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Introduction 2

- Discovered in 1995 at the Tevatron
- Heaviest particle in SM
‣ Yt~1
‣ Sensitive to new physics BSM
- Short lifetime ~ 10-25s
‣ Information on a bare quark
- top quark pair produced via QCD process
- Decays via EW process

- LHC is a top quark factory
‣ In Run 2, a top quark pair every second
- Top quark physics is crucial to the LHC
‣ Precise measurement of the QCD and EW
‣ Probe couplings to Higgs, W, Z, γ
‣ 3rd generation models within BSM (stop, ... )
‣ Significant background to searches and Higgs 



Large Hadron Collider 3

陽子陽子衝突型エネルギーフロンティア加速器

CERN

レマン湖 ジュネーブ空港



LHC実験のこれまでの歩み 4

～2009         ：建設
　2009          : 加速器事故
　2010         ：Physics run開始
　2011         ：√s=7TeVの物理データ収集
　2012         ：√s=8TeVの物理データ収集
　2012/7/4  ：ヒッグス粒子の発見
　2013-2015 : Shutdown
   2015          : √s=13TeVの物理データ収集

Run 1

Run 2

}

Publishされた論文数：477！
（2016年2月14日）



Run 1 : 2010 - 2012 5

Peak luminosity

2011
積分ルミノシティ

2012
積分ルミノシティ

√s=7~8TeV
50ns bunch spacing



Run 2 ：2015 - 6

√s=13TeV
25ns bunch spacing 

Peak luminosity 積分ルミノシティ



top quark pair production in p-p collision7

proton beam proton beam

A proton consists of not only u-u-d valence quarks but 
also huge amounts of sea quarks and gluons → parton
The cross section cannot be extracted without the 
knowledge of the parton density.

PP

parton(i)-parton(j) cross-section
→ perturbative QCD 
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top quark pair production at LHC 8
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s

arXiv:1303.6254

x qq : gg σtt (pb) ±scale ±pdf

7TeV 0.049 15 : 85 172.0 ~3% 2%3%

8TeV 0.043 12 : 88 245.8 ~3% ~2.5%

14TeV 0.025 10 : 90 953.6 ~3% 2%

Tevatoron
1.96 TeV

0.18 90 : 10 7.165 ~2% 2%

NNLO+NNLL (mt=173.3, PDF=MSTW2008nnlo68cl)

arXiv:1303.6254

LHCはgluonのPDFに感度 



Top quark decay 9

Br(t→Wb) ~ 100%
2つのWの崩壊によって、categorizeされる
- dilepton              5%
- lepton+jets       30%
- all jets              45%

- tau+X (charged Higgsに感度)
- rare decay (FCNC decayなど)



A Toroidal Lhc AppratuS 10
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Object ID 11

μ粒子検出器

ハドロンカロリメータ

電磁カロリメータ

内部飛跡検出器

電子
電磁カロリメータ
内部飛跡検出器

ν(missing ET)
全検出器

μ粒子
μ粒子検出器

ジェット
カロリメータ
飛跡検出器



b-jet id & τ-id 12

31 August, LHCP 2015

• 4th silicon pixel layer (IBL)

▪ Innermost layer at r=3.3 cm


• Infrastructure

▪ New beam pipe, improvements to 

magnet & cryo system

• Detector consolidation


▪ Muon chamber completion and repairs, 
improved readout for 100kHz L1 rate, 
repair of various systems, new pixel 
services, new lumi detectors, new MBTS


• Trigger improvements

▪ New Topological L1 trigger, new central 

trigger processor, Tile-muon 
coincidence, restructured high-level 
trigger, Fast TracK Trigger (FTK), 
improved L1Calo


• Software and Reco

▪ New analysis model, event data model, 

production workflow, improved tracking 
code, grid software, monitoring

Updates for Run2

5

Side A Side CZ = 0

3D3D Planar Planar

R29.0/R29.3 - IPT
R23.5 - Inner beam-pipe
R31.0 - IBL inner envelope
R40.0 - IBL outer envelope
R33.5 - Module radius Stave

FE-I4B chip

3D sensor
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3D - HV TAB
EXTENSION

a)#

b)# c)#

Sensor#area#[mm2]:####41.3#x#19.2####################20.5#x#18.5#
No.#of#pixels#[z,#φ]:#######160#x#336#########################80#x#336#

Figure 1. (a) Stave layout with the organization of planar and 3D sensor modules. (b) Layout of the IBL
detector with the 14 staves around the IBL positioning tube (IPT) and (c) zoom of one stave side where a 3D
sensor module is visibile.

in the central region and 3D in the forward/backward part, where tracking would benefit of a more
uniform charge collection across the sensor depth after irradiation. The IBL layout is shown in
figure 1. There are 14 staves in a turbine structure; each stave has 12 modules with double-chip
planar sensors in the center and 4 forward single-chip 3D sensors at the two extremities.
As of today the IBL detector is completed, installed in ATLAS under commissioning and ready for
the next year restarting of LHC.

