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Top at LHC	

• top : closest to new physics
fine tuning problem � top partner

ISR makes the situation worse

� boosted tops

• tt̄H: largest yukawa coupling to higgs to be measured
• tt̄ : main background for new physics search
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• hadronic top:
advantage : momentum reconstruction
disadvantage : QCD and combinatorics

• t̃t̃� tt̄��: stop search
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QCD BG : moderate �� severe
combinatorics : severe �� moderate

• events look di�erent depending on pT,t
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QCD BG : moderate �� severe
combinatorics : severe �� moderate

• events look di�erent depending on pT,t

jet substructure method solve QCD problem
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QCD BG : moderate �� severe
combinatorics : severe �� moderate

• events look di�erent depending on pT,t

in addition, lots of SM tops
HEPTopTager: down to pT � 200 GeV
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QCD BG : moderate �� severe
combinatorics : severe �� moderate

• events look di�erent depending on pT,t

in addition, lots of SM tops
HEPTopTager: down to pT � 200 GeV

stop search, tt̄H with 25fb�1
keeping signal important

How can we tag pT � 100 GeV?

60%



Buckets of tops
start with standard jets (C/A R = 0.5)

ISR

t̄
t

Aim: find jets corresponding to 2 tops
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Buckets of tops
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In Section II we start with a simple algorithm for reconstructing tops in buckets. We test this algorithm
for hadronically decaying top pairs as well as W+jets and pure QCD jets backgrounds. Additional handles
will help us separate the top signal from the backgrounds. In Section III, we modify the simple algorithm to
take advantage of the b quarks and W bosons that are present in top decays but not in the QCD backgrounds.
This improved bucket algorithm is optimized to e⌅ciently find and reconstruct top pairs with moderate pT . In
Section IV we apply our bucket algorithm to stop pair searches.

II. SIMPLE BUCKET ALGORITHM

In this section, we start with a simple algorithm to identify and reconstruct hadronically decaying top pairs.
While an improved algorithm will be presented in the next section, this simple version captures many of the key
concepts we will employ later. The overall scheme is fairly straightforward: by assumption every jet originates
from one of the two tops or from initial state radiation, so we assign every jet to one of three ‘buckets’. Jets
in buckets B1 and B2 correspond to top decays, while all remaining jets are placed in BISR. We cycle through
every permutation of jet assignments to minimize the distance between the invariant masses of the jets in B1

and B2 and the top mass. The metric is chosen to ensure that bucket B1 reconstructs the top mass better than
bucket B2.

Here and throughout the remainder of the paper, all Standard Model (SM) samples are generated with
Alpgen+Pythia [13, 14]. We use matrix-level matching [15] to correctly describe jet radiation over the entire
phase space. This includes up to tt̄+2 jets, W+4 jets and 3�5 QCD jets, with the top cross sections normalized
to next-to-next-to-leading order [16]. Jets are reconstructed using the Cambridge/Aachen algorithm [17] of size
R = 0.5 in FastJet [18]. Note that all our results are relatively insensitive to the choice of jet algorithm.

All leptons we require to be hard and isolated: pT,⌅ > 10 GeV and no track of another charged particle
within R < 0.5 around the lepton. We consider only jets with pT > 25 GeV and |�| < 2.5. Even though the
algorithm presented in this section is in principle applicable to events with any number of jets we preselect
events with five or more jets to reduce QCD backgrounds. Because we are interested in hadronically decaying
tt̄ pairs we veto on isolated leptons. The restricted sample denoted as tht̄h has a cross section of 104 pb at the
LHC with

⇧
s = 8 TeV. One last word concerning underlying event and pile-up: unlike methods involving jet

substructure [6] our bucket reconstruction relies on standard jets with moderately large multiplicities, so aside
from jet energy scale uncertainties we do not expect specific experimental or theoretical challenges.

Bucket definition

As the goal of the bucket algorithm is to identify tops by sorting jets into categories that resemble tops, we
need a metric to determine the similarity of a collection of jets to a top. For simple buckets Bi it is

�Bi = |mBi �mt| with m2
Bi

=

�

⇤
⇧

j�Bi

pj

⇥

⌅
2

, (2)

where we sum over all four-vectors in the bucket. For each event with five or more jets we permute over all
possible groupings of the jets into three buckets {B1, B2, BISR}. We then select the combination that minimizes
a global metric defined as

�2 = ⇥�2
B1

+ �2
B2

. (3)

The factor ⇥ > 1 stabilizes the grouping of jets into buckets. In this work we take ⇥ = 100, e⇥ectively decoupling
�B2 from the metric. As a consequence we always find �B1 < �B2 , i.e. B1 is the bucket with an invariant
mass closer to that of the top than the invariant mass of bucket B2. Other values of ⇥ might eventually turn
out more appropriate for di⇥erent applications.

As the first selection cut we require the invariant masses of both top buckets, B1 and B2, to lie in the window

155 GeV < mB1,2 < 200 GeV . (4)
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tht̄h+jets [fb] R1, R2 < 0.5 R1 < 0.5 R2 < 0.5 QCD [fb] W+jets [fb] S/BQCD

5 jets, 2b-tag 21590 16072 109.6 1.36
(tw,tw) 2750 68.9% 9.3% 7.5% 126.2 1.181 21.8
(tw,t�) 2517 23.4% 25.6% 8.5% 727.1 6.03 3.5
(t�,tw) 1782 21.8% 9.1% 22.6% 596.5 4.85 3.0
(t�,t�) 2767 9.0% 14.3% 13.9% 2002 14.05 1.4

TABLE III: Signal and background rates passing various levels of reconstruction, requiring one b-jet in each top buckets
B1,2. The base-line selection cuts are the same as in Table II.
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FIG. 3: Invariant mass distributions of the b quark and the harder W decay jet. Left: parton level with (solid) and
without (dotted) the requirement pT,j2 < 25 GeV < pT,b, pT,j1. Right: mbj distributions for t�buckets. Black lines
show tht̄h+jets, blue lines QCD jets events.

simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.

b/jet Buckets

In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <

�
m2

t �m2
W ⇤ 155 GeV [19]. For

events where the softer W decay jet falls below the pT threshold the peak becomes more pronounced.

The question is: can we use the predicted peak in the mbj distribution to identify tops in 2j-buckets? If the
third missing top decay jet indeed fails the pT threshold we expect the top momentum to be close to the b/jet
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TABLE III: Signal and background rates passing various levels of reconstruction, requiring one b-jet in each top buckets
B1,2. The base-line selection cuts are the same as in Table II.
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FIG. 3: Invariant mass distributions of the b quark and the harder W decay jet. Left: parton level with (solid) and
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simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.

b/jet Buckets

In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <
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events where the softer W decay jet falls below the pT threshold the peak becomes more pronounced.
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third missing top decay jet indeed fails the pT threshold we expect the top momentum to be close to the b/jet
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simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.

b/jet Buckets

In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <
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W ⇤ 155 GeV [19]. For

events where the softer W decay jet falls below the pT threshold the peak becomes more pronounced.

