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素粒子標準模型とトップクォーク 
•  素粒子標準模型  
(Standard Model) 
– ゲージ原理による量子場の理論 

•  素粒子の相互作用を記述 
•  ゲージ粒子の存在を予言 

– 質量獲得の機構が未解明 
•  ヒッグス場 (相転移した真空) と 
素粒子の相互作用の理解 

•  トップクォーク 
– 最大質量の素粒子(173 GeV/c2 )
をもち、質量の起源の解明に対し 
重要なプローブとして働く 
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トップクォークを用いた質量起源解明 
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トップクォーク測定は質量起源の解明に対して重要なアプローチ	
  
エネルギーフロンティア実験	
  +	
  トップクォーク	


•  トップクォークと 
ヒッグス場(ヒッグス粒子)の結合 
–  湯川相互作用の理解を進める 

•  ヒッグス場の質量の発散問題 
–  トップとヒッグス粒子のループ効果の理解 
–  ヒッグス場の安定化の機構の理解 

超対称パートナー	
  
(Spin	
  0	
  のトップクォーク)	




Large Hadron Collider 
エネルギーフロンティア &  

ルミノシティフロンティア ハドロンコライダー: 
– Proton-Proton collider 
– 3.5 TeV + 3.5 TeV = 7 TeV 
– 瞬間ルミノシティ 
L = 1033/cm2/s (2011 August) 
Process Cross-section Production-rate 
PP inelastic (soft-QCD) 70 mb 70 MHz 
W production 100 nb 100 Hz 
Z production 30 nb 30 Hz 
tt production 165 pb 0.2 Hz 
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陽子・陽子衝突の運動学 

•  Center-of-mass-energy    
•  Longitudinal momentum 
(proton-beam axis)  

•  Transverse momentum    
(x1 � x2)⇥ 3.5 TeV

p
ŝ =

p
x1x2 ⇥ 7 TeV

0

x1 ⇥ 3.5 TeV
x2 ⇥ 3.5 TeV

5	




トップクォーク対生成断面積 

トップクォーク対生成断面積の精密測定は、標準模型 
( QCD, EW ) の 7 TeV 陽子・陽子衝突での精密検証 
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Figure 2.3: Summary of measurements of αs as a function of the respective energy scale Q.
The curves are QCD predictions for the combined world average value of αs(MZ0) [7]

.

In p-QCD, an observable σ̂ij→tt̄+X(ŝ) can be expanded as:

σ̂ij→tt̄+X(ŝ) = σ1(ŝ)αs + σ2(ŝ)α
2
s + σ3(ŝ)α

3
s + . . . . (2.4)

Each order of the cross section can be calculated by the Feynman diagram technique. Figure 2.2
and Figure 2.4 show the diagrams of tt̄ production in the lowest order and the second lowest
order approximation, respectively, which are the leading-order (LO) and the next-leading-order
(NLO) approximation. In this analysis, the theoretical prediction of the tt̄ events is given by
the LO+NLO approximation of the p-QCD.

2.2.3 The parton distribution function

The partonic cross-section for collisions of two partons with x1 and x2 is integrated in possible
range of the momentum with the appropriate weight function, which is called the parton dis-
tribution function (PDF). It is denoted as fi in Equation 2.1, where i denotes the flavor of the
initial partons (u, d, c, s, g, and b), and the fraction of momentum carried by the partons in
the interaction is given by x. For the different parton flavor, the PDF is very different*4. The

*4The PDF normalization and basic requirements are mentioned in the Appendix A.2.
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 [GeV]topm
160 180 2008

1

  0.0± 0.0 ± 0.0 

Tevatron July 2011   0.8± 0.6 ±173.2 

Run-II best (CDF l+jets)   1.1± 0.7 ±173.0 

Run-I best (D0 l+jets)   3.9± 3.6 ±180.1 

2010+2011 data l+jets prel.   2.7± 0.9 ±175.9 

+jets prel.µ2011 data   2.7± 1.0 ±175.9 

2011 data e+jets prel.   3.1± 1.2 ±173.9 

2010 data l+jets prel.   4.9± 4.0 ±169.3 

+jets prel.µ2010 data   5.0± 5.0 ±166.7 

2010 data e+jets prel.   4.8± 6.7 ±173.8 
ATLAS Preliminary ATLAS (Date: August 15, 2011)
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ŝ)



ATLAS 検出器 
汎用型検出器 

•  精密飛跡検出器     : |η|<2.5 
•  電磁カロリメータ    : |η|<3.2 
•  ハドロンカロリメータ  : |η|<4.9 
•  ミューオン検出器    : |η|<2.7 

終状態の再構成 
•  粒子識別 

– 電子, ミュー粒子,  
光子, ハドロン 

•  運動量測定 
– レプトン (a few %) 
ハドロン (10%) 

Z

X

Y

Figure 3.2: The ATLAS detector consists of tracking detectors, calorimeters, and the muon
chambers. It is 25 m in height and 44 m in length. The overall weight of the detector is
approximately 7000 tons.

Components Resolution η coverage
Measurements Trigger

Tracking σpT /pT = 0.05%pT ⊕ 1% |η| < 2.5 -
EM calorimetry σE/E = 10%/

√
E ⊕ 0.7% |η| < 3.2 |η| < 2.5

Hadron calorimetry
barrel and end-cap σE/E = 50%/

√
E ⊕ 3% |η| < 3.2

forward σE/E = 100%/
√
E ⊕ 10% 3.1 < |η| < 4.9

Muon spectrometer σpT /pT = 10% at pT=1 TeV |η| < 2.7 |η| < 2.4

Table 3.2: Main components of the ATLAS detector.

3.2.2 Tracking

The innermost part of the ATLAS detector is a precise tracking system, so-called the inner
detector (ID) system. The ID system surrounds the interaction point of pp collisions. The
ID system consists of three independent tracking systems and 2 T magnetic field generated by
the central solenoid extending over a length of 5.3 m with a diameter of 2.5 m. This enables
to measure the momentum and charge of charged particles. The layout of the ID system is
illustrated in Figure 3.3, silicon pixel trackers (Pixel), silicon micro-strip trackers (SCT), and
straw tubes of the transition radiation trackers (TRT) are located in order of outgoing. The
coverage of these sub-detectors is summarized in Table 3.3 and Figure 3.4.

The silicon pixel tracker (Pixel)

The Pixel detector system consists of semiconducting silicon sensors with the pixel size 50 ×
400 µm2 with their thickness of 250 µm. Its innermost layer is located at the radius of 51 mm
from the beam pipe. The Pixel detector performs space point measurements of charged particle
with good resolution even with high luminosity condition owing to the small pixel size of the

Tracker	
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Neutral	
  Hadron	


Muon	


Photon	


Muon	
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トップクォーク対生成の終状態 
Wボソンの崩壊終状態で定義: 

– Lepton + hadron  (35%) 
– Dilepton        (7%) 

•  ee, µµ, eµ	


– All hadron       (55%) 

ダイレプトン終状態の特徴 
– 2 本の異符号のレプトン 
– b クォーク 
– ニュートリノ 

Wàe/µ+ν	
 　	
 22% 
Wàτ+ν	
 τàe/µ+ν+ν	
 4% 
　	
 τàq+q'+ν	
 7% 
Wàqq'	
 　	
 67% 

Leptonic decay 26% 

Hadronic decay 74% 

ｔ	
 ｔ	

―	


l-	
 l+	

ν	


W+	
W-­‐	


b	
 b	
―

ν	


8	




終状態の再構成 
•  クォークやグルーオン 

– ハドロン化し、運動量が分散 
– ハドロンカロリメータで、 
“ハドロンジェット”として再構成 

•  電子・ミュー粒子 
–  “単一飛跡” として検出 

•  高横運動量 
•  アイソレーション 

•  ニュートリノ 
–  “Missing ET” として再構成 

ν l	
B
Dl+	


ν	

W	


“Fake	
  lepton”	
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トップクォーク候補事象 
Muon 
ü  Inner tracker 
ü  Muon detector 
PT = 54 GeV 

Two Hadron jet  
ü  H-Calorimeter 
PT 
1st = 173 GeV 
2nd = 44 GeV 

Neutrino 
ü  All detectors 
Missing ET = 129 GeV 

Electron 
ü  Inner detector 
ü  EM-Calorimeter 
ET 66 GeV 
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生成断面積測定 
数え上げによる   　測定 

–  候補事象数         (    ) 
–  背景事象数推定      (    ) 
–  信号のアクセプタンス   (   ) 
–  積分ルミノシティ      (   ) 

高精度達成のための戦略: 
–  検出器を良く理解 

•  レプトン測定 (e/µ) 
•  ハドロンカロリメータ測定 (Hadron jets, Missing ET) 

–  “効率的”にかつ “効果的” に信号を選別する手法を確立 
–  含まれる背景事象を良く理解 

Ndata

BG

L
A

�tt̄ =
Ndata �BG

AL

�tt̄
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Data samples 
陽子・陽子衝突データ 

• シングルレプトントリガー 
– 電子      (20 GeV) 
– ミューオン   (18 GeV) 

•  “GOOD Data quality” 条件を 
満たす 0.70±0.03 fb-1 を使用 

シミュレーションサンプル 
• 信号アクセプタンス (     ) 
• 背景事象数見積もり (     ) 

Signal sample Background sample 
	
  
	


tt̄ Z + jets WW, WZ, ZZ Wt

A
BG
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信号サンプル & コントロールサンプル 

Z ボソンコントロールサンプル 
–  検出器の理解 
Z à ee / µµ の背景事象の理解 

信号サンプル 
–  トップクォーク対生成事象を抽出 
–  Missing ET, Large #jets,  Out of Z resonance 

―	


l-	
 l+	

ν

W+	
W-­‐	


b b―

ν
Events that include two lepton in their final states 

t	
 t	
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tt(àll) (σBFSM=11pb) Diboson (7.6pb) Z (àee/µµ) + jets (1.0×103pb) Single top (1.0pb) 



レプトン検出器の性能評価 
電子・ミュー粒子の検出効率の実機性能は、 
正確に断面積を測定する際に必要不可欠: 

– 信号のアクセプタンス評価 (   ) 
– バックグラウンド評価   (     ) 

Z ボソンコントロールサンプルを用いた 
“Tag & Probe” 法 

測定手法の例 (トリガー効率測定) 
•  2 本の isolated & high pT レプトン & Z ボソン質量 
• 内 1 本がトリガー条件を満たしていること 
• もう一本は効率測定の “probe” として使用可能 

Z

µ+	


µ-	


Z
e+	


e-	


A
BG
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レプトン検出器の性能評価 
トリガー効率、レプトン再構成効率、 
アイソレーション条件の効率を、別々に測定 

–  pT, η, #jets, #vertices の関数として測定 
測定結果を、トップクォーク事象や、その他のバックグラウ
ンドの検出数理解に用いる à 実機性能に基づいた評価 

Uncertain)es	
 electron	
 muon	


Trigger	
 ±0.5%	
 ±1.0%	


ReconstrucJon	
 ±1.0%	
 ±0.3%	


IsolaJon	
  cut	
 ±3.0%	
 ±0.03%	


Top	
  events	
 ee	
 µµ	
 eµ	


Two	
  lepton	
  selecJon	
 19%	
 36%	
 26%	
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ハドロンカロリメータとパイルアップ 
パイルアップ衝突数は平均 6個 / バンチ交差  

•  #jets & Missing ET が影響を受ける 
シミュレーション中で正確に再現し、その影響を

理解した上で測定を遂行する 

Zàµµ	


≈10cm	
 Average of #interactions 

Collision	
  data	


SimulaJon	
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Jet multiplicity 
•  Validation with Z+jets control region 

Before 
Correction 

After 
Correction 
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Missing ET  
•  Validation with Z+jets control region 

Before 
Correction 

After 
Correction 
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Event Selection 
ee/µµ チャンネル 
1.  A pair of high-pT  isolated leptons 
2.  Missing ET > 60 GeV 
3.  Z veto (|Mll-MZ|>10 GeV) 
4.  # jets≥2 

eµ チャンネル 
1.  A pair of high-pT isolated leptons 
2.  HT > 130 GeV 
3.  # jets≥2 
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Figure 5.13: Expected distributions of kinematic variables that are used to extract the tt̄
signals. The red lines and arrows correspond to the used cut values in the analyses. (a) Emiss

T

distribution after applying the µµ requirements. (b) Invariant mass distribution of the two
selected muons after the Emiss

T > 60 GeV cut application. The Emiss
T requirements and Z mass

veto cuts are applied to ee and µµ channels to reject the large contributions Z → !! events.
(c) HT distribution after the eµ requirement. This cut is applied to reject backgrounds mainly
from the Z/γ∗ → ττ process.

cut points and the pT threshold in counting number of jets. The criteria described above have
been chosen as optimal selection criteria. By the application of the optimized event selection
to the pp collision data, 165 events, 301 events, and 963 events are selected in ee, µµ, and eµ
final states, respectively. Table 5.5, Table 5.6, and Table 5.7 summarize the selection flows of
the collision data, and the MC expectation of each of the physics processes for ee, µµ, and
eµ channels, respectively, except for the “fake leptons” backgrounds which is determined by a
data-driven technique (see Section 5.6.2).
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Figure 5.13: Expected distributions of kinematic variables that are used to extract the tt̄
signals. The red lines and arrows correspond to the used cut values in the analyses. (a) Emiss

T

distribution after applying the µµ requirements. (b) Invariant mass distribution of the two
selected muons after the Emiss

T > 60 GeV cut application. The Emiss
T requirements and Z mass

veto cuts are applied to ee and µµ channels to reject the large contributions Z → !! events.
(c) HT distribution after the eµ requirement. This cut is applied to reject backgrounds mainly
from the Z/γ∗ → ττ process.

cut points and the pT threshold in counting number of jets. The criteria described above have
been chosen as optimal selection criteria. By the application of the optimized event selection
to the pp collision data, 165 events, 301 events, and 963 events are selected in ee, µµ, and eµ
final states, respectively. Table 5.5, Table 5.6, and Table 5.7 summarize the selection flows of
the collision data, and the MC expectation of each of the physics processes for ee, µµ, and
eµ channels, respectively, except for the “fake leptons” backgrounds which is determined by a
data-driven technique (see Section 5.6.2).
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Figure 5.13: Expected distributions of kinematic variables that are used to extract the tt̄
signals. The red lines and arrows correspond to the used cut values in the analyses. (a) Emiss

T

distribution after applying the µµ requirements. (b) Invariant mass distribution of the two
selected muons after the Emiss

T > 60 GeV cut application. The Emiss
T requirements and Z mass

veto cuts are applied to ee and µµ channels to reject the large contributions Z → !! events.
(c) HT distribution after the eµ requirement. This cut is applied to reject backgrounds mainly
from the Z/γ∗ → ττ process.

cut points and the pT threshold in counting number of jets. The criteria described above have
been chosen as optimal selection criteria. By the application of the optimized event selection
to the pp collision data, 165 events, 301 events, and 963 events are selected in ee, µµ, and eµ
final states, respectively. Table 5.5, Table 5.6, and Table 5.7 summarize the selection flows of
the collision data, and the MC expectation of each of the physics processes for ee, µµ, and
eµ channels, respectively, except for the “fake leptons” backgrounds which is determined by a
data-driven technique (see Section 5.6.2).

Acceptance　(%) #events (data) 
ee 6.6 ± 0.9 165 
mm 13.0 ± 1.0  301 
em 20.0 ± 1.1 963 
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1400 candidates are collected from 0.70 fb-1 data 



Background estimation 
Backgrounds due to detector effects 

Backgrounds that have similar event topologies (two leptons, neutrino) 
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Z (àee/µµ) + jets (1.0×103pb) 

Diboson (7.6pb) Single top (1.0pb) 
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Figure 5.1: The event topology of the tt̄ signal events in the dilepton final states. !± denotes
the either of an electron or a muon. (b) shows a topology including a leptonic τ -lepton decay.

