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Introduction

Top quark physics
2

• Top quark : mass 173 GeV

• 新しい物理との関係が示唆される

• ほぼ 100% で Wb に崩壊

• 崩壊幅 1 GeV > ΛQCD~200MeV

• Hadron化を起こす前に崩壊

• クォーク単体の性質が現れる
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様々な物理量から100GeVスケールでのSMの検証が可能
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Introduction

7,8 TeV でのトップクォーク対生成
3
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Combination plot  from
 https://twiki.cern.ch/twiki/bin/view/AtlasPublic/CombinedSummaryPlots

ATLAS-CONF-2012-149

: 20/fb→400万対



Single lepton
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Introduction

Inclusive から exclusive measurement へ

高 purity かつ大統計のトップクォーク(対)サンプルの収集ができている

4

Production process
Differential cross section
mtt dependence

ttbar + X

Properties
Top quark kinematics
charge asymmetry
spin correlation

Charged lepton
MissET (MT)
4 jets,
b-tagged jets

2 charged lepton
MissET
2 jets,
b-tagged jets

Di-lepton

W-t-b vertex
Mass

ATLAS-CONF-2012-149,  JHEP 1205 (2012) 059

このInclusive cross section 研究をベースにしてトップクォークの性質を検証していく
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Differential cross section

ttbar differential cross section 
5

Eur. Phys. J. C (2013) 73: 2261

7TeV 2.05/fb, ttbar single lepton channel

トップクォーク対の再構成
事象選別後は lepton, jet ≧4 , missing Et
Likelihood に基づきblν, bjj の組の決定
         ,        は固定
        ,     ,      ,           を考慮し算出

mtt̄ PTtt̄
ytt̄
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Ttbar resonannce

boosted top tagging の必要性
6

BSM粒子 (e.g. Z’, gKK) のトップクォークペアへの崩壊
トップクォークの特徴的な終状態に注目し背景事象の選別が可能

mtt->大 : boosted top quark = 崩壊粒子が collinear に

Boosted top quark の tagging が課題

****

ATLAS-CONF-2013-052



cone R=0.4 の通常の Jet １つ
b-tag されていること
lepton との距離ΔR<1.5

cone R=1.0 の “Fat” Jet  1 つ
ジェットの質量 >100 GeV
スプリッティングスケール

(�R =
�

��2 + ��2)
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Ttbar resonannce

boosted top 解析 
7

8 TeV 14/fb, ttbar single lepton channel での解析

ATLAS-CONF-2013-052

Electron or Muon 
e : MissEt > 30GeV, MT > 30GeV
μ: MissEt > 20GeV, MissET+MT > 60 GeV

4 jet もしくは
 3 jet (うち 一つは         > 60 GeV)

少なくとも一本は b-tagged jet

> 40 GeV

(A)

(A)

(B)

(B)
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Ttbar resonannce

boosted top 解析 
8

Z’ 

KK gluon

(95%C.L.)

(95%C.L.)

ATLAS-CONF-2013-052

(CMS-PAS-B2G-12-006, 8 TeV 20/fb, single lepton)
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Ttbar associated production

ttbar + X 生成断面積測定
9

ATLAS-CONF-2012-126

μ

μ
e

Z

t
t

荷電レプトン 3 本
一対が Same flavor, Opposite sign
|Mll-Mz| < 10GeV

MissEt > 30 GeV
4 jets, 少なくとも 1 b-tagged jet

ttbar + Z 事象
       couplingの直接検証

(7 TeV, 1.04 /fb)

(�tt̄� · Br)SM = 2.1 ± 0.4pb

�tt̄� · Br = 2.0 ± 0.5(stat.) ± 0.7(syst.) ± 0.08(lumi.)

同様に ttbar + γ の解析より

ATLAS-CONF-2011-153

expected signal :
      0.85 ± 0.04 (stat.) ± 0.14 (syst.)

expected background :
      0.28 ± 0.05 (stat.) ± 0.14 (syst.)

　　→ 1 event 観測

Single lepton + Z→ll (7 TeV, 4.7/fb)



y

AC,expect = 0.006± 0.002

AFB = 0.162± 0.047(stat.+ syst.)

AFB = 0.066 AFB = 0.067
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Top properties

Charge asymmetry
10

LHC(pp)

Tevatron(pp̄)

t t̄

t t̄

Forward backward asymmetry.

トップクォーク対生成事象でのトップ・反トップクォークの生成方向非対称性

CDF : 

MC@NLO generator

�y = |yt|� |yt̄|

Central/Forward asymmetry.

(CDF : Conf. Note 10807.)

Expectation : 
(POWHEG) (MC@NLO)

+

+

rapidity

yrapidity

= Forward-backward については対称



 [GeV]ttm

C
A
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Unfolded data

MC@NLO

ATLAS-1 L dt = 1.04 fb0
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Top properties

Charge asymmetry : single lepton channel
11

Eur.Phys.J. C72 (2012) 2039, TOPQ-2011-08

7 TeV, 1.04/fb, Single lepton channel での解析
先の differential cross section measurement と同様の事象選別＋再構成

AC = �0.018± 0.028(stat.)± 0.023(syst.)

AC,expect = 0.006± 0.002



新学術領域研究研究会 2013/05/24  Satoshi  Hasegawa

18

Top properties

Charge asymmetry : di-lepton channel
12

At¯t
C,expect = 0.006± 0.002 MC@NLO 

Att̄
C = 0.057± 0.024(stat.)± 0.015(syst.)

ATLAS-CONF-2012-057

トップクォーク対の再構成
課題 : ニュートリノ２個の運動量 = 6 未知数 

(7 TeV, 4.7/fb)

ee eμ μμ
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Top properties

Spin correlation
13

対生成でのトップ・反トップクォークのスピン相関 : 生成過程の検証

トップクォーク対静止系にてトップクォークの運動量方向を軸に

を定義

Phys. Rev. Lett. 108, 212001 (2012)

t
l+

t̄ l�

b

b̄

⌫

⌫̄

トップクォークのスピン
 →崩壊粒子の放出角度分布に反映される

di-lepton 終状態に着目

荷電レプトン対の開き角 ΔΦを測定



(PL = (1 � �5)/2, PR = (1 + �5)/2)
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Top properties

トップクォーク崩壊時のW boson polarization
14

ATLAS arXiv:1205.2484, ATLAS-CONF-2013-033

Single
lepton di-lepton

F0 FL FR

SM 0.687         
± 0.005

0.311
 ± 0.005

0.0017
 ± 0.0001

Tevatron
(CDF＋D0)

0.722 
±0.081

- 0.033 
± 0.046

Tevatronを更新する測定精度を達成

�

l

W boson rest frame

L = � gp
2
b̄�µ(VLPL + VRPR)tW

�
µ � gp

2
b̄
i�µ⌫q⌫
mW

(gLPL + gRPR)tW
�
µ + h.c.

L = � gp
2
b̄�µ(VLPL + VRPR)tW

�
µ � gp

2
b̄
i�µ⌫q⌫
mW

(gLPL + gRPR)tW
�
µ + h.c.

Longitudinal (0) Right handed (R)Left handed(L)SM V-A interaction

ATLAS+CMS combination

ATLAS



Im(gR) = [�0.20, 0.30]
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Top properties

CP violation search
15

事象選別
e, μ
MT > 30 GeV
1 b-tagged jet  |eta| < 2.5
1 non-b-tagged jet |eta|<4.5
Δeta(b-jet, jet)>1

HT(include MissET) > 210 GeV

t-channel single top production : top quark polarized : P~0.9

Top spin(   ) を軸にして Im(gR) にアクセスできる

の Asymmetry を

ATLAS-CONF-2013-032

事象再構成
トップ由来 b, lepton は自明
Pνは W boson の質量から算出
M(blν) = 150-190 GeV に制限

と定義すると

P

Im(gR)
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Top Quark Mass

トップクォーク質量測定
16

解析チャンネル( 7 TeV, 1.04/fb )

Single lepton
トップクォーク崩壊事象 t → bjj 再構成
2 light jet(50<mjj<110GeV) + b-tagged jet 

   2次元でのテンプレートフィッティング

Eur.Phys.J. C72 (2012) 2046

Tevatronに迫る精度にまで到達

Tevatron での測定 : arXiv:1207.1069 [hep-ex]

mreco
W , mreco

top



Im(gR) = [�0.20, 0.30]
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Summary

まとめ
17

7, 8 TeV データを用いたトップクォーク物理
大統計トップクォークサンプルを用いた、SM の詳細な検証

W boson polarization measurement
Tevatron を更新する精度での測定

Single top production

ATLAS+CMS combination 
LHC から精度1.4GeV での測定達成

ttbar + γ

boosted top tagging の確立

Tevatron に迫る/更新する測定精度を達成
0.1pb (ttZ) スケールにまで SM の実証が進めてこれた
BSM 探索が ~2 TeVにまで到達(Z’, gKK)

Production process
Differential cross section

Properties
charge asymmetry
spin correlation

W-t-b vertex
ttbar + X

ttbar + Z
Mass

�tt̄� · Br = 2.0 ± 0.5(stat.) ± 0.7(syst.) ± 0.08(lumi.)

Tevatron との相補的な測定
0.5TeV < MZ� < 1.8TeV

0.5TeV < MgKK < 2.1TeV

�tt̄� · Br = 2.0 ± 0.5(stat.) ± 0.7(syst.) ± 0.08(lumi.)
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Summary

14 TeV でのトップクォーク物理の展望 
18

σ(ttH)@ 14 TeV  ~ 0.6 pb,  ~100/pb で見えてくる物理

arXiv:1112.4928 [hep-ph]

BSM 探索 : エネルギー増加による探索域の拡大
arXiv:1101.0593 [hep-ph]

~10倍

7 TeV での現状

ATLAS-CONF-2012-135

7,8 TeV での解析手法(特にttbar+X, boosted top)が14 TeV での研究に直結。
これら成果を基礎として、移行していく事が重要

pp � Z � � tt̄
�

s = 8TeV

pp � Z � � tt̄
�

s = 14TeV

tt̄H



backup slides
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Summary

Jet activity 
20

arXiv:1203.5015 

N : ttbar event 総数
n(Q0) :  PT>Q0 を持った追加のジェットが居ないイベント数

Di-lepton channel
 (追加のジェットの有無が明確)
Electron, Muon x 2 
B-tagged jet x 2 
Miss Et > 40GeV(ee, mm)
|Mll-Zmass|>10 GeV (ee, mm)
HT > 130 GeV(em)

追加ジェットは |η|<2.1
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18Charge asymmetry
21

arXiv:1109.6830 [hep-ph]
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Cross section measurement

Single top 生成断面積測定
22

single top cross section [pb]
0 20 40 60 80 100 120

 -1t-channel 1.04 fb  pb -20
+2083

-1t-channel top 4.7 fb  pb -11
+1153

-1t-channel antitop 4.7 fb  pb -8
+730

-1Wt-channel 2.05 fb  pb -6
+617

-1s-channel 0.70 fb < 26 pb

arXiv:1205.3130

ATLAS-CONF-2012-056

ATLAS-CONF-2012-056

arXiv:1205.5764

ATLAS-CONF-2011-118

 Theory (approx. NNLO)

= 7 TeVsATLAS Preliminary

ATLAS-CONF-2012-132(8TeV)

The summary plot from https://twiki.cern.ch/twiki/bin/
view/AtlasPublic/CombinedSummaryPlots

light	
  jet

e,μ

ν

b-­‐tagged	
  jet

合計11変数を用いたNN

t-channel Wt-channel s-channel

signal

back
ground
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Top Quark Mass

トップクォーク質量測定 : eμ channel
23

emu channel での top quark mass 測定
Met から  2個のニュートリノの reconstruct は困難
MT2 (stransverse mass)からの測定

→親粒子の質量下限に相当する

事象選別
e + μ
2 b-tagged jets, PT>45GeV

delta phi > 2.2
MissEt > 20 GeV
HT = sum|PT| > 130 GeV
MT2<220 GeV

MT2 mean -> Mtop mass に換算する

ATLAS-CONF-2012-082

b

b̄

⌫

⌫̄
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Cross section measurement

