region is adequate given the
relatively small variations in the signal distributions between the two signal samples.

Given the number of variables and the correlations, a multivariate method is likely to obtain the best
results. For clarity, however, we choose to use two methods: a set of “square” cuts, i.e. cuts applied to
individual variables, and explicit two-variable cuts. We keep in mind that an additional rejection of a
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Moving Beyond Jet Mass

A related quantity is the jet size (width) defined as

Expect highly boosted objects to be 
more collimated (narrow).

Jet

R
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Looking For Jet Substructure

Using cone-jets we lose information about the 
clusters that make up the jet.

Look for sum of energy above threshold in η-φ space.

Another method is to combine clusters based 
on on their energy, pT, or angle with respect 
to other clusters.

Also keep record of cluster ordering.

kT / CA (Cambridge-Aachen) Algorithms:
kT merges clusters in order of smallest relative 
momentum until cutoff reached.

CA merges clusters in order of smallest relative 
angle until all mergers are separated by cutoff angle.



Ordering Scales For Top Decay
Use kT / CA ordering to unwrap the jet

If looking at entire jet, still expect 
bump in jet-mass distribution.
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from the M = 2 (3) TeV Z′ sample in blue/open (red/filled).
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Figure 7: YScale values at which the selected top monojets split into (a) two, (b) three, and (c) four jets.
Jets from the M = 2 (3) TeV Z′ samples are drawn as a solid (dashed) line. The correlation between the
splitting scale into two and three jets is shown in (d), and three and four jets in (e). Here the jets from the
M = 2 (3) TeV Z′ samples are drawn in blue/open (red/filled).
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Figure 7: YScale values at which the selected top monojets split into (a) two, (b) three, and (c) four jets.
Jets from the M = 2 (3) TeV Z′ samples are drawn as a solid (dashed) line. The correlation between the
splitting scale into two and three jets is shown in (d), and three and four jets in (e). Here the jets from the
M = 2 (3) TeV Z′ samples are drawn in blue/open (red/filled).
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If we look at kT splitting scales, 
we also see the 
2nd-to-last splitting (y23: W ➝ qq) 
and last splitting (y12: t ➝ Wb)



ATLAS applies this technique 
in the following analyses
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tt Resonance
As seen earlier top pairs may be produced
through gKK or other intermediary resonances.

One possibility is                              .
Narrow spin-1 resonance (color singlet).

If M(Z′) > 1 TeV then tops are highly boosted.
As before, standard reconstruction fails.

Study semileptonic tt (lepton+jets) 
decay channel.

Mix of branching ratio and combinatorics.

Much of analysis inspired by work of Thaler & Wang [JHEP 07 (2008) 092]
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Leptonic Top-Jet Selection
Require electron or muon with pT > 20 GeV

Muon require track match and |η| < 2.5 and electrons require
medium shower shape and |η| < 2.5 excluding crack region.

Require jet with pT > 200(300) for muon(electron)
events and 

Call nearest jet the b-jet from top decay.

Define visible mass fraction for leptonic top decay &
lepton momentum w.r.t nearest jet.

Make triangle cut to remove much of combinatoric and QCD background.
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Figure 2: Fake rejection for muonic tops in l+jets Z � → tt̄: a) 2-d distributions of xµ, yµ for real
muonic tops: selected events are required to lie above the line; b) 2-d distributions of xµ, yµ for fake
muonic tops: selected events are required to lie above the line; c) Selection efficiency for real muonic
tops (circles) and fraction of fake muonic tops w.r.t. all preselected events in the signal sample before
(squares), and after (triangles) the cut.
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Figure 3: Muonic top candidates in QCD multijet samples: a) 2-d distributions of xµ, yµ. Selected
events are required to lie above the line; b) Selection efficiency of the 2-d cut after preselection.
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Hadronic Top-Jet Selection
Require top-jet with pT > (200)300 GeV ⇒ collimated decay

“Unfold” jet clustering. Use last three kT splitting scales.

y12 should represent t ➝ Wb decay

y23 should represent W ➝ qq decay

y34 should represent hardest hadronic fragmentation.

qt

b

W

q

y12

y23

where

LS(B)(i) =

nvar�

k=1

pS(B),k(xk(i)). (2)

Here pS(B),k is the signal (background) normalized probability density function of the kth variable,

and 15 is an arbitrary normalization factor.

The pdfs are estimated for signal from top monojets in Z � → tt̄ samples (2 and 3 TeV Z �
boson)

and for background from jets in the QCD multijet samples. The exact procedure is as follows:

• For each input variable (which are the first three k⊥ splitting scales and the jet mass) , smooth

out both signal and background distributions.