The question is: can we use the predicted peak in the mbj distribution to identify tops in 2j-buckets? If the
third missing top decay jet indeed fails the pT threshold we expect the top momentum to be close to the b/jet
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simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.

b/jet Buckets

In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <
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t �m2
W ⇤ 155 GeV [19]. For

events where the softer W decay jet falls below the pT threshold the peak becomes more pronounced.

The question is: can we use the predicted peak in the mbj distribution to identify tops in 2j-buckets? If the
third missing top decay jet indeed fails the pT threshold we expect the top momentum to be close to the b/jet
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simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.

b/jet Buckets

In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <
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t �m2
W ⇤ 155 GeV [19]. For

events where the softer W decay jet falls below the pT threshold the peak becomes more pronounced.

The question is: can we use the predicted peak in the mbj distribution to identify tops in 2j-buckets? If the
third missing top decay jet indeed fails the pT threshold we expect the top momentum to be close to the b/jet
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FIG. 3: Invariant mass distributions of the b quark and the harder W decay jet. Left: parton level with (solid) and
without (dotted) the requirement pT,j2 < 25 GeV < pT,b, pT,j1. Right: mbj distributions for t�buckets. Black lines
show tht̄h+jets, blue lines QCD jets events.

simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.

b/jet Buckets

In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <
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m2

t �m2
W ⇤ 155 GeV [19]. For

events where the softer W decay jet falls below the pT threshold the peak becomes more pronounced.

The question is: can we use the predicted peak in the mbj distribution to identify tops in 2j-buckets? If the
third missing top decay jet indeed fails the pT threshold we expect the top momentum to be close to the b/jet
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FIG. 3: Invariant mass distributions of the b quark and the harder W decay jet. Left: parton level with (solid) and
without (dotted) the requirement pT,j2 < 25 GeV < pT,b, pT,j1. Right: mbj distributions for t�buckets. Black lines
show tht̄h+jets, blue lines QCD jets events.

simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.

b/jet Buckets

In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <
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W ⇤ 155 GeV [19]. For

events where the softer W decay jet falls below the pT threshold the peak becomes more pronounced.

The question is: can we use the predicted peak in the mbj distribution to identify tops in 2j-buckets? If the
third missing top decay jet indeed fails the pT threshold we expect the top momentum to be close to the b/jet
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FIG. 3: Invariant mass distributions of the b quark and the harder W decay jet. Left: parton level with (solid) and
without (dotted) the requirement pT,j2 < 25 GeV < pT,b, pT,j1. Right: mbj distributions for t�buckets. Black lines
show tht̄h+jets, blue lines QCD jets events.

simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.

b/jet Buckets

In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <
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W ⇤ 155 GeV [19]. For

events where the softer W decay jet falls below the pT threshold the peak becomes more pronounced.

The question is: can we use the predicted peak in the mbj distribution to identify tops in 2j-buckets? If the
third missing top decay jet indeed fails the pT threshold we expect the top momentum to be close to the b/jet
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FIG. 3: Invariant mass distributions of the b quark and the harder W decay jet. Left: parton level with (solid) and
without (dotted) the requirement pT,j2 < 25 GeV < pT,b, pT,j1. Right: mbj distributions for t�buckets. Black lines
show tht̄h+jets, blue lines QCD jets events.

simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.

b/jet Buckets

In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <

�
m2

t �m2
W ⇤ 155 GeV [19]. For

events where the softer W decay jet falls below the pT threshold the peak becomes more pronounced.

The question is: can we use the predicted peak in the mbj distribution to identify tops in 2j-buckets? If the
third missing top decay jet indeed fails the pT threshold we expect the top momentum to be close to the b/jet

(tw, tw) provide reasonable momentum, �(tw,tw) � 13%
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MCtruth
t )Ri < 0.5 : good reconstruction
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FIG. 3: Invariant mass distributions of the b quark and the harder W decay jet. Left: parton level with (solid) and
without (dotted) the requirement pT,j2 < 25 GeV < pT,b, pT,j1. Right: mbj distributions for t�buckets. Black lines
show tht̄h+jets, blue lines QCD jets events.

simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.

b/jet Buckets

In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <
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m2

t �m2
W ⇤ 155 GeV [19]. For

events where the softer W decay jet falls below the pT threshold the peak becomes more pronounced.

The question is: can we use the predicted peak in the mbj distribution to identify tops in 2j-buckets? If the
third missing top decay jet indeed fails the pT threshold we expect the top momentum to be close to the b/jet

6

tht̄h+jets [fb] R1, R2 < 0.5 R1 < 0.5 R2 < 0.5 QCD [fb] W+jets [fb] S/BQCD

5 jets, 2b-tag 21590 16072 109.6 1.36
(tw,tw) 2750 68.9% 9.3% 7.5% 126.2 1.181 21.8
(tw,t�) 2517 23.4% 25.6% 8.5% 727.1 6.03 3.5
(t�,tw) 1782 21.8% 9.1% 22.6% 596.5 4.85 3.0
(t�,t�) 2767 9.0% 14.3% 13.9% 2002 14.05 1.4

TABLE III: Signal and background rates passing various levels of reconstruction, requiring one b-jet in each top buckets
B1,2. The base-line selection cuts are the same as in Table II.

[GeV]
1

bjm
50 100 150

A
rb

it
ra

ry
 N

o
rm

al
iz

at
io

n

no selection

< 25GeV
2

T,j
p

[GeV]
bj

m
0 50 100 150

A
rb

it
ra

ry
 N

o
rm

al
iz

at
io

n

QCD

tt

FIG. 3: Invariant mass distributions of the b quark and the harder W decay jet. Left: parton level with (solid) and
without (dotted) the requirement pT,j2 < 25 GeV < pT,b, pT,j1. Right: mbj distributions for t�buckets. Black lines
show tht̄h+jets, blue lines QCD jets events.

simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.

b/jet Buckets

In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <
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t �m2
W ⇤ 155 GeV [19]. For

events where the softer W decay jet falls below the pT threshold the peak becomes more pronounced.

The question is: can we use the predicted peak in the mbj distribution to identify tops in 2j-buckets? If the
third missing top decay jet indeed fails the pT threshold we expect the top momentum to be close to the b/jet
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FIG. 3: Invariant mass distributions of the b quark and the harder W decay jet. Left: parton level with (solid) and
without (dotted) the requirement pT,j2 < 25 GeV < pT,b, pT,j1. Right: mbj distributions for t�buckets. Black lines
show tht̄h+jets, blue lines QCD jets events.

simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.

b/jet Buckets

In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <

�
m2

t �m2
W ⇤ 155 GeV [19]. For

events where the softer W decay jet falls below the pT threshold the peak becomes more pronounced.

The question is: can we use the predicted peak in the mbj distribution to identify tops in 2j-buckets? If the
third missing top decay jet indeed fails the pT threshold we expect the top momentum to be close to the b/jet

(tw, tw) provide reasonable momentum, �(tw,tw) � 13%

t� not reconstruct correct momentum
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Ri = �R(Bi, p
MCtruth
t )Ri < 0.5 : good reconstruction
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FIG. 3: Invariant mass distributions of the b quark and the harder W decay jet. Left: parton level with (solid) and
without (dotted) the requirement pT,j2 < 25 GeV < pT,b, pT,j1. Right: mbj distributions for t�buckets. Black lines
show tht̄h+jets, blue lines QCD jets events.

simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.

b/jet Buckets

In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <

�
m2

t �m2
W ⇤ 155 GeV [19]. For

events where the softer W decay jet falls below the pT threshold the peak becomes more pronounced.

The question is: can we use the predicted peak in the mbj distribution to identify tops in 2j-buckets? If the
third missing top decay jet indeed fails the pT threshold we expect the top momentum to be close to the b/jet
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FIG. 3: Invariant mass distributions of the b quark and the harder W decay jet. Left: parton level with (solid) and
without (dotted) the requirement pT,j2 < 25 GeV < pT,b, pT,j1. Right: mbj distributions for t�buckets. Black lines
show tht̄h+jets, blue lines QCD jets events.

simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.

b/jet Buckets

In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <

�
m2

t �m2
W ⇤ 155 GeV [19]. For

events where the softer W decay jet falls below the pT threshold the peak becomes more pronounced.

The question is: can we use the predicted peak in the mbj distribution to identify tops in 2j-buckets? If the
third missing top decay jet indeed fails the pT threshold we expect the top momentum to be close to the b/jet
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FIG. 3: Invariant mass distributions of the b quark and the harder W decay jet. Left: parton level with (solid) and
without (dotted) the requirement pT,j2 < 25 GeV < pT,b, pT,j1. Right: mbj distributions for t�buckets. Black lines
show tht̄h+jets, blue lines QCD jets events.

simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.

b/jet Buckets

In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <

�
m2

t �m2
W ⇤ 155 GeV [19]. For

events where the softer W decay jet falls below the pT threshold the peak becomes more pronounced.

The question is: can we use the predicted peak in the mbj distribution to identify tops in 2j-buckets? If the
third missing top decay jet indeed fails the pT threshold we expect the top momentum to be close to the b/jet

(tw, tw) provide reasonable momentum, �(tw,tw) � 13%

t� not reconstruct correct momentum

only 45% double tagged in total
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Ri = �R(Bi, p
MCtruth
t )Ri < 0.5 : good reconstruction
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FIG. 3: Invariant mass distributions of the b quark and the harder W decay jet. Left: parton level with (solid) and
without (dotted) the requirement pT,j2 < 25 GeV < pT,b, pT,j1. Right: mbj distributions for t�buckets. Black lines
show tht̄h+jets, blue lines QCD jets events.

simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.

b/jet Buckets

In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <
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m2

t �m2
W ⇤ 155 GeV [19]. For

events where the softer W decay jet falls below the pT threshold the peak becomes more pronounced.

The question is: can we use the predicted peak in the mbj distribution to identify tops in 2j-buckets? If the
third missing top decay jet indeed fails the pT threshold we expect the top momentum to be close to the b/jet
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FIG. 3: Invariant mass distributions of the b quark and the harder W decay jet. Left: parton level with (solid) and
without (dotted) the requirement pT,j2 < 25 GeV < pT,b, pT,j1. Right: mbj distributions for t�buckets. Black lines
show tht̄h+jets, blue lines QCD jets events.

simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.

b/jet Buckets

In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <
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events where the softer W decay jet falls below the pT threshold the peak becomes more pronounced.
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simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.
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In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <
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events where the softer W decay jet falls below the pT threshold the peak becomes more pronounced.

The question is: can we use the predicted peak in the mbj distribution to identify tops in 2j-buckets? If the
third missing top decay jet indeed fails the pT threshold we expect the top momentum to be close to the b/jet
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simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.

b/jet Buckets

In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <
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simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.

b/jet Buckets

In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <
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t �m2
W ⇤ 155 GeV [19]. For

events where the softer W decay jet falls below the pT threshold the peak becomes more pronounced.

The question is: can we use the predicted peak in the mbj distribution to identify tops in 2j-buckets? If the
third missing top decay jet indeed fails the pT threshold we expect the top momentum to be close to the b/jet
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simple algorithm described in Section II, including the bucket mass cut in in Eq. (4). In Table III we show the
corresponding results. Starting with two b-jets improves the number of (tw,tw) events by almost 50%. Roughly
70% of (tw, tw)-events reconstruct both tops well, essentially unchanged from the earlier analysis. One kind of
events which is now correctly accounted for are cases where the simple algorithm finds two b-jets in the same
bucket, and give a bucket mass in the correct range.

Asking for two b-tags within at least five jets at the very beginning produces large combinatorial factors for
mis-tagging QCD background events. As a result the backgrounds double in each category and S/B degrades
for (tw,tw) events.

While there is no obvious way to improve the (tw,tw) category of events, Table III shows that a significant
number of events come out (tw,t�) and (t�,tw), that is, only one bucket contains a W candidate. For these
events, the QCD background is not huge, S/B ⇥ 3, so we will try to improve our treatment of this fraction of
events.

b/jet Buckets

In Section II we found that it is not rare for the softest top decay jet to fall below the jet pT threshold.
Attempts to reconstruct two tops in (3j,3j)-buckets will then fail. In 94% of these cases the softest of the six
top decay partons comes from the W decay. Restricted to events where the sixth parton falls below 25 GeV
this fraction increases to 98.5%, i.e. whenever the sixth parton is missing the surviving two jets are the bottom
and the harder W decay jet. In Figure 3 we first show the invariant mass of the b and the harder W decay
product mbj1 at parton level. We see a clear peak and an endpoint mbj1 <
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t �m2
W ⇤ 155 GeV [19]. For

events where the softer W decay jet falls below the pT threshold the peak becomes more pronounced.

The question is: can we use the predicted peak in the mbj distribution to identify tops in 2j-buckets? If the
third missing top decay jet indeed fails the pT threshold we expect the top momentum to be close to the b/jet
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FIG. 1: Normalized transverse momentum distributions for the top decay partons in the tht̄h sample. Left: all six
pT,i distributions. Central and right: normalized distributions of 5th and 6th hardest partons for events with at least 5
jets. Di�erent lines in the central and right panels correspond to the di�erent generator-level cuts on the top transverse
momenta pT,t > 0, 100, 200 GeV.

The lower limit selects events above the Jacobian peak for top decays. We will see that this selection improves
the top signal over QCD background S/B by about a factor of two. All buckets passing Eq. (4) we categorize by
their number of jets; buckets including three or more jets (3j-buckets) and those including two jets (2j-buckets).
Selecting only events with two 3j-buckets improves the signal-to-background ratio by a factor of five.