8 TeV でのトップクォーク対生成断面積測定 
24

Electron ET>40GeV, Muon PT>40GeV,

e : MissEt > 30GeV, MT>30GeV 

mu : MissEt> 20 GeV, MT+MissEt>60GeV

3 jets, PT>25GeV, |eta|<2.5

at least one b-tagged

Signal vs W+jets の Likelihood

signal, W->emu, W->munu の寄与をFitting から算出

8 TeV, 5.8/fb, Single lepton channel での解析

ATLAS-CONF-2012-149

aplanarity lepton eta



(�tt̄� · Br)SM = 2.1 ± 0.4pb
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Ttbar associated production

ttbar + γ 生成断面積測定
25

ATLAS-CONF-2011-153

t

t

7 TeV, 1.04 /fb を用いた解析
Single lepton channel + γ終状態

Electron ET>40GeV, Muon PT>40GeV,

e : MissEt > 30GeV, MT>30GeV 

mu : MissEt> 20 GeV, MT+MissEt>60GeV

3 jets, PT>25GeV, |eta|<2.5, at least one b-tagged

Photon  PT>15 GeV

 m(eγ) < 86 GeV OR m(eγ) > 86 GeV

より見積もる

�tt̄� · Br = 2.0 ± 0.5(stat.) ± 0.7(syst.) ± 0.08(lumi.)
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## session name ##

“Cross Sections for Leptophobic Topcolor Z′ decaying to top-antitop”
26

arXiv:1112.4928 [hep-ph]
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Ttbar resonannce

ttbar resonance 
27

 mass [GeV]tt

0 500 1000 1500 2000 2500 3000 3500

ev
en

ts
 / 

G
eV

-310

-210

-110

1

ATLAS
 = 7 TeVs   -1Ldt=2.05 fb0

Data
tt 

W+jets
SingleTop

Multijets
Z+jets

Diboson
Uncertainty

 (1.3 TeV)
KK

g

Charged lepton + MissingEt + b-jet    +     Fat jet
            leptonic decay side                             hadronic decay side 

 mass [GeV]
KK

g
800 1000 1200 1400 1600 1800 2000

) [
pb

]
t t

A
KK

 B
R

(g
× 

m

-110

1

10

210

Syst.+stat. errors
Obs. 95% CL upper limit
Exp. 95% CL upper limit

 uncertaintymExp. 1 
 uncertaintymExp. 2 

Kaluza-Klein gluon

Syst.+stat. errors
Obs. 95% CL upper limit
Exp. 95% CL upper limit

 uncertaintymExp. 1 
 uncertaintymExp. 2 

Kaluza-Klein gluon
ATLAS

-1 = 2.05 fbdt L
  0

 = 7 TeVs

Z’ mass [GeV]
600 800 1000 1200 1400 1600 1800 2000

) [
pb

]
t t

A
 B

R
(Z

’
× 

Z’
m

-110

1

10

210

Syst.+stat. errors
Obs. 95% CL upper limit
Exp. 95% CL upper limit

 uncertaintymExp. 1 
 uncertaintymExp. 2 

Leptophobic Z’

Syst.+stat. errors
Obs. 95% CL upper limit
Exp. 95% CL upper limit

 uncertaintymExp. 1 
 uncertaintymExp. 2 

Leptophobic Z’
ATLAS

-1 = 2.05 fbdt L
  0

 = 7 TeVs

mW 仮定し Pl,Met から Pν再構成
Lepton 近傍(deltaR<1.5) に Jet 

Lepton 側jet より 1.5 以上 離れて Fat Jet (cone 1.0), Pt > 250 GeV

jet mass >100 GeV,  splitting scale sqrt{d1,2}は 40 GeV 以上

 mass [GeV]tt

0 500 1000 1500 2000 2500 3000 3500

ev
en

ts
 / 

G
eV

-310

-210

-110

1

ATLAS
 = 7 TeVs   -1Ldt=2.05 fb0

Data
tt 

W+jets
SingleTop

Multijets
Z+jets

Diboson
Uncertainty

 (1.3 TeV)
KK

g

7 TeV 2.0/fb, ttbar single lepton channel での解析

Z’ KK gluon

0.6 <mZ’<1.15TeV,   m gKK <1.5TeV を棄却  (95% C.L.)