(a) (b) (c)

Figure 5.2: Background candidates: (a) Z/γ∗+jets, (b) W+jets, and (c) single t-quark (Wt)
production events.

Adding to the pair of two leptons, the dilepton channel is characterized by the large missing
transverse energy (Emiss

T ) corresponding to undetected neutrinos from leptonic W decays, and
two jets with large pT corresponding to two b-quark from a tt̄ decay. The event topology of the
signal is illustrated in Figure 5.1. Other processes that have similar event topologies, such as
multi-jets, W+jets, Z/γ∗+jets, di-boson (WW , WZ, ZZ), and single top (Wt) processes, can
pollute the signal samples. Figure 5.2 shows diagrams of the background candidate processes.

The cross-section of the tt̄ production is measured with following equation:

σtt̄
measurement =

Nobserved − Nbackground

A× L
=

Nobserved − Nbackground

NSM
signal expectation

× σtt̄
SM , (5.1)

where:

• L denotes the integrated luminosity of the pp collisions used in the analysis (see Sec-
tion 5.2.1)

• Nobserved denotes number of events selected by an application of event selection criteria
to extract the tt̄ production events effectively (see Section 5.5)
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Signal region plots 

非常に純度の高いトップクォーク対生成信号のサンプル 83% 
標準模型の予言の分布と精度の範囲内で一致 
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Figure 5.26: Distributions in the signal region for the eµ final state. (a) The HT distribution
in the signal region without HT > 130 GeV requirement. (b) The number of jets distribution
in the signal region without Njets ≥ 2 requirement.
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Figure 5.27: (a) Jet multiplicity in the signal region without the Njets ≥ 2 requirement for all
the combined three channels. (b) Emiss

T distribution in signal region without Emiss
T > 60 GeV

or HT > 30 GeV requirements for all the combined three channels.
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Figure 5.26: Distributions in the signal region for the eµ final state. (a) The HT distribution
in the signal region without HT > 130 GeV requirement. (b) The number of jets distribution
in the signal region without Njets ≥ 2 requirement.
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Figure 5.27: (a) Jet multiplicity in the signal region without the Njets ≥ 2 requirement for all
the combined three channels. (b) Emiss

T distribution in signal region without Emiss
T > 60 GeV

or HT > 30 GeV requirements for all the combined three channels.
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Cross-section extraction 

Consistent with SM prediction (           ) 
[ pb ]  t tσ

0 50 100 150 200 250 300

Combination - 11
+ 141  8± 6±175 

µe - 12
+ 151  8± 7±177 

µµ - 11
+ 151 - 7

+ 81 12±171 
ee - 24

+ 321 - 7
+ 81 17±188 

-1 Ldt = 0.70 fb∫Data 2011, 
Theory (approx. NNLO)

 = 172.5 GeVtm

(lumi)±(syst)±(stat)

Figure 5.31: The measured tt̄ production cross-section for the three individual channels and
for the combination of the three channels. The yellow band shows the cross-section predicted
by the NNLO p-QCD.

number of events N exp
i (!α) for each of the signal and background. A change in the source of the

jth systematic introduces a totally correlated variation among the contributions (indexed by
k). Additional terms are added to the likelihood function to summarize the knowledge of the
αj derived from auxiliary measurements or assumptions about the uncertainty in the Monte
Carlo modeling. This leads to the final form of the likelihood function:

L(σsig, L,αj) =
∏

i∈ channel

Pois
(

Nobs
i |N exp

i,tot(σsig, !α)
)

×G(L0|L, σL) ×
∏

j∈syst

G(0|αj, 1) . (5.12)

The cross-section is inferred from the profile likelihood ratio:

λ(σsig) = L(σsig,
ˆ̂L, ˆ̂αj)/L(σ̂sig, L̂, α̂j),

where a single circumflex represents the maximum likelihood estimate (MLE) of the parameter
and the double circumflex represents the conditional MLE with σsig fixed.

The likelihood minimization are performed by a scan around the minimizing sets of param-
eters, and then, the cross-section finally is extracted as a results of three-channel combination
to be:

175 ±6 (stat.) +14
−11 (syst.) ±8 (lumi.) pb.

These results are summarized in the Figure 5.31 with reference to the theoretical prediction.
Table 5.21 provides the uncertainties for each systematic contribution. The combined results

has an improvement in the uncertainties. The statistical uncertainty is below the level of the
systematic uncertainties. The total relative uncertainty is evaluated to be −8.0%/+ 10.0%.

5.7.2 Signal region

In the data set of 0.70 fb−1 the total numbers of candidate events are 165 in the ee-channel,
301 in the µµ-channel, and 963 in the eµ-channel. The expectation for backgrounds and tt̄
signals are summarized in Table 5.18, where the number of tt̄ events are evaluated by the
SM cross-section prediction (σSM

tt̄
= 164.6 +11.5

−15.8 pb). The results indicate the presence of tt̄
production clearly as an excess against the background estimation. The distribution could not
be explained without contributions of tt̄ signal events, and therefore, the presence of t-quark
has been confirmed at the pp collisions with

√
s = 7 TeV.

ee µµ eµ
Drell-Yan+jets (DD) 4.0 +2.5

−1.2 14.4 +5.4
−4.2 -

Drell-Yan(→ ττ)+jets (MC) 4.9 ± 2.6 11.0 ± 5.0 42.5 ± 16.1
Fake leptons (DD) 2.5 ± 1.9 0.3 ± 0.6 44.0 ± 24.0
Single top (MC) 6.4 +1.2

−1.1 16.0 +1.9
−2.2 41.1 ± 5.5

Diboson (MC) 5.9 ± 1.0 8.7 +1.2
−1.5 32.9 ± 4.9

Total (non tt̄) 23.6 ± 4.4 50.5 ± 8.4 160.5 ± 34.1
tt̄ (MC) 124.0 ± 17.2 241.3 +14.5

−17.9 745.5 ± 41.8
Total expected events 147.6 ± 17.8 291.8 +16.6

−19.9 906.6 ± 53.9
Observed events 165 301 963

Table 5.18: The full breakdown of the expected tt̄-signal and background in the signal region
compared to the observed event yields, for each of the dilepton channels (MC is simulation
based, DD is data-driven) after all systematic uncertainties are included and the correlations
between the different background sources are taken into account.

In Figure 5.24(a), Figure 5.25(a), and Figure 5.26(a), the Emiss
T distributions (ee, µµ) and

HT distribution (eµ) shown, after application of all the selections except for Emiss
T > 60 GeV

(in ee and µµ) or HT > 130 GeV (in eµ) requirements. In Figure 5.24(b), Figure 5.25(b),
and Figure 5.26(b), the number of selected jets are shown for ee, µµ and eµ channels. All the
selection is applied except for Njets ≥ 2 cut. These variables in the signal region are in good
agreement with the MC simulation of tt̄ scaled with the cross-section predicted by the SM.
Figure 5.27(a) and 5.27(b) show combined distribution of the three channels.

165+11
�16 pb

��/� < 10%
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Uncertainty estimation 
1.  Data statistics  (3%) 

–  Poisson error 
2.  Luminosity    (4%) 

–  Denominator of x-sec 
–  Background estimation 

3.  Modeling in simulation  (4%) 
–  X-sec prediction for background processes 
–  Acceptance dependence of choice of a set of PDF 

4.  Detector performances (5%) 
–  Uncertainty on performance measurements 

5.  Data-driven background estimation  (2%) 
–  Fake rate evaluation 

�tt̄ =
Ndata �BG

AL

23	




Signal region plots   
Lepton & jet η distributions 

– PDF, top quark mass 
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Figure 5.28: Distributions of the kinematic variables in the tt̄ enhanced samples, which in-
clude 1,429 events with expected purity of 83%, are shown for the eµ final states. (a) The
reconstructed η of selected electrons, and (b) muons, (c) selected jets, and (d) the Emiss

T are
shown. The Emiss

T distribution is extracted in eµ final states to which no Emiss
T cuts are applied

explicitly. All of them are in good agreement with the prediction by the SM, and we have no
significant disagreement between data and simulation in the selected tt̄ samples.
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Figure 5.28: Distributions of the kinematic variables in the tt̄ enhanced samples, which in-
clude 1,429 events with expected purity of 83%, are shown for the eµ final states. (a) The
reconstructed η of selected electrons, and (b) muons, (c) selected jets, and (d) the Emiss

T are
shown. The Emiss

T distribution is extracted in eµ final states to which no Emiss
T cuts are applied

explicitly. All of them are in good agreement with the prediction by the SM, and we have no
significant disagreement between data and simulation in the selected tt̄ samples.
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Figure 5.28: Distributions of the kinematic variables in the tt̄ enhanced samples, which in-
clude 1,429 events with expected purity of 83%, are shown for the eµ final states. (a) The
reconstructed η of selected electrons, and (b) muons, (c) selected jets, and (d) the Emiss

T are
shown. The Emiss

T distribution is extracted in eµ final states to which no Emiss
T cuts are applied

explicitly. All of them are in good agreement with the prediction by the SM, and we have no
significant disagreement between data and simulation in the selected tt̄ samples.
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# jets distribution in ttbar 
QCD parameters (ΛQCD, cut-off for p.shower ) 

– Varied with range compatible to their uncertainty 

The current P-QCD & EW theory (SM) gives well-consistent description of ttbar production at 7 TeV. 
More tuning will enable us interesting study in ttbar + high jet multiplicity region 

Number of jets
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Comparison with Tevatron 
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Figure 5.35: The cross-section prediction by p-QCD is shown with blue band for pp̄ collisions
and pp collisions as function of

√
s. Measurements are consistent to the p-QCD prediction both

at the LHC (7 TeV) and the Tevatron (1.96 TeV). The measurements confirm that the p-QCD
can predict the tt̄ cross-section in both energy scales with the single set of parameters.
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Summary 1 
初のトップ対生成断面積の精密測定結果 (10%) 

– ダイレプトン終状態に注目することで、soft-QCD 背
景事象を効果的に抑制 

– 検出器の理解を進めることで、実機の評価に基づく断
面積評価を実現 

7 TeV 陽子・陽子衝突中のトップクォーク対生成
事象が現在の SM でよく記述されていることを実
験的に証明 

– PDF, strong coupling constant, top mass, BF of 
top decay 

�tt̄ = 175± 6(stat.) +14
�11(syst.) ± 8(lumi.)
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Summary 2 

トップクォークをプローブとした “質量起源の解明” 
に対して重要な基礎を築いた :  
“tt+jets” や “tt+Missing-ET

”
 

with more data in 2012 (15fb-1, 8 TeV) 

e µ τ d u s c b t

m
/v

2

-610

-510

-410

-310

-210

-110

1

Figure 2.9: Expected coupling constant of fermions proportional to the fermion mass, expressed

by
√
2mf

v
. The red points show the coupling for charged leptons and the blue points show the

coupling for quarks.

boson, as shown in Figure 2.10(b). This process is very interesting in order to understand the
coupling constant between the Higgs bosons and t-quark. For this purpose, it is important to
understand the nominal tt̄ production cross-section and its property at the LHC pp collisions
without the production of the Higgs bosons. Especially it is essential to control the additional
jets (e.g. ISR jets) well in the tt̄ events so that we could handle the H → bb̄ decay signal
associated with the tt̄ events.
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Figure 2.10: (a) An example of a tt̄H production diagrams. (b) Expected cross-section of
tt̄H production with the PDF and scale uncertainties. It is typically σtt̄+H

= 0.1 pb and

≈ 10−3 × σtt̄+X
.