2. Sensor design, production and results

The 3D silicon sensors used in the IBL have been produced by two silicon foundries [6, 7, 8]:
CNM1 and FBK2, on 230 µm thick 4-inch FZ3 p-type wafers having a resistivity of 10�30 kWcm.
A wafer floorplan and sensor geometry for FE-I4 [5] pixel front-end chip was defined in com-
mon with the different sensor producers participating in the prototype program coordinated by the
ATLAS 3D Collaboration. A total of 8 FE-I4 single-chip sensors fits in a wafer layout. In addi-
tion to the two already mentioned foundries also SINTEF4 and SNF5 participated in the prototype
program.

1Centro Nacional de Microelectronica, CNM-IMB (CSIC), Barcelona E-08193, Spain
2Fondazione Bruno Kessler, FBK-CMM, Via Sommarive 18, I-38123 Trento, Italy
3Silicon crystal growth methods: FZ – float zone; CZ – Czochralski
4SINTEF MiNaLab, Blindern, N-0314 Oslo, Norway
5Stanford Nanofabrication Facility, Stanford, CA, United States

– 2 –
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Infrastructure upgrades: magnet & cryogenic systems, additional muon chamber 
shielding, new beam pipes 

Detector consolidation: muon chamber completion (1.0 < |η | < 1.3) & replacements, 
calorimeter electronics repairs, improved inner detector read-out capability to cope 
with 100 kHz L1 trigger rate, new pixel detector services and module repairs!

ATLAS went through important upgrades during LS1 !
In all areas: detector, online, offline, computing!
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•  Almost 30 chambers needed 
to be replaced because of 
failures 

•  A production of chambers 
was started in 2012 and we 
had a slot for installation at 
the end of 2014 
•  Last interventions before closing 

the detector 

•  Acrobatic operations 

B. Di Girolamo - 13th Pisa Meeting on 
Advanced Detectors - 24-30 May 2015 17 New topological L1 trigger and      

new central trigger processor, 
restructured high-level trigger 

New Insertable B-layer : fourth pixel 
layer at 3.3 cm from beam, consisting of 
planar & 3D (forward) silicon sensors, 
smaller pixels!

New software, new production 
system, new analysis model, … 

Also new beam 
pipe: r = 2.5 cm!

Replacement of TGC chambers !TGC Chamber  
Replacement

Alejandro Alonso (Niels Bohr Institute)  LHCP2015 1st September 2015
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ATLAS Pixel Preliminary

4.5%

3.5%

7.0%

1.9% 2.0%
1.2%

6.3%

1.4%

End of Run 1

After Re-installation

ID Upgrades

New insertable B-layer (IBL)

✦ Inner most additional pixel layer (4th) at radius 33 mm   
from the beam line

✦ New beampipe

✦ 14 staves overlapping in the r - ! plane of length 332 mm 
with   
130nm CMOS modules with 2 technologies:

✦ 12 planar and 2 x 4 3D modules 

✦ 99.5% of the modules are active for Run-2

✦ Preserve tracking with increased luminosity

✦ Improves vertexing, impact parameter resolution and b-
tagging

4

Pixel: 

✦ New services, new optical links, 3% modules recovered.

New Diamond Beam monitors (DBM) installed in the Pixel volume

TRT: 

✦ Gas leaks for the end-caps repaired, new firmware to operate at   
100kHz, validity gate, PID optimised 

Software: 

✦ Simplified data model, use of EIGEN. Speed up: 4x Run-1

IBL Installation

τ-jet id
energyの広がり：
　e/γより広い
　quark/gluonより狭い
荷電粒子：
　1本か3本がcollinearに

Run 2からInsertable B layer (IBL)を導入

b-jet id
jet内のmultiplicityが大
Lxyが大
jet内のd0が大

cτ ～500μm
βγ～10 (@P~50GeV)
→ 5 mm位走る

4倍のrejection power



Event selection 13

○ single lepton

○ dilepton

○ all-jets

- 2 isolated leptons
- Z mass veto (for ee, μμ)

- 1 isolated lepton

- ETmiss, MT(W)でmulti-jet, W+jetsをcontrol

- ≧2 jets, at least one jet b-tagged

- ≧4 jets, at least one jet b-tagged

- ≧6 jets, 2 jets b-tagged

- No isolated lepton

- Small ETmiss significance, centrality

b-tag: typically ε=70%, 
          rejection factor=130 (light quark), 5 (c-quark)



Top quark physics program 14

Major background for Higgs and searches

Top production
test QCD
Charge asymmetry
anomalous coupling
tt+X production
Resonance Production
top from new particle

Top properties
Mass, Width, Spin, Charge
Spin correlation, polarization

Top decay
test EW
W helicity
Wtb coupling
anomalous coupling
CP violation
FCNC
New particle from top



Top quark pair production 
cross-section

15



Inclusive cross-section 16

ATLAS-CONF-2015-049

MC

data
} εeμ：eμ selection efficiency

εb   : b-tag rate
Cb    : correlation constant

N1

N2

�tt̄ = 829± 50± 56± 83 pb

�NNLO+NNLL
tt̄ = 832+20

�29(scale)
+35
�35(PDF↵S) pb



Inclusive cross-section in Run2 17

gluonとsea-quark PDFに感度
共通のSystematic uncertaintyをキャンセル



Inclusive cross-section in Run1 18



σtt vs √s 19

ppbar pp



Differential cross-section 20

- PDF, kinematics of ttbar system, parton shower evolutionなどの検証
- pT(top), pT(ttbar), m(ttbar), y(ttbar), