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ヒッグスの発見

• だいたい標準模型の予言通り。面白いのはこれから。

• 主要な生成はtop loopによる：トップ湯川結合を間接的に測定
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階層性問題

• ヒッグスが見つかったからと言って、他に何もないと特に質的には解決せず

• 125GeV: SUSYなら結構重そう（むしろ自然？                         [arXiv:1111.6594]）

• 軽いパートナーがいる方が自然　→トップパートナー（stopもmixingで可能）

• ヒッグスと強く結合しているトップセクターに注目　　　　                              
トップセクターは精密にはわかってない、アノマリーがあるかも
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SUSYは簡単に見つかる予定だった
• もしTeV くらいに都合の良いSUSY模型があれば。

 [GeV]0m
0 1000 2000 3000 4000 5000 6000

 [G
eV

]
1/

2
m

300

400

500

600

700

800

900

1000

 (2000 G
eV)

q ~

 (1600 G
eV)

q ~

 (1000 GeV)g~

 (1400 GeV)g~

Expected
Observed
Expected
Observed
Expected
Observed
Expected
Observed
Expected
Observed
Expected
Observed

 > 0µ, 0 = -2m
0

) = 30, AβMSUGRA/CMSSM: tan( Lepton & Photon 2013

ATLAS Preliminary
 = 8 TeVs, -1 L dt = 20.1 - 20.7 fb∫

τ∼

LSP
 not included.theory

SUSYσ95% CL limits. 
0-lepton, 2-6 jets

0-lepton, 7-10 jets

0-1 lepton, 3 b-jets

1-lepton + jets + MET

1-2 taus + jets + MET

 3 b-jets≥2-SS-leptons, 0 - 

ATLAS-CONF-2013-047

ATLAS-CONF-2013-054

ATLAS-CONF-2013-061

ATLAS-CONF-2013-062

ATLAS-CONF-2013-026

ATLAS-CONF-2013-007

3/45
13年8月7日水曜日



• そもそも重くて作れてない (Higgs at LEP~0.008pb ~1個）

• 作ってたけど、良くわからなかった (Higgs at Tevatron~1pb~1万個~3σ）

• 来年あっさり見つかるかも（Luminosity function増える） 

でも、SUSYは簡単に見つからなかった
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13TeVになると
• ルミノシティ関数
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• 2TeVなら約10倍の効果、4TeVなら約100倍（重い粒子に有利、SMは軽い）5/45

http://www.hep.phy.cam.ac.uk/~wjs/plots/plots.html
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• そもそも重くて作れてない (Higgs at LEP~0.008pb ~1個）

• 作ってたけど、良くわからなかった (Higgs at Tevatron~1pb~1万個~今は3σ）

• 来年あっさり見つかるかも（Luminosity function増える） 

• LHCで重くて作れてないなら、厳しい。

• 何か起きてるけど、良くわかってないと期待して気合を入れて探す（精密測定）

• ILCができるまで待つ

でも、SUSYは簡単に見つからなかった
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どう、気合を入れて探すか
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new physics は典型的には1fb~1pb

• SMの検証だけでも気合（精密さ）が必要：桁で違う断面積
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• SMの検証だけでも気合（精密さ）が必要：桁で違う断面積

• pQCDの計算精度の向上：NLO, matching: しかし、LOでも６ジェットまで

• BGサブトラクションが必要: leptons, b-tag, 　   & 特殊なkinematicsを利用

• topは全部持ってる（バックグラウンドとしては迷惑）

どう、気合を入れて探すか

E/T
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• SMの検証だけでも気合（精密さ）が必要：桁で違う断面積

• 同じプロセスでもpT分布はexpで落ちる:high pT成分は全断面積には効かない

• New physics search で重要なのは主にhigh pT側
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• 存在しないピークを作ってしまうかも (CDF Wjj)

• バックグラウンドとしてのトップ

• 逆もある？（存在するピークを消してしまう）

知ってるはずの部分を間違えると
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今までとの違い
• 衝突エネルギー大

• 検出器の性能　 ジェットの内部を細かく見れる

重い粒子もhigh pTになる、W, Z, H, t
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今までとの違い
• 衝突エネルギー大

• 検出器の性能　

• コンピュータの性能の向上

• わかってるものの精度をあげないと、未知のものは見えない

ジェットの内部を細かく見れる

pQCDの計算精度の向上、ME+parton shower matching

重い粒子もhigh pTになる、W, Z, H, t

クラスタリングアルゴリズム：Fastjetにより現実的に

Boosted ObjectのIDにJet substructureを利用
9/45
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Jet substructure の利用
• ジェットの定義

• mass drop criterion

• filtering
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ジェット：定義が必要
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ジェット：定義が必要

唯一の定義はない
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ジェット：定義が必要

唯一の定義はない

今までは、コーンジェットがメイン
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ジェット：定義が必要

• QCDジェットはparton shower近似で記述可能

soft-collinear singularity
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クラスタリングジェット
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クラスタリングジェット

どの構成要素をジェットに含むかを決める定義が必要
コーンアルゴリズムだと円を描いて入ったものを全部足してジェットとする
ジェット運動量、ジェット質量を定義出来る
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クラスタリングジェット

1. 最小の      ペアを探す
2. 　　　　　ならi,jをくっつける
3. なくなるまで繰り返す

dij

dij < diB

C/A: dij = �R2
ij

R2 , diB = 1
11/45
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Michihisa Takeuchi

Top at LHC

Jet substructure
clustering algorithm

Jet substructure

Jet filtering

HEPTopTagger

Applications

Summary

clustering algorithm

clustering
1. find smallest dij, diB

2. if dij is smallest recombine i and j, if diB is smallest call i as a jet.
3. repeat step 1-2 until no particles left.

dij: distance measure
– R: jet size dij > R

Cambridge/Aachen dij = �R2
ij/R2, diB = 1

kT dij = min(p2
Ti, p2

Tj)�R2
ij/R2, diB = p2

Ti

anti-kT dij = min(p�2
Ti , p�2

Tj )�R2
ij/R2, diB = p�2

Ti

Michihisa Takeuchi (Universität Heidelberg) Dresden, 20th April 2012 12 / 28
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クラスタリングジェット

1. 最小の      ペアを探す
2. 　　　　　ならi,jをくっつける
3. なくなるまで繰り返す

dij

dij < diB
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ij
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構成要素の集合とともに、
クラスタリングヒストリーも
自動的に得られる

QCDで最も効くMEを探す作業

今までは捨てていた情報
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• 衝突エネルギーが高くなると、重いゲージボソンもブーストし始める

• W,Z,h: 質量~100GeV 

• 400GeV で R=0.5 のconeに入る（2jではWを探せなくなる）

• クラスタリングアルゴリズムで１つのジェットとして得られる

• h→bb：内部構造はDecayのMEで計算可能＋PS

• 組み合わせBGをコントロールしやすく便利 　　　積極的に利用：fatjet (R>1.0)

Boosted Object

R � 2m
pT

12/45

Phys.Rev.Lett.100:242001(2008)
[J. M. Butterworth, A. R. Davison, M. Rubin, G. P. Salam]
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Mass drop

Z-jet QCD-jet

どうやって区別するか
• 同じmassのジェットでも、ヒストリーを逆にたどると

　重い粒子の崩壊ならば、mass dropが見られる
13/45
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Filtering

• 大きいR：pile-up, underlying eventsの影響大

• ジェットの実効面積を減らす必要

• 小さいRで再クラスタリング

• jet massのprimary vertex数の依存性が減る

Rfilter = 0.2, nfilter = 3

arXiv:1306.4945
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Boosted Tops (HEPTopTagger)
• jet substructure

• top physics
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topジェットの利用
• top : New physics に最も近い 

• ハドロニックモード

• 利点：運動量再構成

• 欠点：QCD、組み合わせBG問題大（+ISR）→　fatjet & 内部構造

• 　　      ：~150GeVでR=1.5のconeに入る

• top: 3体崩壊（標準模型で唯一、質量~173GeV） 

R � 2m
pT

• t̃t̃� � tt̄��: stop search
• tt̄H: largest yukawa coupling yt

• tt̄+jets: main background for new physics search
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Boosted Tops

j
j

16/45

QCD BG : moderate �� severe
combinatorics : severe �� moderate

pT,t によって見え方が違う
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boostによって組み合わせBGが自動的に解ける

16/45

できるだけlow pTまでこのメリットを利用

R=1.5 で 200 GeV 程度までfatjetに入る
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HEPTopTagger Algorithm

1. fatjetを定義 C/A, R=1.5 
2. mass drop で subjets を探す (t→bW, W→jj)

3. top質量に最も近いfiltered massを持つ組を選ぶ

mj1/mj < 0.8

|mfilt
jjj �mt| < 25 GeV

top candidate

msub
j < 50 GeV

17/45
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HEPTopTagger efficiency
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Validation with data

Jet mass [GeV]
0 100 200 300 400 500 600

Ev
en

ts
 / 

8 
G

eV

0

200

400

600

800

1000

Data 2011

tt
W+jets

Z+jets

Single Top

 = 7 TeVs, -1 L dt = 4.7 fb∫

ATLAS
C/A LCW jets with R=1.5

Top quark candidate mass [GeV]
0 50 100 150 200

To
p 

qu
ar

k 
ca

nd
id

at
es

 / 
4 

G
eV

0

50

100

150

200

250

Data 2011

tt
W+jets
Z+jets
Single Top

 = 7 TeVs, -1 L dt = 4.7 fb∫
HEPTopTagger jets with R=1.5, default filtering

ATLAS

fat jet

HEPTopTagger

tagged top
arXiv:1360.4945

20/45
13年8月7日水曜日



Validation with data

Top quark candidate mass [GeV]
0 50 100 150 200

To
p 

qu
ar

k 
ca

nd
id

at
es

 / 
4 

G
eV

0

50

100

150

200

250

Data 2011

tt
W+jets
Z+jets
Single Top

 = 7 TeVs, -1 L dt = 4.7 fb∫
HEPTopTagger jets with R=1.5, default filtering

ATLAS

Top quark candidate mass [GeV]
0 50 100 150 200

To
p 

qu
ar

k 
ca

nd
id

at
es

 / 
4 

G
eV

0

50

100

150

200

250

Data 2011

tt
ν l →W 
 ll→* γZ/

Single Top

 = 7 TeVs, -1 L dt = 4.7 fb∫
HEPTopTagger jets with R=1.5, loose filtering
ATLAS

Top quark candidate mass [GeV]
0 50 100 150 200

To
p 

Q
ua

rk
 q

ua
rk

 c
an

di
da

te
s 

/ 4
 G

eV

0

50

100

150

200

250

Data 2011

tt
W+jets
Z+jets
Single Top

 = 7 TeVs, -1 L dt = 4.7 fb∫
HEPTopTagger jets with R=1.5, tight filtering
ATLAS

Jet mass [GeV]
0 100 200 300 400 500 600

Ev
en

ts
 / 

8 
G

eV

0

200

400

600

800

1000

Data 2011

tt
W+jets

Z+jets

Single Top

 = 7 TeVs, -1 L dt = 4.7 fb∫

ATLAS
C/A LCW jets with R=1.5

HEPTopTagger

tagged top

loose tagtight tag

top-tag はb-tag 的に
扱える時代に

fat jet

arXiv:1360.4945

20/45
13年8月7日水曜日



Z’ search with HEPTopTagger [ATLAS-CONF-2012-065]

21/45

boosted topを利用すると
high pT での sensitivity up
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Boosted Tops (HEPTopTagger) の利用
• stop search

• single top

• top forward-backward asymmetry
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Introduction
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Applications

Summary

Back up

Scalar Top Pairs at 14 TeV
hadronic mode [T. Plehn, M. Spannowsky, MT, D. Zerwas]

– t̃1̃t⇤1 ! (t�̃0
1)(̄t�̃

0
1): m� = 100 GeV

– main BG: t̄t+jets, W+jets and QCD

events in 1 fb�1 t̃1 t̃⇤1 t̄t QCD W+jets Z+jets S/B S/
p

B10 fb�1
mt̃ [ GeV] 390 440 490 540 640 390
pT,j > 200 GeV, ` veto 447 292 187 124 46 87850 2.4 · 107 1.6 · 105 n/a ⇠ 10�5

/ET > 150 GeV 234 184 133 93 35 2245 2.4 · 105 1710 2240 ⇠ 10�3

first top tag 91 75 57 42 15 743 7590 90 114 0.01
second top tag 12.4 11 8.4 6.3 2.3 32 129 5.7 1.4 0.07
b-tag for 1st top tag 7.4 6.3 5.0 3.8 1.4 19 2.6 . 0.2 . 0.05 0.34 5.0
mT2 > 250 GeV 5.0 4.9 4.2 3.2 1.2 4.2 . 0.6 . 0.1 . 0.03 1.0 7.1

W+jets, Z+jets negligible with 2 top tag
QCD negligible with additional b-tag
t̄t reduced with mT2 cut

Michihisa Takeuchi (King’s College London) at IPMU, 14th March 2013 30 / 44

top-tagできたら、解析はb-tagと同じくシンプル

QCD : 1 b-tag で無視出来る

W, Z : 2 top tag で無視出来る 

tt : Mt2 で減らせる
stop mass ~ 400GeV

S/B � 1, S/
�

B > 5
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stop search at 8TeV [arXiv:1205.2696 T. Plehn, M. Spannowsky, MT]

�8TeV � 1
10�14TeV signal, ttbar 両方 2 top tag だとシグナル少ない
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1 top tag & 1 non-boosted topを狙う
0 lep : 1 top tag & 1 b-jet + missing

1 lep : 1 top tag & 1 lepton + missing

mT (b, E/T ) > 200 GeV

mT (�, E/T ) > 150 GeV

S/B � 1, S/
�

B � 5

S/B � 4, S/
�

B � 10
(for m = 600 GeV, S/B � 1, S/
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stop search at 8TeV
upto 660 GeV excluded 95% C.L.
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single tops with HEPTopTagger

25/45
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CDF とD0 の結果は 3σ くらいずれてる  
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single tops with HEPTopTagger
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single tops with HEPTopTagger

27/45
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top forward-backward asymmetry with HEPTopTagger

28/45

At
FB � 6% QCD NLO e�ectTevatron top は quark と同じ向きに出がち

D0, CDF: 予言より大きな 　　　を測定、特にhigh         のところでより大きいAt
FB mtt

high pT top → top tagger

LHC でも PDF の違いのおかげで、測定可能

anti-top が centralに出がち

SM: 5� with 60 fb�1 (14 TeV)
1 top tag & 1 isolated lepton
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Buckets of Tops
• 更にlow pT へ (~100GeV) 

• ttH (130fb at 8 TeV, 500fb at 13 TeV)

• signalを減らさないことが重要

HEPTopTager: down to pT � 200 GeV

[arXiv:1302.6238]

13年8月7日水曜日

http://arxiv.org/abs/1302.6238
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Buckets of tops

ISR

t̄
t

29/45

目標：2 topに対応するジェットを探す

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

2

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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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.
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where we sum over all four-vectors in the bucket. For each event with five or more jets we permute over all
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a global metric defined as
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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
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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.
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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
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out more appropriate for di⇥erent applications.
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�B2 from the metric. As a consequence we always find �B1 < �B2 , i.e. B1 is the bucket with an invariant
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Efficiency & Momentum reconstruction

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 <

�
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 <

�
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

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
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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.

[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
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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.

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 <

�
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

Ri = �R(Bi, p
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6 jets not often survive due to jet pT threshold

Ri < 0.5 : good reconstruction

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

t� not reconstruct correct momentum

only 45% double tagged in total
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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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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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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.

3

 [GeV]
T,i

p
0 100 200

A
rb

it
ra

ry
 N

o
rm

al
iz

at
io

n

T,6
p

T,5
p

T,4
p

T,3
p

T,2
p

T,1
p

 [GeV]
T,5

p
0 50 100 150

A
rb

it
ra

ry
 N

o
rm

al
iz

at
io

n

T,5
p> 0 GeV

T,t
p

> 100 GeV
T,t

p

> 200 GeV
T,t

p

 [GeV]
T,6

p
0 50 100 150

A
rb

it
ra

ry
 N

o
rm

al
iz

at
io

n

T,6
p> 0 GeV

T,t
p

> 100 GeV
T,t

p

> 200 GeV
T,t

p

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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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|
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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

=
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⇤
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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 1.4
(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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Efficiency and momentum reconstruction
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70% double tagged in total

better reconstruction
mt-buckets

mt-buckets

unchanged �

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
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Consistency check

� 80% provide good momentum for both tops

prec
T > 100GeV
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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

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

5 jets, 2b-tag 21590 16072 1.36
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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
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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

38/45

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
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Buckets of tops

• top : tool for new physics search

• bj-buckets provide � 4 times the signal

39/45

• buckets help to solve combinatorics

• keep low pT signal tops : pT,t = 100� 350 GeV
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他に面白そうなこと
• ttH production：一番大事な湯川結合の直接測定

• moderate boostが助けになるか

40/45
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他に面白そうなこと
• tH production：干渉項で湯川の符号決定

�2
F � �gg�H

41/45

|�V � 0.2�F |2 � BR(H � ��)
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他に面白そうなこと
• 　　　　　： 干渉でピークが100MeVくらいずれる

• H->WW, ZZ, bb? 全部あわせると？ invisible width?

H � ��

42/45
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他に面白そうなこと
• WWが少し多い ( 2 lepton mode)

• arxiv:1303.5696 [K. Rolbiecki, K. Sakurai]

• WZも少し多い, ZZもATLAS多い

�ATLAS
WW,7TeV = 51.9± 2.0± 3.9± 2.0 pb �NLO

WW,7TeV = 44.7± 2.0 pb
�CMS

WW,7TeV = 52.4± 2.0± 4.5± 1.2 pb

�CMS
WW,8TeV = 69.9± 2.8± 5.6± 3.1 pb �NLO

WW,8TeV = 57.3+2.4
�1.6 pb

�(mt̃� = 200GeV ) > 10 pb
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他に面白そうなこと
• top 偏極
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Summary
• Naturalnessを信じれば
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自然

不自然

New physics scale
直接探索

何も見つからない状況では、
少しの努力が一番コストパフォーマンスが高い
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