To solve the unnatural cancellation between δmH and (mH)0, we introduce the partner to
each SM particle which introduces a new loop diagram with an opposite sign which cancels the
contribution. It, thus, makes the Higgs mass at O(100) GeV naturally. To achieve this, the
t-quark should have a partner with similar mass, below 1 TeV.

The t̃¯̃t production with similar event topology to tt̄ production

The t-quark partners may be created at the LHC pp collisions if their mass is below 1 TeV. The
same event topology of the new t-quark partner can be the same as that of the SM tt̄ events.
In the supersymmetric models with R-parity conservation*5, the t-quark partner is a scalar t
quark (t̃) and the t̃¯̃t production is expected at pp collisions [16]. As well as the requirement for
presence of a light partner of t-quark to solve the hierarchy problem, this supersymmetric model
prefers a light t-quark partner as a result of the mixing between right-handed and left-handed
scalar partners (t̃R, t̃L), effect of which is proportional to the t-quark mass [17]. The prediction
of the light t-quark would motivate the t̃ at the LHC.

In a scenario where the lightest supersymmetric particle (LSP) is a neutralino (χ0) or a
gravitino (G̃), which are unlikely to have interactions with the normal matters, and the t̃ is the
next lightest supersymmetric particle, a t̃ decaying into LSP particle and the t-quark, as shown
in Figure 2.12, is one of the most probable processes.

Figure 2.12: An example of the possible extension of the SM by the introduction of supersym-
metry.

In the assumption that the mass of scalar partner of t-quark is below 1 TeV, this production
process can be accessible at the LHC collision energy and can modify the tt̄ production cross-
section predicted by the QCD theory. The event topology is very similar to that of the tt̄
production events except for the additional presence of the LSP particles, which may modify the
kinematic distribution of the tt̄ events, especially the Emiss

T distribution. These new phenomena
can be observed in the comparison of the measured cross-section and kinematic distribution
with the QCD prediction, which is one of the important motivations for the measurements of
the tt̄ production cross-section at the LHC.

*5R-parity is defined as: PR ≡ (−1)2s+2B+L, where the s, B, and L stands for spin, baryon number and
lepton number. The SM particles have the R-parity of 1 while the supersymmetric new particles have those of
-1.
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Higgs 生成 (tt + jets, 0.1pb) SUSY 生成 ( tt + Missing ET , 0.1pb) 



Top pair + jets 
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b

b̄H

t

t̄

g
g

g

t

t̄

gg

g

q q

•  Understand detector performance 
•  Tune ISR related parameters (ΛQCD) 
and reduce the uncertainties 

#jets distributions in top-pair productions  
•  ISR + Higgs(?) 

(1) Exactly one lepton (e/m) 
(2) large mT(W),  
(3) #jets ≥ 4 with pT > 25 GeV,  
( one of the jets b-tagged) 

O(0.1 pb)O(10 pb)

ATLAS-­‐CONF-­‐2011-­‐142	
0.70 fb-1 

pT>60GeV	




Top pair + Missing ET 
tt events (lepton + jets) + “additional Missing ET

” 

–  Top-like quark decaying t + undetected particle 
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To solve the unnatural cancellation between δmH and (mH)0, we introduce the partner to
each SM particle which introduces a new loop diagram with an opposite sign which cancels the
contribution. It, thus, makes the Higgs mass at O(100) GeV naturally. To achieve this, the
t-quark should have a partner with similar mass, below 1 TeV.

The t̃¯̃t production with similar event topology to tt̄ production

The t-quark partners may be created at the LHC pp collisions if their mass is below 1 TeV. The
same event topology of the new t-quark partner can be the same as that of the SM tt̄ events.
In the supersymmetric models with R-parity conservation*5, the t-quark partner is a scalar t
quark (t̃) and the t̃¯̃t production is expected at pp collisions [16]. As well as the requirement for
presence of a light partner of t-quark to solve the hierarchy problem, this supersymmetric model
prefers a light t-quark partner as a result of the mixing between right-handed and left-handed
scalar partners (t̃R, t̃L), effect of which is proportional to the t-quark mass [17]. The prediction
of the light t-quark would motivate the t̃ at the LHC.

In a scenario where the lightest supersymmetric particle (LSP) is a neutralino (χ0) or a
gravitino (G̃), which are unlikely to have interactions with the normal matters, and the t̃ is the
next lightest supersymmetric particle, a t̃ decaying into LSP particle and the t-quark, as shown
in Figure 2.12, is one of the most probable processes.

Figure 2.12: An example of the possible extension of the SM by the introduction of supersym-
metry.

In the assumption that the mass of scalar partner of t-quark is below 1 TeV, this production
process can be accessible at the LHC collision energy and can modify the tt̄ production cross-
section predicted by the QCD theory. The event topology is very similar to that of the tt̄
production events except for the additional presence of the LSP particles, which may modify the
kinematic distribution of the tt̄ events, especially the Emiss

T distribution. These new phenomena
can be observed in the comparison of the measured cross-section and kinematic distribution
with the QCD prediction, which is one of the important motivations for the measurements of
the tt̄ production cross-section at the LHC.

*5R-parity is defined as: PR ≡ (−1)2s+2B+L, where the s, B, and L stands for spin, baryon number and
lepton number. The SM particles have the R-parity of 1 while the supersymmetric new particles have those of
-1.
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FIG. 1: (a) Transverse mass of the lepton and missing energy
and (b) Emiss

T after applying all selection criteria except the
cut on the variable shown. MC background contributions are
stacked on top of each other and normalized according to the
data-driven corrections discussed in the text. The lines with
the arrows indicate the selection criteria that define the signal
region (mT > 150 GeV and Emiss

T > 100 GeV). ‘Other Back-
grounds’ includes both multi-jet backgrounds and Z+jets,
single top and diboson production. Expectations from two
signal mass points are stacked separately on top of the SM
background. The last bin includes the overflow.

140 GeV. Figure 3 shows the cross-section times branch-
ing ratio excluded at the 95% confidence level versus T
mass, for an A0 mass of 10 GeV. A cross-section times
branching ratio of 1.1 (1.9) pb is excluded at the 95% con-
fidence level for a T mass of 420 (370) GeV and an A0

mass of 10 (140) GeV. The estimated acceptance times
efficiency for spin- 12 TT models is consistent within sys-
tematic uncertainties with that for scalar models, such
as pair production of stop squarks (with a ttχ0χ0 final
state) or third-generation leptoquarks (with a ttντντ fi-
nal state). The cross-section limits presented in Fig. 3 are
therefore approximately valid for such models, although
the predicted cross-section is typically below the current
sensitivity.
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In summary, in 1.04 fb−1 of data in pp collisions at a
center-of-mass energy of 7 TeV, there is no evidence of an
excess of events with large Emiss

T in a sample dominated
by tt events. Using a model of pair-produced quark-like
objects decaying to a top quark and a heavy neutral par-
ticle, a limit is established excluding masses of these top
partners up to 420 GeV and stable weakly-interacting
particle masses up to 140 GeV (see Fig. 2). In particular,
a cross-section times branching ratio of 1.1 pb is excluded
at the 95% confidence level for m(T ) = 420 GeV and
m(A0) = 10 GeV. The cross-section limits are approxi-
mately valid for a number of models of new phenomena.
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and (b) Emiss
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cut on the variable shown. MC background contributions are
stacked on top of each other and normalized according to the
data-driven corrections discussed in the text. The lines with
the arrows indicate the selection criteria that define the signal
region (mT > 150 GeV and Emiss

T > 100 GeV). ‘Other Back-
grounds’ includes both multi-jet backgrounds and Z+jets,
single top and diboson production. Expectations from two
signal mass points are stacked separately on top of the SM
background. The last bin includes the overflow.
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tematic uncertainties with that for scalar models, such
as pair production of stop squarks (with a ttχ0χ0 final
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therefore approximately valid for such models, although
the predicted cross-section is typically below the current
sensitivity.
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In summary, in 1.04 fb−1 of data in pp collisions at a
center-of-mass energy of 7 TeV, there is no evidence of an
excess of events with large Emiss

T in a sample dominated
by tt events. Using a model of pair-produced quark-like
objects decaying to a top quark and a heavy neutral par-
ticle, a limit is established excluding masses of these top
partners up to 420 GeV and stable weakly-interacting
particle masses up to 140 GeV (see Fig. 2). In particular,
a cross-section times branching ratio of 1.1 pb is excluded
at the 95% confidence level for m(T ) = 420 GeV and
m(A0) = 10 GeV. The cross-section limits are approxi-
mately valid for a number of models of new phenomena.

Fermionic top-like new quark pair-production is excluded up to O(400 GeV) 
Stop pair-production can be reached with 10 times more data in 2012 

(1) Exactly one lepton (e/m),  
(2)  large mT(W) 
(3) #jets ≥ 4 with ( one of the jets b-tagged )  
(4) Extraordinary Missing ET > 100 GeV 
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Figure 1: The effective gain in the rate of interactions from
raising the centre-of-mass energy to 8 or 9 TeV.

around 5 fb�1 will be required to make meaningful mea-
surements of the more difficult W plus top mode, but the
signal rates in these channels increase 20-40% by raising
the beam energy 0.5 TeV. This will be an important test
of the experiments abilities to undertake searches for rare
objects.

Table 1: Predicted error on the single top cross-section in
two production modes as projected by the ATLAS experi-
ment.

Mode 1 fb�1 5 fb�1

t-channel 32% 13%
Wt production 68% 32%

Exotics searches
There is a large range of exotic models which have been

investigated with a large range of possible signatures. The
example of the sensitivity of the search for a Z � [3] is used
here. Figure 2 shows the sensitivity of the expected limits
to the energy and luminosity available.
As the current data provides limits at just over 1 TeV,

raising the ECMS by 1 TeV roughly halves the amount of
data required to set a new limit. For higher mass exotic
scenarios, such as quark substructure or black hole produc-
tion, the increased cross-section will in general give rise to
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Figure 2: The estimated mass limits on a Z � from the AT-
LAS collaboration which can be obtained as a function of
centre of mass energy and integrated luminosity.

a larger increase.