JHEP 1209 (2012) 041
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Ttbar resonannce

ttbar resonance
28

7 TeV 4.7/fb, 
full hadron channel : top 由来の lepton & b-jet overlap の問題が無い

3
Leading Jet OV

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ar
bi

tra
ry

 U
ni

ts

-210

-110
Data 2011
Multijet

(2.0 TeV)tZ'->t

 > 450 GeVrecoil
T

p
 > 500 GeVlead

T
p  = 7 TeVs

-1 L dt = 4.7 fb∫
ATLAS

Fat jet の top quark tagging

HEPTopTagger : Fat jet を ET<50GeV の subjet にまで成分分解し t->bjj に対応
する 3 ジェットの組の有無で判別
Template tagger : シミュレーションで top quark 娘粒子の力学分布テンプ
レートを複数用意し、Fat Jet 中のクラスター分布と比較、[0-1]で点数化

Selection
HEPTopTagger : 
    cone 1.5のFat jets x2 : PT>200GeV, |eta|<2.0

Template Tagger :
     cone 1.0 fat jet  x2 : PT > 500, 450GeV, |eta|<2.5

各 fat jet の sub-jet が b-tagged されている事。

JHEP01(2013)116
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Ttbar resonannce

ttbar resonance
29

 Mass [GeV]tt
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Top Template Tagger

 Mass [GeV]tt
500 1000 1500 2000 2500 3000

Ev
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ts
 / 

10
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G
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-110

1

10

210
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410 Data 2011

 = 1.3 pbσZ' (1 TeV) 

tt
Multijet

ATLAS
-1 L dt = 4.7 fb∫

 = 7 TeVs

 HEPTopTagger 

JHEP01(2013)116



�(pp ! tt) < 2.0pb @ 95% CL

Both results excluded Z’ parameter region
favored by the Tevatron’s F/B asymmetry results.

�(pp ! tt) < 0.67pb @ 95% CL
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Creation of top quark pair 

Same sign top-quark production
30

It is interesting especially for Z’ search.
 -- Z’ can explain charge asymmetry observed at the Tevatron.
Basic strategy : di-lepton with the same charge, missing ET, two jets.

CMS required two b-tagged jets to reduce tt background.
No excess was observed in ATLAS and CMS.

ATLAS JHEP 04 (2012) 069 (1/fb)    CMS PAS SUS-11-020 (4.7/fb)

-

R
e

je
ct

e
d

Rejected

favored by
 the Tevatron results



Basic strategy :                                              and reconstruction.

CMS : reconstruct neutrino momentum from missing ET assuming W boson mass.
Additional cut : at least one b-tagged jet, 

ATLAS : reconstruct event based on chi2 minimization.

Additional cut : 

tt̄ ! bW + qZ ! bl⌫ + qll

Expected BG = 0.6+0.1
�0.1 events, 0 observed

Expected BG = 2.4+1.8
�0.3 events, 2 observed

|mreco

l⌫ �mW | < 30GeV, |M reco

t �Mt| < 40GeV

|MZj �Mt| < 25GeV, |MWb �Mt| < 35GeV
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Flavor Channing Neutral Current

“tZq” search in top quark pair decay
31

ATLAS-CONF-2011-154 (0.7/fb)  CMS-PAS-TOP-11-028(4.6/fb)

Distributions after the basic selection.

Br(t->Zq)<0.34% 95%C.L.

t

t̄

b̄

q

Z

W�

l+l�

l�⌫

Br(t->Zq)<1.13% 95%C.L.

Distributions after reconstruction.



Target : Single top production via the FCNC + leptonic decay
Basic selection : exact one lepton and b-tagged jet, large missing ET.

Neural Network to separate from SM background : 11 inputs 
     : is large since W boson emitted from a top quark.
               : is large since top quark is produced almost without transverse momentum.

PW
T

�R(bjet, lep)

�(qg ! t) < 3.9pb (95% CL.) Br(t ! ug) < 5.7 · 10�5

Br(t ! cg) < 2.7 · 10�4
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Flavor Channing Neutral Current

“tqg” in single top production
32

t

q

g W

b

l

⌫

ATLAS arXiv:1203.0529(2/fb)

http://www.sciencedirect.com/science/article/pii/
S0370269310009445

Upper limit is set and it corresponds to 

PW
T [GeV] �R(bjet, lep)

NN output