Jet selection

For tagging two tops in fully hadronic mode, we might naively require at least six reconstructed jets. In
practice, with a threshold of pT,j > 25 GeV this condition is too strict. To improve our e⇤ciency we need
to consider the case where one of the jets from top pair decays is missing. It is also worth noting that even
requiring six jets does not guarantee that we collect all six decay products of the top pair. Frequently, some of
the observed jets come from initial state radiation instead [12].

In Figure 1 we plot the parton level pT distributions of the six decay partons from the top pairs. In the left
panel we see that the four hardest decay jets are not a�ected by the threshold pT,j > 25 GeV. In contrast,
the softest distribution only peaks around 25 GeV, so roughly half the events do not pass our threshold on the
sixth jet.

Table I shows the number of events in the hadronic tht̄h sample after several cuts on the jet multiplicity, and
the percentage of events with the 5th or 6th parton-level top decay jets above pT,j > 25 GeV. In about a half of
events with at least six jets the sixth top-decay parton falls below the pT threshold. Adding the two columns
tells us that more than 90% of all events capture five of the six top decay products. Requiring only five instead
of six jets increases the fraction of events where we miss only one of the top decay products to almost half.
The table also shows the e�ect of placing a transverse momentum cut on the softer top, pT,t2 . For a moderate

tht̄h+jets [pb] pT,6 > 25 GeV pT,5 > 25 GeV > pT,6

lepton veto 104.1 33.4% 44.9%
nj � 4 94.3 35.8% 46.0%
nj � 5 70.5 42.5% 46.4%
nj � 6 36.7 54.7% 38.0%

nj � 5
pT,t2 > 100 GeV 32.7 43.6% 46.2%
pT,t2 > 200 GeV 6.7 47.4% 44.7%

TABLE I: Signal cross sections after requiring five or six top decay jets with pT,j > 25 GeV. The reference value are all
hadronic top pairs after applying the lepton veto as described in the text.
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jets. Di�erent lines in the central and right panels correspond to the di�erent generator-level cuts on the top transverse
momenta pT,t > 0, 100, 200 GeV.

The lower limit selects events above the Jacobian peak for top decays. We will see that this selection improves
the top signal over QCD background S/B by about a factor of two. All buckets passing Eq. (4) we categorize by
their number of jets; buckets including three or more jets (3j-buckets) and those including two jets (2j-buckets).
Selecting only events with two 3j-buckets improves the signal-to-background ratio by a factor of five.

Jet selection

For tagging two tops in fully hadronic mode, we might naively require at least six reconstructed jets. In
practice, with a threshold of pT,j > 25 GeV this condition is too strict. To improve our e⇤ciency we need
to consider the case where one of the jets from top pair decays is missing. It is also worth noting that even
requiring six jets does not guarantee that we collect all six decay products of the top pair. Frequently, some of
the observed jets come from initial state radiation instead [12].

In Figure 1 we plot the parton level pT distributions of the six decay partons from the top pairs. In the left
panel we see that the four hardest decay jets are not a�ected by the threshold pT,j > 25 GeV. In contrast,
the softest distribution only peaks around 25 GeV, so roughly half the events do not pass our threshold on the
sixth jet.

Table I shows the number of events in the hadronic tht̄h sample after several cuts on the jet multiplicity, and
the percentage of events with the 5th or 6th parton-level top decay jets above pT,j > 25 GeV. In about a half of
events with at least six jets the sixth top-decay parton falls below the pT threshold. Adding the two columns
tells us that more than 90% of all events capture five of the six top decay products. Requiring only five instead
of six jets increases the fraction of events where we miss only one of the top decay products to almost half.
The table also shows the e�ect of placing a transverse momentum cut on the softer top, pT,t2 . For a moderate

tht̄h+jets [pb] pT,6 > 25 GeV pT,5 > 25 GeV > pT,6

lepton veto 104.1 33.4% 44.9%
nj � 4 94.3 35.8% 46.0%
nj � 5 70.5 42.5% 46.4%
nj � 6 36.7 54.7% 38.0%
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pT,t2 > 100 GeV 32.7 43.6% 46.2%
pT,t2 > 200 GeV 6.7 47.4% 44.7%

TABLE I: Signal cross sections after requiring five or six top decay jets with pT,j > 25 GeV. The reference value are all
hadronic top pairs after applying the lepton veto as described in the text.

About 50% of events with only 5 partons surviving.
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The lower limit selects events above the Jacobian peak for top decays. We will see that this selection improves
the top signal over QCD background S/B by about a factor of two. All buckets passing Eq. (4) we categorize by
their number of jets; buckets including three or more jets (3j-buckets) and those including two jets (2j-buckets).
Selecting only events with two 3j-buckets improves the signal-to-background ratio by a factor of five.
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For tagging two tops in fully hadronic mode, we might naively require at least six reconstructed jets. In
practice, with a threshold of pT,j > 25 GeV this condition is too strict. To improve our e⇤ciency we need
to consider the case where one of the jets from top pair decays is missing. It is also worth noting that even
requiring six jets does not guarantee that we collect all six decay products of the top pair. Frequently, some of
the observed jets come from initial state radiation instead [12].

In Figure 1 we plot the parton level pT distributions of the six decay partons from the top pairs. In the left
panel we see that the four hardest decay jets are not a�ected by the threshold pT,j > 25 GeV. In contrast,
the softest distribution only peaks around 25 GeV, so roughly half the events do not pass our threshold on the
sixth jet.

Table I shows the number of events in the hadronic tht̄h sample after several cuts on the jet multiplicity, and
the percentage of events with the 5th or 6th parton-level top decay jets above pT,j > 25 GeV. In about a half of
events with at least six jets the sixth top-decay parton falls below the pT threshold. Adding the two columns
tells us that more than 90% of all events capture five of the six top decay products. Requiring only five instead
of six jets increases the fraction of events where we miss only one of the top decay products to almost half.
The table also shows the e�ect of placing a transverse momentum cut on the softer top, pT,t2 . For a moderate
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TABLE I: Signal cross sections after requiring five or six top decay jets with pT,j > 25 GeV. The reference value are all
hadronic top pairs after applying the lepton veto as described in the text.
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FIG. 1: Normalized transverse momentum distributions for the top decay partons in the tht̄h sample. Left: all six
pT,i distributions. Central and right: normalized distributions of 5th and 6th hardest partons for events with at least 5
jets. Di�erent lines in the central and right panels correspond to the di�erent generator-level cuts on the top transverse
momenta pT,t > 0, 100, 200 GeV.

The lower limit selects events above the Jacobian peak for top decays. We will see that this selection improves
the top signal over QCD background S/B by about a factor of two. All buckets passing Eq. (4) we categorize by
their number of jets; buckets including three or more jets (3j-buckets) and those including two jets (2j-buckets).
Selecting only events with two 3j-buckets improves the signal-to-background ratio by a factor of five.