SUSY Searches

The search for supersymmetry is one of the key goals
of LHC. CMS produced the first result on the total 2010
dataset [4], which placed limits on the CMSSM model us-
ing events with jets and missing energy. The results can
be seen in Fig. 3. These are complemented by ATLAS re-
sults [5] showing that, in a very simplistic scenario where
squarks and gluinos have the same mass, that mass scale is
over 0.7 TeV.
The limits obtained with 35 pb�1 are a significant exten-

sion of the previous bounds. They represent a major con-
straint on SUSY model building, and are one of the most
important LHC results to date. It can be seen that they ap-
proximately match the sensitivity which was estimated for
100 pb�1 [6]; there is a certain tendency to be conservative
in making these estimations. ATLAS has provided some
sensitivity projections showing how the discovery reach in
the future evolves with energy and luminosity which are
shown in Table 2. It can be seen that there is good discov-
ery potential passing 1 TeV, provided 5 fb�1 at 7 TeV or
2 fb�1 at 8 TeV is available.

Table 2: The projected 5� SUSY discovery ranges in TeV
by ATLAS for different scenarios of energy and luminosity.
Note that exclusion limits would be larger.

ECMS Integrated Luminosity
1 fb�1 2 fb�1 5 fb�1 10 fb�1

7 TeV 0.7 0.8 1.0 1.2
8 TeV 0.8 1.0 1.2 1.4
9 TeV 0.9 1.1 1.3 1.6
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おまけ 
基本的なサイクルをすることができてラッキーでした 

–  検出器を触って  
(作って&動かして&校正して) 

–  その性能を理解して 
–  自分が面白いと思う 
物理測定につなげる 
“データをとって” “自分で解析する” ことの面白み 

LHC-ATLAS 実験で活躍するために気をつけたこと 
–  素早いアクションでグループをリード 
–  やったことをどんどんグループで発表 (自慢) して地位を確立 

 
活躍するのは若手 (博士大学院生 & ポスドク) で 

測定器運転でも物理解析でも活躍機会はいくらでもある 
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To be continued…



おしまい 



Top mass 
•  Measurement is robust for mass difference. 

•  The measurements will match the best with the 
SM if the mtop 

= 170 GeV 
 

5.8.3 Mass dependence

The t-quark mass dependence of the σtt̄ measurement is discussed in this section. The cross-
section measurements are repeated using the simulation samples with the several t-quark mass
assumption between 160 GeV and 190 GeV. The kinematic distribution depends on the t-
quark mass. Thus the signal acceptance also depends on the t-quark mass, which can modify
the results of the measurement. The nominal results, shown in Section 5.8.2, is extracted with
an assumption of mt = 172.5 GeV. The central value is modified to 176 pb and 171 pb when
the t-quark mass is varied to 170 GeV and 175 GeV, respectively. This means the fluctuation
of the cross-section measurement for the t-quark mass uncertainty (173.2 ± 0.9 GeV) is found
to be much less than other uncertainties.

Figure 5.33 shows the comparison between the measured cross-section and theoretical pre-
diction given by the NNLO perturbative QCD calculation as a function of the assumed t-quark
mass from 160 GeV to 190 GeV. The t-quark mass which is preferred by the comparison be-
tween measured and predicted cross-section is consistent with the world average of the mass
measurements, shown with blue lines in the figure.

 [GeV]tm
160 165 170 175 180 185 190

 [p
b]

tt
σ

120

140

160

180

200

220

240

260

p-QCD prediction

Measurements

 measurement world averagetm

Figure 5.33: The experimentally measured cross-section as a function of the t-quark mass
assumption (solid red line), where the 1σ uncertainty is given with the red dashed line. The
yellow band shows the cross-section prediction by the NNLO p-QCD calculation.

5.9 Comparison of results with other measurements

The extracted cross-section in the analysis has been compared with following measurements:

• Measurements using b-tagging technique in dilepton final states at pp collisions with√
s = 7 TeV (see Section 5.9.1)
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tt production (NLO) 
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Figure 2.6: Examples of (a) initial state radiation (ISR) and (b) final state radiation (FSR).

The (x,Q) and (x1, x2) of the tt̄ production events at the LHC are shown in Figure 2.7.
The tt̄ production cross-section is proportional to the integral of the PDF in these parameter
spaces, and the pure tt̄ samples enable the validation of the PDF in the kinematic regions.
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Figure 2.7: The kinematic parameter region of (a) (x,Q) and (b) (x1, x2) that permit the tt̄
production at the pp collisions with

√
s = 7 TeV. These figures are obtained in the tt̄ event

simulation given by the CTEQ6.6 [10] and the NLO tt̄ event generator [11].

2.2.4 Total cross-section prediction within the SM

The tt̄ production cross-section in 7 TeV pp collisions is estimated by the p-QCD calculation
and the given parton distribution functions (CTEQ66 [10]). With the assumption that the
t-quark mass is 172.5 GeV, the tt̄ production cross-section is evaluated to be:

σSM

tt̄ = 164.57 +4.30
−9.27(scales) +7.15

−6.51(PDF) pb, (2.5)

where the first uncertainty corresponds to an uncertainty originating from the renormalization
and factorization scales (≈ 4%), and the second one corresponds an uncertainty from the PDF
parametrization (≈ 4%) [6]. Additionally the predictions for various assumptions of the t-quark
mass are summarized in the Appendix Figure A.1.
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