• Fit these smoothed histograms to polynomial interpolation functions (cubic splines in this case)

to obtain continuous pdfs for both signal and background.

• pdfs are saved in finely binned histograms and normalized to unity.
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Figure 5: Normalized pdfs: a) 1
st k⊥ splitting scale for signal (plain line) and background (dashed

line); b) 2
nd k⊥ splitting scale for signal (plain line) and background (dashed line); c) 3

rd k⊥ splitting

scale for signal (plain line) and background (dashed line); d) Jet mass for signal (plain line) and

background (dashed line).

Normalized smoothed pdfs for both signal and background are shown in Fig. 5 and the likelihood

variable distributions as a function of jet pT are shown in Fig. 6 with the selection efficiency for

yL > 0.6.
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Isolating Z′ ➝ tt Signal
Construct likelihood to distinguish signal from background.

Create PDFs for y12, y23, y34, and jet mass

Likelihood for signal and QCD background.
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Figure 6: Likelihood distributions and selection efficiency (as a function of jet pT ) for hadronic top
monojets: a) Jet pT versus likelihood variable yL for signal; b) Jet pT versus likelihood variable yL for
background; c) Selection efficiencies for a likelihood cut (yL > 0.6).

This simple approach in the construction of the likelihood variable yL, optimal if the different
variables are all independent, may not yield the most optimized cut in this case, but it has the
advantage of simplicity. Furthermore, the correlation between the various variables for both signal
and background is relatively small.

The candidate hadronic top monojet identified in the event is required to have yL > 0.6.

5 Z � Boson Mass Reconstruction and Sensitivity

The Z � boson mass is reconstructed by simply adding the four-momentum of the selected semi-leptonic
top and hadronic top monojet. It appears, as shown in Fig. 7 (dashed distributions), that this straight-
forward procedure yields mass distributions that are shifted to lower values than generated, especially
for the m = 3 TeV Z � boson. Since at this time the jet energy is calibrated to the corresponding truth
jet energy, we investigate if this can be improved by including out-of-cone energy: for each selected
object, the (k⊥) jet initially considered is replaced with the closest cone jet to which (calibrated)
topoclusters located in a ring with inner radius of R = 0.7 and outer radius of R = 1.2 are added.
The addition of these energy contributions leads to the reconstructed Z � boson masses shown in solid
lines in Fig. 7.

In order to check that these additional energy contributions are not due to some detector artefact,
calorimeter energy in a cone of R = 0.4, located far from the two top candidates (where there should
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where

LS(B)(i) =

nvar�

k=1

pS(B),k(xk(i)). (2)

Here pS(B),k is the signal (background) normalized probability density function of the kth variable,

and 15 is an arbitrary normalization factor.

The pdfs are estimated for signal from top monojets in Z � → tt̄ samples (2 and 3 TeV Z �
boson)

and for background from jets in the QCD multijet samples. The exact procedure is as follows:

• For each input variable (which are the first three k⊥ splitting scales and the jet mass) , smooth

out both signal and background distributions.

• Fit these smoothed histograms to polynomial interpolation functions (cubic splines in this case)

to obtain continuous pdfs for both signal and background.

• pdfs are saved in finely binned histograms and normalized to unity.
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Figure 5: Normalized pdfs: a) 1
st k⊥ splitting scale for signal (plain line) and background (dashed

line); b) 2
nd k⊥ splitting scale for signal (plain line) and background (dashed line); c) 3

rd k⊥ splitting

scale for signal (plain line) and background (dashed line); d) Jet mass for signal (plain line) and

background (dashed line).

Normalized smoothed pdfs for both signal and background are shown in Fig. 5 and the likelihood

variable distributions as a function of jet pT are shown in Fig. 6 with the selection efficiency for

yL > 0.6.
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variable distributions as a function of jet pT are shown in Fig. 6 with the selection efficiency for
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cuts on the variables xµ and yµ.

• Identify candidate electronic top

1. Select hardest reconstructed electron (passing the preselection cuts) in the event.

2. Require a close jet (∆R(j, e) < 0.6) with k⊥ splitting scale larger than 10 GeV and if found,

require this jet (j = b+e, the hypothesis being that the electron is part of the reconstructed

jet) to pass cuts on the variables xe , ye and y�e.

• If in an event we find both a muonic and an electronic top candidate, select the one with the

hardest lepton.

• Add the neutrino to the selected visible leptonic top by using the W boson mass constraint and

require that ∆R(νl, l) < 1.