Jet selection

For tagging two tops in fully hadronic mode, we might naively require at least six reconstructed jets. In
practice, with a threshold of pT,j > 25 GeV this condition is too strict. To improve our e⇤ciency we need
to consider the case where one of the jets from top pair decays is missing. It is also worth noting that even
requiring six jets does not guarantee that we collect all six decay products of the top pair. Frequently, some of
the observed jets come from initial state radiation instead [12].

In Figure 1 we plot the parton level pT distributions of the six decay partons from the top pairs. In the left
panel we see that the four hardest decay jets are not a�ected by the threshold pT,j > 25 GeV. In contrast,
the softest distribution only peaks around 25 GeV, so roughly half the events do not pass our threshold on the
sixth jet.

Table I shows the number of events in the hadronic tht̄h sample after several cuts on the jet multiplicity, and
the percentage of events with the 5th or 6th parton-level top decay jets above pT,j > 25 GeV. In about a half of
events with at least six jets the sixth top-decay parton falls below the pT threshold. Adding the two columns
tells us that more than 90% of all events capture five of the six top decay products. Requiring only five instead
of six jets increases the fraction of events where we miss only one of the top decay products to almost half.
The table also shows the e�ect of placing a transverse momentum cut on the softer top, pT,t2 . For a moderate

tht̄h+jets [pb] pT,6 > 25 GeV pT,5 > 25 GeV > pT,6

lepton veto 104.1 33.4% 44.9%
nj � 4 94.3 35.8% 46.0%
nj � 5 70.5 42.5% 46.4%
nj � 6 36.7 54.7% 38.0%

nj � 5
pT,t2 > 100 GeV 32.7 43.6% 46.2%
pT,t2 > 200 GeV 6.7 47.4% 44.7%

TABLE I: Signal cross sections after requiring five or six top decay jets with pT,j > 25 GeV. The reference value are all
hadronic top pairs after applying the lepton veto as described in the text.

About 50% of events with only 5 partons surviving.

Even 6 jets events, about 40% with only 5 partons.
(due to ISR)
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pT,i distributions. Central and right: normalized distributions of 5th and 6th hardest partons for events with at least 5
jets. Di�erent lines in the central and right panels correspond to the di�erent generator-level cuts on the top transverse
momenta pT,t > 0, 100, 200 GeV.

The lower limit selects events above the Jacobian peak for top decays. We will see that this selection improves
the top signal over QCD background S/B by about a factor of two. All buckets passing Eq. (4) we categorize by
their number of jets; buckets including three or more jets (3j-buckets) and those including two jets (2j-buckets).
Selecting only events with two 3j-buckets improves the signal-to-background ratio by a factor of five.

Jet selection

For tagging two tops in fully hadronic mode, we might naively require at least six reconstructed jets. In
practice, with a threshold of pT,j > 25 GeV this condition is too strict. To improve our e⇤ciency we need
to consider the case where one of the jets from top pair decays is missing. It is also worth noting that even
requiring six jets does not guarantee that we collect all six decay products of the top pair. Frequently, some of
the observed jets come from initial state radiation instead [12].

In Figure 1 we plot the parton level pT distributions of the six decay partons from the top pairs. In the left
panel we see that the four hardest decay jets are not a�ected by the threshold pT,j > 25 GeV. In contrast,
the softest distribution only peaks around 25 GeV, so roughly half the events do not pass our threshold on the
sixth jet.

Table I shows the number of events in the hadronic tht̄h sample after several cuts on the jet multiplicity, and
the percentage of events with the 5th or 6th parton-level top decay jets above pT,j > 25 GeV. In about a half of
events with at least six jets the sixth top-decay parton falls below the pT threshold. Adding the two columns
tells us that more than 90% of all events capture five of the six top decay products. Requiring only five instead
of six jets increases the fraction of events where we miss only one of the top decay products to almost half.
The table also shows the e�ect of placing a transverse momentum cut on the softer top, pT,t2 . For a moderate

tht̄h+jets [pb] pT,6 > 25 GeV pT,5 > 25 GeV > pT,6

lepton veto 104.1 33.4% 44.9%
nj � 4 94.3 35.8% 46.0%
nj � 5 70.5 42.5% 46.4%
nj � 6 36.7 54.7% 38.0%

nj � 5
pT,t2 > 100 GeV 32.7 43.6% 46.2%
pT,t2 > 200 GeV 6.7 47.4% 44.7%

TABLE I: Signal cross sections after requiring five or six top decay jets with pT,j > 25 GeV. The reference value are all
hadronic top pairs after applying the lepton veto as described in the text.
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pT,i distributions. Central and right: normalized distributions of 5th and 6th hardest partons for events with at least 5
jets. Di�erent lines in the central and right panels correspond to the di�erent generator-level cuts on the top transverse
momenta pT,t > 0, 100, 200 GeV.

The lower limit selects events above the Jacobian peak for top decays. We will see that this selection improves
the top signal over QCD background S/B by about a factor of two. All buckets passing Eq. (4) we categorize by
their number of jets; buckets including three or more jets (3j-buckets) and those including two jets (2j-buckets).
Selecting only events with two 3j-buckets improves the signal-to-background ratio by a factor of five.

Jet selection

For tagging two tops in fully hadronic mode, we might naively require at least six reconstructed jets. In
practice, with a threshold of pT,j > 25 GeV this condition is too strict. To improve our e⇤ciency we need
to consider the case where one of the jets from top pair decays is missing. It is also worth noting that even
requiring six jets does not guarantee that we collect all six decay products of the top pair. Frequently, some of
the observed jets come from initial state radiation instead [12].

In Figure 1 we plot the parton level pT distributions of the six decay partons from the top pairs. In the left
panel we see that the four hardest decay jets are not a�ected by the threshold pT,j > 25 GeV. In contrast,
the softest distribution only peaks around 25 GeV, so roughly half the events do not pass our threshold on the
sixth jet.

Table I shows the number of events in the hadronic tht̄h sample after several cuts on the jet multiplicity, and
the percentage of events with the 5th or 6th parton-level top decay jets above pT,j > 25 GeV. In about a half of
events with at least six jets the sixth top-decay parton falls below the pT threshold. Adding the two columns
tells us that more than 90% of all events capture five of the six top decay products. Requiring only five instead
of six jets increases the fraction of events where we miss only one of the top decay products to almost half.
The table also shows the e�ect of placing a transverse momentum cut on the softer top, pT,t2 . For a moderate

tht̄h+jets [pb] pT,6 > 25 GeV pT,5 > 25 GeV > pT,6

lepton veto 104.1 33.4% 44.9%
nj � 4 94.3 35.8% 46.0%
nj � 5 70.5 42.5% 46.4%
nj � 6 36.7 54.7% 38.0%

nj � 5
pT,t2 > 100 GeV 32.7 43.6% 46.2%
pT,t2 > 200 GeV 6.7 47.4% 44.7%

TABLE I: Signal cross sections after requiring five or six top decay jets with pT,j > 25 GeV. The reference value are all
hadronic top pairs after applying the lepton veto as described in the text.
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FIG. 1: Normalized transverse momentum distributions for the top decay partons in the tht̄h sample. Left: all six
pT,i distributions. Central and right: normalized distributions of 5th and 6th hardest partons for events with at least 5
jets. Di�erent lines in the central and right panels correspond to the di�erent generator-level cuts on the top transverse
momenta pT,t > 0, 100, 200 GeV.

The lower limit selects events above the Jacobian peak for top decays. We will see that this selection improves
the top signal over QCD background S/B by about a factor of two. All buckets passing Eq. (4) we categorize by
their number of jets; buckets including three or more jets (3j-buckets) and those including two jets (2j-buckets).
Selecting only events with two 3j-buckets improves the signal-to-background ratio by a factor of five.

Jet selection

For tagging two tops in fully hadronic mode, we might naively require at least six reconstructed jets. In
practice, with a threshold of pT,j > 25 GeV this condition is too strict. To improve our e⇤ciency we need
to consider the case where one of the jets from top pair decays is missing. It is also worth noting that even
requiring six jets does not guarantee that we collect all six decay products of the top pair. Frequently, some of
the observed jets come from initial state radiation instead [12].

In Figure 1 we plot the parton level pT distributions of the six decay partons from the top pairs. In the left
panel we see that the four hardest decay jets are not a�ected by the threshold pT,j > 25 GeV. In contrast,
the softest distribution only peaks around 25 GeV, so roughly half the events do not pass our threshold on the
sixth jet.

Table I shows the number of events in the hadronic tht̄h sample after several cuts on the jet multiplicity, and
the percentage of events with the 5th or 6th parton-level top decay jets above pT,j > 25 GeV. In about a half of
events with at least six jets the sixth top-decay parton falls below the pT threshold. Adding the two columns
tells us that more than 90% of all events capture five of the six top decay products. Requiring only five instead
of six jets increases the fraction of events where we miss only one of the top decay products to almost half.
The table also shows the e�ect of placing a transverse momentum cut on the softer top, pT,t2 . For a moderate

tht̄h+jets [pb] pT,6 > 25 GeV pT,5 > 25 GeV > pT,6

lepton veto 104.1 33.4% 44.9%
nj � 4 94.3 35.8% 46.0%
nj � 5 70.5 42.5% 46.4%
nj � 6 36.7 54.7% 38.0%

nj � 5
pT,t2 > 100 GeV 32.7 43.6% 46.2%
pT,t2 > 200 GeV 6.7 47.4% 44.7%

TABLE I: Signal cross sections after requiring five or six top decay jets with pT,j > 25 GeV. The reference value are all
hadronic top pairs after applying the lepton veto as described in the text.
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pT,i distributions. Central and right: normalized distributions of 5th and 6th hardest partons for events with at least 5
jets. Di�erent lines in the central and right panels correspond to the di�erent generator-level cuts on the top transverse
momenta pT,t > 0, 100, 200 GeV.

The lower limit selects events above the Jacobian peak for top decays. We will see that this selection improves
the top signal over QCD background S/B by about a factor of two. All buckets passing Eq. (4) we categorize by
their number of jets; buckets including three or more jets (3j-buckets) and those including two jets (2j-buckets).
Selecting only events with two 3j-buckets improves the signal-to-background ratio by a factor of five.

Jet selection

For tagging two tops in fully hadronic mode, we might naively require at least six reconstructed jets. In
practice, with a threshold of pT,j > 25 GeV this condition is too strict. To improve our e⇤ciency we need
to consider the case where one of the jets from top pair decays is missing. It is also worth noting that even
requiring six jets does not guarantee that we collect all six decay products of the top pair. Frequently, some of
the observed jets come from initial state radiation instead [12].

In Figure 1 we plot the parton level pT distributions of the six decay partons from the top pairs. In the left
panel we see that the four hardest decay jets are not a�ected by the threshold pT,j > 25 GeV. In contrast,
the softest distribution only peaks around 25 GeV, so roughly half the events do not pass our threshold on the
sixth jet.

Table I shows the number of events in the hadronic tht̄h sample after several cuts on the jet multiplicity, and
the percentage of events with the 5th or 6th parton-level top decay jets above pT,j > 25 GeV. In about a half of
events with at least six jets the sixth top-decay parton falls below the pT threshold. Adding the two columns
tells us that more than 90% of all events capture five of the six top decay products. Requiring only five instead
of six jets increases the fraction of events where we miss only one of the top decay products to almost half.
The table also shows the e�ect of placing a transverse momentum cut on the softer top, pT,t2 . For a moderate

tht̄h+jets [pb] pT,6 > 25 GeV pT,5 > 25 GeV > pT,6

lepton veto 104.1 33.4% 44.9%
nj � 4 94.3 35.8% 46.0%
nj � 5 70.5 42.5% 46.4%
nj � 6 36.7 54.7% 38.0%

nj � 5
pT,t2 > 100 GeV 32.7 43.6% 46.2%
pT,t2 > 200 GeV 6.7 47.4% 44.7%

TABLE I: Signal cross sections after requiring five or six top decay jets with pT,j > 25 GeV. The reference value are all
hadronic top pairs after applying the lepton veto as described in the text.
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In Section II we start with a simple algorithm for reconstructing tops in buckets. We test this algorithm
for hadronically decaying top pairs as well as W+jets and pure QCD jets backgrounds. Additional handles
will help us separate the top signal from the backgrounds. In Section III, we modify the simple algorithm to
take advantage of the b quarks and W bosons that are present in top decays but not in the QCD backgrounds.
This improved bucket algorithm is optimized to e⌅ciently find and reconstruct top pairs with moderate pT . In
Section IV we apply our bucket algorithm to stop pair searches.

II. SIMPLE BUCKET ALGORITHM

In this section, we start with a simple algorithm to identify and reconstruct hadronically decaying top pairs.
While an improved algorithm will be presented in the next section, this simple version captures many of the key
concepts we will employ later. The overall scheme is fairly straightforward: by assumption every jet originates
from one of the two tops or from initial state radiation, so we assign every jet to one of three ‘buckets’. Jets
in buckets B1 and B2 correspond to top decays, while all remaining jets are placed in BISR. We cycle through
every permutation of jet assignments to minimize the distance between the invariant masses of the jets in B1

and B2 and the top mass. The metric is chosen to ensure that bucket B1 reconstructs the top mass better than
bucket B2.

Here and throughout the remainder of the paper, all Standard Model (SM) samples are generated with
Alpgen+Pythia [13, 14]. We use matrix-level matching [15] to correctly describe jet radiation over the entire
phase space. This includes up to tt̄+2 jets, W+4 jets and 3�5 QCD jets, with the top cross sections normalized
to next-to-next-to-leading order [16]. Jets are reconstructed using the Cambridge/Aachen algorithm [17] of size
R = 0.5 in FastJet [18]. Note that all our results are relatively insensitive to the choice of jet algorithm.