4 Reconstruction of Hadronic Top Monojets

With the full leptonic top in hand, we aim at identifying a hadronic top monojet in the event. The

highest pT jet (which does not coincide with the leptonic top) with a pT of at least 300 GeV (so that the

top decay products are collimated enough to be reconstructed as a single jet) is the natural candidate.

However, with background rejection in mind, we make further requirements on this candidate top

monojet.

4.1 Likelihood Variable

Four variables are considered in the construction of a likelihood variable for hadronic top monojets.

These are introduced in Refs. [9,1,7] and are the first three k⊥ splitting scales and the jet mass. The

procedure followed in the present study to obtain these k⊥ splitting scales will first be briefly outlined.

4.1.1 k⊥ Splitting Scales

This analysis uses k⊥ jets with D = 0.6. We are interested in the energy scales at which such jets

splits into 2, 3 or 4 subjets. To obtain these splitting scales, “topoclusters”
3)

are taken as the jets’

constituents and fed to FastJet [10] for reclustering by means of the k⊥ algorithm. FastJet provides

a simple method to extract the k⊥ splitting scales (also called dmin values): dmin(n,n+1) is the minimal

k⊥-distance corresponding to the recombination from n + 1 subjets to n subjets. As such, the square

root of dmin(1,2) (dmin(2,3) , dmin(3,4)) corresponds to the characteristic energy scale at which a jet

splits into 2 (3 , 4) subjets.

We thus define the first three k⊥ splitting scales as

�
dmin(1,2) ,

�
dmin(2,3) and

�
dmin(3,4)

4)
.

4.1.2 Construction

We construct a likelihood ratio for each jet i as:

yL(i) =
ln (LS(i)/LB(i))

15
(1)

3)topoclusters [7] are built based on a topological clustering algorithm that groups cells in clusters based on their neigh-
bor relations and on the significance of their energy contents, exploiting the fine granularity of the ATLAS calorimeters
to reduce sensitivity to noise and pile-up.

4)To be more precise, we define the k⊥ splitting scales as �
�

dmin(1,2) , �
�

dmin(2,3) and �
�

dmin(3,4), where � is an
energy scale correction factor (close to unity) which is the energy ratio of the original jet (calibrated after clustering)
over the associated reclustered one (where the constituents themselves are first calibrated). See Ref. [1].
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Results For Z′ ➝ tt

Results presented for cuts on the likelihood output.
Cut @ 

95% confidence level limits for 3 cuts on likelihood (σ x BR(Z′➝tt) ).

Analysis assumes √s = 14 TeV with 1 fb-1.

Still more data required for discovery or evidence of > 3σ.

We use the DØ experiment’s implementation6), with a 15% uncertainty on the signal acceptance and
a 10% uncertainty on the integrated luminosity. These values are commensurate with estimates used
in earlier studies [7]. The results are shown in Table 3. No optimization was done regarding the cut
on yL.

95% C.L. limits on σ x BR(tt̄) (fb) yL > 0.6 yL > 0.9 yL > 1.2
m = 2 TeV 550 650 1400
m = 3 TeV 160 180 450

Table 3: Expected sensitivities in the m = 2 and 3 TeV mass windows for different hadronic top
monojet likelihood cuts for 1 fb−1 of data. Results are given in terms of 95% C.L. limits on the signal
production cross-section time branching ratio to tt̄ in fb.

6 Conclusion

In this study, new observables are put forward to distinguish boosted semi-leptonic top decays from
fake candidates found in the QCD multijet background. Furthermore, we modified and improved
the analysis presented in Ref. [1] to allow for better separation of hadronic top monojets from jets
originating from light quarks, notably by means of a likelihood variable. Finally, the Z � boson mass
is reconstructed by selecting events in which a boosted semi-leptonic top decay and a hadronic top
monojet could be identified. This method (based on the identification of high-pT tops) yields good
signal selection efficiency while rejecting most of the QCD multijet background. Expected 95% C.L.
limits on signal production cross-sections times branching ratio to tt̄ for m = 2 and 3 TeV resonances
in 1 fb−1 of data are given. These are of the order of 550 (160) fb for m = 2 (3) TeV Z � bosons. Since
the irreducible background is dominant, better sensitivity will come from improving the top quark
momentum resolution and using a more advanced limit-setting technique exploiting the shape of the
tt̄ mass distribution.
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Figure 12: Total selection efficiency for QCD multijet background (a) and resulting differential cross-

section (b) as a function of leading jet pT requiring yL > 0.6.

the generated mtt̄
5).