All leptons we require to be hard and isolated: pT,⌅ > 10 GeV and no track of another charged particle
within R < 0.5 around the lepton. We consider only jets with pT > 25 GeV and |�| < 2.5. Even though the
algorithm presented in this section is in principle applicable to events with any number of jets we preselect
events with five or more jets to reduce QCD backgrounds. Because we are interested in hadronically decaying
tt̄ pairs we veto on isolated leptons. The restricted sample denoted as tht̄h has a cross section of 104 pb at the
LHC with

⇧
s = 8 TeV. One last word concerning underlying event and pile-up: unlike methods involving jet

substructure [6] our bucket reconstruction relies on standard jets with moderately large multiplicities, so aside
from jet energy scale uncertainties we do not expect specific experimental or theoretical challenges.

Bucket definition

As the goal of the bucket algorithm is to identify tops by sorting jets into categories that resemble tops, we
need a metric to determine the similarity of a collection of jets to a top. For simple buckets Bi it is

�Bi = |mBi �mt| with m2
Bi

=

�

⇤
⇧

j�Bi

pj

⇥

⌅
2

, (2)

where we sum over all four-vectors in the bucket. For each event with five or more jets we permute over all
possible groupings of the jets into three buckets {B1, B2, BISR}. We then select the combination that minimizes
a global metric defined as

�2 = ⇥�2
B1

+ �2
B2

. (3)

The factor ⇥ > 1 stabilizes the grouping of jets into buckets. In this work we take ⇥ = 100, e⇥ectively decoupling
�B2 from the metric. As a consequence we always find �B1 < �B2 , i.e. B1 is the bucket with an invariant
mass closer to that of the top than the invariant mass of bucket B2. Other values of ⇥ might eventually turn
out more appropriate for di⇥erent applications.

As the first selection cut we require the invariant masses of both top buckets, B1 and B2, to lie in the window

155 GeV < mB1,2 < 200 GeV . (4)

�bj
B = |mB � 145GeV|

tw

t�
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b
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In Section II we start with a simple algorithm for reconstructing tops in buckets. We test this algorithm
for hadronically decaying top pairs as well as W+jets and pure QCD jets backgrounds. Additional handles
will help us separate the top signal from the backgrounds. In Section III, we modify the simple algorithm to
take advantage of the b quarks and W bosons that are present in top decays but not in the QCD backgrounds.
This improved bucket algorithm is optimized to e⌅ciently find and reconstruct top pairs with moderate pT . In
Section IV we apply our bucket algorithm to stop pair searches.

II. SIMPLE BUCKET ALGORITHM

In this section, we start with a simple algorithm to identify and reconstruct hadronically decaying top pairs.
While an improved algorithm will be presented in the next section, this simple version captures many of the key
concepts we will employ later. The overall scheme is fairly straightforward: by assumption every jet originates
from one of the two tops or from initial state radiation, so we assign every jet to one of three ‘buckets’. Jets
in buckets B1 and B2 correspond to top decays, while all remaining jets are placed in BISR. We cycle through
every permutation of jet assignments to minimize the distance between the invariant masses of the jets in B1

and B2 and the top mass. The metric is chosen to ensure that bucket B1 reconstructs the top mass better than
bucket B2.

Here and throughout the remainder of the paper, all Standard Model (SM) samples are generated with
Alpgen+Pythia [13, 14]. We use matrix-level matching [15] to correctly describe jet radiation over the entire
phase space. This includes up to tt̄+2 jets, W+4 jets and 3�5 QCD jets, with the top cross sections normalized
to next-to-next-to-leading order [16]. Jets are reconstructed using the Cambridge/Aachen algorithm [17] of size
R = 0.5 in FastJet [18]. Note that all our results are relatively insensitive to the choice of jet algorithm.

All leptons we require to be hard and isolated: pT,⌅ > 10 GeV and no track of another charged particle
within R < 0.5 around the lepton. We consider only jets with pT > 25 GeV and |�| < 2.5. Even though the
algorithm presented in this section is in principle applicable to events with any number of jets we preselect
events with five or more jets to reduce QCD backgrounds. Because we are interested in hadronically decaying
tt̄ pairs we veto on isolated leptons. The restricted sample denoted as tht̄h has a cross section of 104 pb at the
LHC with

⇧
s = 8 TeV. One last word concerning underlying event and pile-up: unlike methods involving jet

substructure [6] our bucket reconstruction relies on standard jets with moderately large multiplicities, so aside
from jet energy scale uncertainties we do not expect specific experimental or theoretical challenges.

Bucket definition

As the goal of the bucket algorithm is to identify tops by sorting jets into categories that resemble tops, we
need a metric to determine the similarity of a collection of jets to a top. For simple buckets Bi it is

�Bi = |mBi �mt| with m2
Bi

=

�

⇤
⇧

j�Bi

pj

⇥

⌅
2

, (2)

where we sum over all four-vectors in the bucket. For each event with five or more jets we permute over all
possible groupings of the jets into three buckets {B1, B2, BISR}. We then select the combination that minimizes
a global metric defined as

�2 = ⇥�2
B1

+ �2
B2

. (3)

The factor ⇥ > 1 stabilizes the grouping of jets into buckets. In this work we take ⇥ = 100, e⇥ectively decoupling
�B2 from the metric. As a consequence we always find �B1 < �B2 , i.e. B1 is the bucket with an invariant
mass closer to that of the top than the invariant mass of bucket B2. Other values of ⇥ might eventually turn
out more appropriate for di⇥erent applications.

As the first selection cut we require the invariant masses of both top buckets, B1 and B2, to lie in the window

155 GeV < mB1,2 < 200 GeV . (4)

t�

t�

�bj
B = |mB � 145GeV|

recompute

recompute

b

b
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tht̄h+jets [fb] R1, R2 < 0.5 R1 < 0.5 R2 < 0.5 QCD [fb] W+jets [fb] S/BQCD

5 jets, 2b-tag 21590 16072 109.6 1.4
(tw,tw) 2750 68.9% 9.3% 7.5% 126.2 1.181 21.8
(tw,t�) 7465 49.0% 17.8% 10.3% 2145 15.78 3.5
(t�,tw) 997 29.5% 19.7% 16.9% 160.2 1.42 6.2
(t�,t�) 3979 38.7% 17.0% 15.1% 2575 17.49 1.6

TABLE IV: Number of events reconstructed using the b/jet-buckets for (tw,t�), (t�,tw) and (t�,t�) events. The numbers
for (tw,tw) events are unchanged from Table III.

• (t�,t�): use all jets to minimize �bj
B1

+ �bj
B2

.

Note that for reconstructing b/jet-buckets we use jets both from the t� bucket and from the ISR bucket.

Comparing to the original algorithm we have adapted the metric for assigning jet for top buckets in the t�
category. What remains is to replace the top mass window in Eq. (7) with appropriate b/jet values. In the
right panel of Figure 3 we show the b/jet bucket mass distributions mbj for signal and background. For the
signal they agree well with the expectation from the left panel of Figure 3. For a top candidate we require at
least one b/jet pair satisfying

75 GeV < mbj < 155 GeV . (8)

We show the signal and background e⌅ciencies of this new reconstruction algorithm in Table IV, along with the
percentage of correct top reconstruction. The numbers need to be compared to Table III. First, we see that the
number of events which contain valid top buckets in the correct mass window, albeit including one 2j-bucket,
has significantly increased. In the (tw,t�) category roughly half of all events reconstruct both tops well, in spite
of missing one of the six decay jets. The number of (t�,tw) events passing this reconstruction algorithm drops
significantly when compared to Table III. Most of these events contain one b-jet and one non-b-tagged jet in
B1. However, the b-jet in this category of events is typically a merger of a b and the third jet from the top
decay. Thus, while the bucket itself has an invariant mass near the top, it contains neither a W candidate nor
a b-jet that can be combined with another jet in the event to pass the selection criteria in Eq. (8). Even in
the (t�,t�) category where neither of the two buckets include a reconstructed W candidate the fraction of well
reconstructed top pairs reaches almost 40%.

To study the quality of the top reconstruction in more detail we show the di⇥erence between the bucket
momentum and the parton level top momentum in terms of �R and �pT /pT in the right two panels of
Figure 4. The buckets constructed around b-jets are shown in black. The results of replacing the t� buckets
using the b/jet algorithm are shown in red. In this case we see a narrow peak at zero which corresponds to
complete top momentum reconstruction where we fail to find a W candidate due to overlapping jets. Such
events - which are in the minority - often fail to pass the reconstruction using the �bj

B metric. As a result, the
narrow peak at zero is not present in this second reconstruction method.

For t�buckets the b/jet algorithm consistently reconstructs the top direction significantly better than using
the original method. In contrast, changing twbuckets to the b/jet-bucket does not improve the momentum
reconstruction. We checked b/jet-momentum provides better top momentum reconstruction than only using
the bottom momentum.

pT dependent e�ciencies

Until now we have focused on identifying and reconstructing pairs of hadronically decaying top quarks from
the complete signal sample. The results shown in Table IV indicate that the e⌅ciency as well as the background
rejection of our algorithm allows for a systematic study of hadronic top pairs. However, the fraction of events
with not-quite-perfect reconstruction of the top directions (Ri > 0.5 for i = 1, 2), is somewhat worrisome. From
top tagging we know that a certain fraction of relatively poorly reconstructed tops cannot be avoided [12], but

(tw, tw) : keep them

(tw, t�) : reconstruct t� with �bj
B

(t�, t�) : reconstruct t� to minimize �bj
B1

+ �bj
B2

Modified algorithm

accept t� as a top

mt�(= mbj) distribution
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tht̄h+jets [fb] R1, R2 < 0.5 QCD [fb] S/BQCD

5 jets, 2b-tag 21590 16072 1.4
(tw,tw) 2750 68.9% 126.2 21.8
(tw,t�) 7787 47.3% 2259 3.4
(t�,tw) 1093 27.3% 190.5 5.7
(t�,t�) 4887 28.5% 4077 1.2



Efficiency and momentum reconstruction
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increase in number and quality

tht̄h+jets [fb] R1, R2 < 0.5 QCD [fb] S/BQCD

5 jets, 2b-tag 21590 16072 1.4
(tw,tw) 2750 68.9% 126.2 21.8
(tw,t�) 7787 47.3% 2259 3.4
(t�,tw) 1093 27.3% 190.5 5.7
(t�,t�) 4887 28.5% 4077 1.2

70% double tagged in total (45% before)
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increase in number and quality

tht̄h+jets [fb] R1, R2 < 0.5 QCD [fb] S/BQCD

5 jets, 2b-tag 21590 16072 1.4
(tw,tw) 2750 68.9% 126.2 21.8
(tw,t�) 7787 47.3% 2259 3.4
(t�,tw) 1093 27.3% 190.5 5.7
(t�,t�) 4887 28.5% 4077 1.2

70% double tagged in total (45% before)

better momentum reconstruction
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� 80% provide good momentum for both tops
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to enhance Ri < 0.5
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tht̄h+jets [fb] R1, R2 < 0.5 QCD [fb] S/BQCD

5 jets, 2b-tag 21590 16072 1.36
(tw,tw), prec

T > 100 GeV 1417 86.4% 27.1 52.3
(tw,t�), prec

T > 100 GeV 2805 80.5% 305.4 9.2
(t�,tw), prec

T > 100 GeV 287.9 60.5% 26.4 10.9
(t�,t�), prec

T > 100 GeV 1084 67.7% 339.3 3.2
total, prec

T > 100 GeV 5593 78.5% 698.2 8.0

Ri < 0.5: good reconstruction Ri > 0.5: bad reconstruction

Slight boost improve quality
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to enhance Ri < 0.5
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tht̄h+jets [fb] R1, R2 < 0.5 QCD [fb] S/BQCD

5 jets, 2b-tag 21590 16072 1.36
(tw,tw), prec

T > 100 GeV 1417 86.4% 27.1 52.3
(tw,t�), prec

T > 100 GeV 2805 80.5% 305.4 9.2
(t�,tw), prec

T > 100 GeV 287.9 60.5% 26.4 10.9
(t�,t�), prec

T > 100 GeV 1084 67.7% 339.3 3.2
total, prec

T > 100 GeV 5593 78.5% 698.2 8.0

Ri < 0.5: good reconstruction Ri > 0.5: bad reconstruction

25% double tagged in total

Slight boost improve quality
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for p̄T,t > 300 GeV, jet substructure method start to be e�cient
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Stop pair search [ arXiv:1302.6238[hep-ph] M. Buckley, T. Plehn, MT] 

• t̃t̃� � tt̄��: tt̄ + E/T

typically 104 di�erence in cross section

• LHC 8 TeV with 25 fb�1 :

S/B � 1 for mt̃ = 600 GeV

• include t� increase both signal and BG
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tt̄+jets [fb] t̃t̃� [fb] S/B S/
�

B
mt̃ [GeV] 500 600 700 600
before cuts 234� 103 80.50 23.00 7.19
veto lepton 157� 103 50.45 14.38 4.46
� 5 jets 85.9� 103 37.87 10.90 3.37
2 b-tags 28.0� 103 11.41 3.30 1.02
2 tops reconstructed, prec

T,t > 100 GeV 6.32� 103 3.90 1.23 0.38 0.0002 0.08
E/T > 150 GeV 44.71 2.80 0.98 0.33 0.02 0.7
mT2 > 350 GeV 0.45 0.79 0.44 0.18 1.0 3.3
100% � rejection 0.14 0.73 0.40 0.16 2.8 5.3



Summary

• top : tool for new physics search

• bj-buckets provide � 4 times the signal
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• buckets help to solve combinatorics

• keep low pT signal tops : pT,t = 100� 350 GeV