We have made a semi-quantitative evaluation of the W boson + 2 jets background as follows. The

alpgen production cross-section for W bosons associated with two light partons with plepton
T > 20

GeV and plightparton
T > 300 GeV is approximately 3 pb (to be compared with 7 pb for lepton+jets

tt̄ production with one parton above 300 GeV.) Only 10% of these events pass the ∆R(lepton,jet) <
0.6 cut described in section 3.1. The other jet then needs to pass the hadronic top cuts for the event

to contribute to the background, a rejection of another factor 10. We conclude that the W boson

plus jets background is at least a factor of ten smaller than the irreducible tt̄ background and do not

consider it further for this study.

m = 2 TeV yL > 0.6 yL > 0.9 yL > 1.2
QCD multijet 1.9 ± 0.5 0.7 ± 0.2 0.16 ± 0.04

SM tt̄ 21.9 ± 1.0 ± 3.9 14.2 ± 0.9 ± 2.6 4.0 ± 0.5 ± 0.7

Total 23.8 ± 4.1 14.9 ± 2.8 4.2 ± 0.9

m = 3 TeV yL > 0.6 yL > 0.9 yL > 1.2
QCD multijet 0.5 ± 0.2 0.2 ± 0.1 0.07 ± 0.03

SM tt̄ 2.9 ± 0.1 ± 0.5 1.8 ± 0.1 ± 0.3 0.7 ± 0.1 ± 0.1

Total 3.4 ± 0.6 2.0 ± 0.3 0.8 ± 0.2

Table 1: Selected events in the m = 2 and 3 TeV mass windows for different hadronic top monojet

likelihood cuts for the dominant backgrounds in 1 fb−1 of data. For SM tt̄, the first uncertainty is

statistical and the second systematic. Uncertainties are added in quadrature in the totals.

yL > 0.6 yL > 0.9 yL > 1.2

l+jets Z � → tt̄ (2 TeV) 0.094 ± 0.002 0.063 ± 0.002 0.016 ± 0.001

l+jets Z � → tt̄ (3 TeV) 0.136 ± 0.002 0.101 ± 0.002 0.034 ± 0.001

Table 2: Fraction of events in the m = 2 and 3 TeV mass windows passing different hadronic top

monojet likelihood cuts for the signal samples. The uncertainties given here are statistical only.

To estimate the sensitivity to a narrow resonance decaying to tt̄, we use a Bayesian technique that

allows us to include uncertainties on the background, signal acceptance and luminosity in the priors.

5)This is equivalent to re-weighting full simulation signal events to the tt̄ continuum background.
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Figure 6: Likelihood distributions and selection efficiency (as a function of jet pT ) for hadronic top
monojets: a) Jet pT versus likelihood variable yL for signal; b) Jet pT versus likelihood variable yL for
background; c) Selection efficiencies for a likelihood cut (yL > 0.6).

This simple approach in the construction of the likelihood variable yL, optimal if the different
variables are all independent, may not yield the most optimized cut in this case, but it has the
advantage of simplicity. Furthermore, the correlation between the various variables for both signal
and background is relatively small.

The candidate hadronic top monojet identified in the event is required to have yL > 0.6.

5 Z � Boson Mass Reconstruction and Sensitivity

The Z � boson mass is reconstructed by simply adding the four-momentum of the selected semi-leptonic
top and hadronic top monojet. It appears, as shown in Fig. 7 (dashed distributions), that this straight-
forward procedure yields mass distributions that are shifted to lower values than generated, especially
for the m = 3 TeV Z � boson. Since at this time the jet energy is calibrated to the corresponding truth
jet energy, we investigate if this can be improved by including out-of-cone energy: for each selected
object, the (k⊥) jet initially considered is replaced with the closest cone jet to which (calibrated)
topoclusters located in a ring with inner radius of R = 0.7 and outer radius of R = 1.2 are added.
The addition of these energy contributions leads to the reconstructed Z � boson masses shown in solid
lines in Fig. 7.

In order to check that these additional energy contributions are not due to some detector artefact,
calorimeter energy in a cone of R = 0.4, located far from the two top candidates (where there should
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R-Parity Violating SUSY
Search for R-parity violating SUSY with baryon 
number violation (        ) through 3-jet neutralino decays.

Analysis inspired by recent work of 
Butterworth et al. (Phys.Rev.Lett.103:241803,2009)

mSUGRA benchmark point SPS1a chosen as baseline signal.
Key features: light neutralino (96.1 GeV) 
and high cross section 
(17.4 pb @ √s = 14 TeV).

High QCD multijet rate usually limits 
RPV searches to use slepton decay.

Analysis assumes highly boosted       
whose hadronic decay will produce 3
collimated jets.

Look for high pT jet with 3 sub-jets

λ
��
�= 0

has not been optimised). The way that the pkl of the new combined objects is calculated depends on the
specified recombination scheme. Here we use the ‘E scheme’ where the four momenta of the two objects
are simply combined according to Equation 5.

R2kl = (ηk−ηl)2+(φk−φl)2 (4)

pkl = pk + pl (5)

The scale at which jets from two or more very collimated partons separate into their subjets is re-
flected by the values of dkl calculated in the jet-finding algorithm. The proposed variable y, defined as
y= dkl/m2 where m is the jet mass, is used to isolate the signal from the background [1]. Reconstructed
jet mass is defined as

�
E2− p2 of the final objects. The sequence of y values effectively records the

distance between the merged jet constituents. This definition of the variable y differs from the commonly
used variable, where the dkl are divided by square of the jet pT . Reasons for using this definition of y
are given in [1]. We define y1 as the dkl value from the last merging and y2 as the dkl value from the
next-to-last merging.

This technique relies on the decaying particle, in this case the χ̃01 , having sufficient boost to decay into
three relatively collimated jets. Figure 1 illustrates a measure of the pseudo cone-radius as a function of
neutralino pT for the three signal neutralino decay products (at parton level). The radius plotted is the
smaller of the circumradius formed by the three jets (the relevant triangle used in the calculation of the
circumradius having sides of length Ri j as defined in Equation 4) and half the largest of the Ri j. We see
from this figure that as the neutralinos become more boosted the degree of jet collimation increases.
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Figure 1: Pseudo cone-radius as a function of neutralino pT
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Boosted Jet Selection for RPV SUSY
Require two jets with pT > 275 GeV (highly boosted      candidates)

40% of       result from squark decay (require two more jets with pT > 135 GeV)

                      will have two decay vertices (two scales)

Make triangle cut in 2D plane of 
last (y1) and second-to-last (y2) splitting scale.

Expect S:B = 1/3 with dijets as dominant background.
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0.08 along with requiring two other jets with pT > 135 GeV, to increase the background rejection further,
completes our event selection (Section 4). The resultant jet mass distribution is illustrated by Figure 5.
This event selection impacts our signal efficiency, however its impact is greater away from the signal
jet mass peak, which is decreased by a factor of 10. This reduction compares favourably with the large
suppression of QCD jets at a level of 103 across the jet mass range. This continuum distribution is
characterised by a turn-on from a low threshold followed by a smooth decay to higher masses, extending
beyond 200 GeV. In Figure 6 we also plot the pT distribution of jets in the signal sample passing our
event selection cuts. This distribution illustrates the transverse momentum range of the jets we have
selected as our heavy particle candidates.

If we directly compare the resulting dijet background and signal mass distribution (Figure 7) we see
that we have comparable numbers of signal and background events. Moreover, there remains a very
clear peak in the signal distribution at the mass of the neutralino, and the signal peak has not been
distorted in any unpleasant way by the substructure cuts (cut 3 defined in Section 4. The QCD mass
distribution suffers from low statistics, due to the limited Monte Carlo datasets available, leading to high
event weights. In order to reduce these event weights we would need at least an order of magnitude more
events. In real data this will not be a problem and so the errors we can expect from 1fb−1 are better
modelled by the Poisson errors, which we show in Figure 7 as the smaller of the two sets of vertical
error bars. The key to the success or failure of this analysis, since we are looking for a peak on a smooth
controlled background, simply depends however, on the amount of background underneath the signal and
on the degree to which we can measure or estimate its size and shape. We expect that by loosening our
cuts slightly, and by making use of the very large cross section for QCD production at the LHC, it should
be relatively easy to create samples very much enriched in the backgrounds. Examination of the jet-mass
distributions of such background enriched samples (from real data) would provide the primary means of
ascertaining the true shape and smoothness (or otherwise) of the underlying background distributions.
We see that for this straw model, the background has been reduced to a level at which it is of manageable
size in comparison to the signal. This suggests that models (whether supersymmetric or otherwise) which
can pair produce states with mass greater than ∼ 100GeV, with transverse momenta similar to those of
Figure 6, and where those states subsequently decay to three jets, may be observable at ATLAS.

The shape and post-selection cross-section of the QCD background are the main systematic uncertain-
ties in this analysis. For example, if the QCD background were twice as large, any signal significance
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Figure 4: y2 vs. y1 for jets with pT > 275 GeV in events with at least four jets with |η | < 2.5 (distributions
normalised to unity)
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Expected Results for RPV SUSY
Inspect jet mass distribution for bump in falling background.

Background shape and normalization is largest uncertainty (using MC).
Expect to reduce this uncertainty using data to model the background.

Analysis technique expected
to work for any massive particle
decaying to 3 subjets.

Important: Allows       search without leptons in the final state.
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Figure 7: Jet mass for jets with pT > 275 GeV and y2 > −0.17y1 + 0.08 in events passing all event
selection cuts
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Recovering H ➝ bb At The LHC

Low mass Higgs ( MH ≈ 120 GeV ) searches are challenging at the LHC.
Increased bb backgrounds w.r.t Tevatron + pp vs pp.

Tevatron searches in WH ➝ lνbb and ZH ➝ ll(νν)bb not as powerful at LHC.

Current strategy merges several production modes all with low rates.

examples:

Recent paper by Butterworth et al. 
[Phys. Rev. Lett. 100, 242001 (2008)] suggest that 
H ➝ bb measurement may still be possible at LHC.

Idea: Look for boosted Higgs decaying to single bb-jet.
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Boosted Higgs-Jet Analysis
A boosted Higgs (              ) requires recoiling from another boosted object. 

Look for W+H and Z+H in three decay channels.

Each channel requires one jet with pT(j) > 200 GeV and ΔΦ(H,V) > 1.2 rad.

Look for “mass drop” within the jet
using last clustering step (CA).

Higgs-jet should have two hard subjets
that ~ share mH (pT(b) ~ mH/2).

Background jets tend to have more asymmetric 
pT sharing and no large mass drop.
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Further Higgs-Jet Analysis
Effect of mass drop cut and asymmetric 
pT sharing cut is quite efficient for signal.

Further improve mass resolution by
rerunning CA on selected jets but
with                             .

Choose two hardest subjects within these 
newly clustered jets.

Helps remove soft QCD radiation ⇒ good for mass resolution.

Lastly, look for displaced 
tracks within cone 
(ΔR < 0.4) of subjects.

Scan operating point to
maximize significance.

R = min(0.3, Rbb̄/2)
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Figure 2: (Left) Invariant mass distribution of the Higgs candidates in the WH signal sample
for various values of the ycut clustering parameter, before application of b-tagging and jet vetoes.
Numbers are projected to an integrated luminosity of 30 fb−1. (Right) Distribution of the y
parameter values for the signal and various backgrounds in the lνbb̄ channel, after the analysis
selection is applied, except for the b-tagging requirement. The histograms are normalized to an
area of 1.

angular resolution on the direction of the two subjets and to try to select the bb̄ pair out of a
bb̄g configuration.

At this stage, the effective size of jet j will be just sufficient to contain the QCD radiation
from the Higgs decay, which, because of angular ordering [23–25], will be almost entirely emitted
in the two angular cones of size Rbb̄ around the b quarks. Since this radius sets the angular scale
(candidate-by-candidate) of the Higgs decay, it makes sense to recluster, or filter the candidate
using this information. This involves rerunning the C/A algorithm on the jet constituents, using
a finer angular scale, Rfilt < Rbb̄, and taking the three hardest objects (sub-jets) that appear —
thus one captures the dominant O (αs) radiation from the Higgs decay, while eliminating much of
the contamination from the underlying event. We follow Ref. [3] in using Rfilt = min(0.3, Rbb̄/2).
The jet j is accepted as a Higgs candidate if the two hardest subjets have b tags. The filtering
procedure provides also an effective way to remove some of the contributions arising directly
from the showering of the b-quark before hadronisation (i.e. no long-lifetime component) and
thus improves the angular resolution of the two hardest subjets with respect to the two b-hadrons
arising from the b-quark pair, which is a fundamental ingredient for b-tagging.

The identification of the two b-quarks originating from the Higgs boson is crucial for sep-
arating the signal from the large backgrounds. The b-tagging algorithms used in this analysis
combine impact parameter information with the explicit determination of an inclusive secondary
vertex, providing the highest b-tagging performance available within ATLAS [2]. To apply b-
tagging, tracks are assigned to subjets if their direction at the vertex is within ∆R = 0.4 of
the subjet direction as determined by the jet clustering algorithm. Every track is assigned to
at most one subjet, so in case of overlaps a track is assigned to the nearest in ∆R of the two
subjets.

The rejection achievable against light- and c-quark jets was analyzed in the specific kinematic
configuration and using the signal and background samples relevant for this analysis and is
shown in Fig. 3 as a function of the b-tagging efficiency on the b-subjet. At 70 % b-tagging
efficiency (corresponding to ≈ 50% signal efficiency), a rejection of light quark jets around 100
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Figure 3: Rejection against light-quark jets (left) and against charm-quark jets (right) as a
function of the b-tagging efficiency on the single subjet, for both the COMB and JetFitter b-
tagging algorithms. The performance for the JetFitter algorithm is also shown after dedicated
optimization to reject c-jets.

is expected to be achievable, corresponding to 1% light-jet misidentification efficiency. This is
exactly the value considered in the generator level study [3] in the most optimistic scenario.
Such an efficient rejection of the background is however only valid in the hypothesis that the
background is dominated by light-jets, so that charm-jets do not play an important role.

Since charm-quarks fragment into c-hadrons which possess a significant lifetime and have
similar decay multiplicities to b-hadrons, separating b-jets from c-jets is much harder than sep-
arating b-jets from light jets, as shown in the right plot in Fig. 3. To improve the rejection
against charm-jets, a dedicated b-tagging algorithm is used, JetFitter [26], which provides extra
information, trying for example to identify the PV → b → c decay chain topology, which is
not present in a c-jet. Two discriminating variables are used, one trained against light jets,
the second against c-jets: they are combined by reweighting them respectively according to the
prior light (c(light)) and c-jet (1 − c(light)) relative flavour composition of the background, at
the cost of a reduced light-jet rejection. The value for c(light) has been optimized by scanning
the 0-1 range using 0.2 intervals1).

While b-tagging can easily reduce the number of b-light subjet combinations to an accept-
able level, it is much harder to reduce the b-c component, which most often occurs in the tt̄
backgrounds. In W+jets the dominant contribution comes from the light-light and light-c sub-
jet combinations, as expected from pure QCD production. The most dangerous contribution
comes however from bb̄ pairs (e.g. from gluon splitting), which cannot be reduced by applying
b-tagging.

To determine the optimal b-tagging strategy for the present analysis, the significance, defined
as S√

B
has been analyzed as a function of the signal efficiency given for a certain b-tagging

requirement, for the lνbb̄ channel. This is shown in Fig. 4.

1)Since the b-tagging algorithm was not specifically optimized and trained in the kinematic and topological
region of the present analysis, the prior light jet composition factor c(light) does not necessarily reflect the real
flavour composition of the background.
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Figure 4: Statistical significance (left) and signal over background ratio (right) after 30 fb−1 for
the lνbb̄ channel as a function of the signal efficiency corresponding to a certain b-tagging cut,
using either the ATLAS default combined b-tagging algorithm or the JetFitter algorithm tuned
with a prior background light-jet content of 20%.

The tagger provides a relatively flat significance between ≈ 35 − 45% signal efficiency. A
working point at 40% signal efficiency was chosen.

After the Higgs candidate has been identified and tagged as described above, a cut at
pT > 200 GeV is applied to the momentum of the filtered Higgs candidate. The filtered four-
momentum, computed from the three highest pT filtered subjets, is considered in all subsequent
steps.

4 Analysis

4.1 Trigger Selection

Trigger efficiencies have been studied in fully-simulated samples. The analyses for the lνbb̄ and
llbb̄ channels make use of muons and electrons with pT > 25 ∼ 30 GeV. These leptons are of
sufficiently high transverse momenta for triggering most events for instantaneous luminosities
up to 2×1033 cm−2 s−1 [2]. Losses are expected due to the geometrical acceptance of the muon
and electron trigger systems. However, in the case of muons, these can be recovered by making
use of jet and Emiss

T -based triggers. While most jet triggers are expected to be heavily prescaled
up to very high momenta, a jet and Emiss

T combination trigger with relatively low thresholds is
expected to be among those that will be unprescaled at 2×1033 cm−2 s−1 [2]. This signature
is interesting not only when a genuine Emiss

T signature is present, but also when we lose muons
due to Level 1 trigger acceptance, creating fake missing momentum.

As expected, e+e−bb̄ has a high trigger efficiency of (98.6 ± 0.6)% for the lepton triggers.
Combining lepton triggers with the Emiss

T ·jet trigger, an overall trigger efficiency of (99.4±0.2)%
is obtained for our offline selected events in the lνbb̄ channel. For the µ+µ−bb̄ events it is
(99.8 ± 0.2)%. Finally, the Emiss

T bb̄ channel does not benefit from the lepton triggers at all, but
the large missing energy can be triggered on, with the threshold at high luminosity likely to be
around 100− 125 GeV. Therefore events with Emiss

T > 200 GeV have an expected overall effiency
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Results for Higgs ➝ bb
Results presented for a mass window cut 
assuming mH = 120 GeV.

S:B ~ 2:3 for lvbb

Results assume perfect knowledge of 
signal acceptance and backgrounds 
after collecting 30 fb-1 @ √s = 14 TeV.

Flat 10% systematic uncertainty ➝ 3.2σ

Flat 15% systematic uncertainty ➝ 3.0σ

Diboson resonances will be seen before
Higgs thus providing a standard candle.

Channel signal ti wi zi S/
√

B

llbb̄ 5.34 0.98 0.0 11.2 1.5
lνbb̄ 13.5 7.02 12.5 0.78 3.0
ννbb̄ 16.3 45.2 27.4 31.6 1.6

Combined 3.7

Table 2: Expected number of events after 30 fb−1 of integrated luminosity for each channel,
subdivided into the signal or background classes defined for the combination in the text.
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Figure 6: q(0) and significance for a range of possible signal experiments.

respectively. These numbers scale linearly with sample uncertainty. Given that after 30 fb−1 of
data ATLAS should also have strong understanding of the background from other sources we
estimate that an uncertainty of 10% or better is realistic.

The significance of 3.7σ in the perfect case is found to be reduced to 3.2σ in the case of a 10%
uncertainty and 3.0σ in the case of a 15% uncertainty on the expected level of each background
sample. It is useful to note that the combination of the three separate channels with differing
background compositions helps reduce the effects of this systematic uncertainty.

6 Summary and Outlook

We have presented a first study of the ATLAS sensitivity to the HZ and HW associated produc-
tion channels at high-pT for a low-mass Standard Model Higgs boson using a realistic detector
simulation, based on a full Geant4 simulation of the detector response in the inner detector and
muon system and on a fast simulation of the calorimeter response in its full granularity. The
analysis closely follows that of Ref. [3], but uses a realistic simulation of the ATLAS detector
and trigger, and the full ATLAS reconstruction software. The trigger efficiencies are found to be
very high for all channels considered. The signal selection efficiency in the lνbb̄ channel agrees
with a full Geant4 simulation of the whole ATLAS detector within ≈ 7 %, while such a direct
comparison was not evaluated for the background samples. All the expected significant back-
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Before We Observe New Physics
Only three new physics signatures presented, but many more possibilities.

Important steps before discovery:

Calibration of kT , kT-1, and CA jets extremely important. 
Most analyses depend strongly on JES.
Luckily we will produce many dijet and γ/Z + jet events.

Detailed study of jet mass also very important.
Most HEP results use jet pT, η. 
Few test of jet mass for high jet masses.

Measurement of standard candles extremely important.
Test standard model predictions for 
WW,WZ,ZZ, tt for 
Also important to test MC generators
in extreme phase space.

where

LS(B)(i) =

nvar�

k=1

pS(B),k(xk(i)). (2)

Here pS(B),k is the signal (background) normalized probability density function of the kth variable,

and 15 is an arbitrary normalization factor.

The pdfs are estimated for signal from top monojets in Z � → tt̄ samples (2 and 3 TeV Z �
boson)

and for background from jets in the QCD multijet samples. The exact procedure is as follows:

• For each input variable (which are the first three k⊥ splitting scales and the jet mass) , smooth

out both signal and background distributions.

• Fit these smoothed histograms to polynomial interpolation functions (cubic splines in this case)

to obtain continuous pdfs for both signal and background.

• pdfs are saved in finely binned histograms and normalized to unity.
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Figure 5: Normalized pdfs: a) 1
st k⊥ splitting scale for signal (plain line) and background (dashed

line); b) 2
nd k⊥ splitting scale for signal (plain line) and background (dashed line); c) 3

rd k⊥ splitting

scale for signal (plain line) and background (dashed line); d) Jet mass for signal (plain line) and

background (dashed line).

Normalized smoothed pdfs for both signal and background are shown in Fig. 5 and the likelihood

variable distributions as a function of jet pT are shown in Fig. 6 with the selection efficiency for

yL > 0.6.
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Summary & Outlook
Many ongoing analyses within ATLAS using jet substructure as tool for isolating new 
physics signals.

Plenty of work to prove SM signals before claiming new physics.

Calibration of new substructure and validation of jet mass

Measurement of mt, mW, mZ, σ(tt), σ(VV)

Extremely active field with strong interplay between theory and experiment.

Analysis of coming yearʼs dataset will be very valuable for future substructure searches.

http://www.physics.ox.ac.uk/boost2010
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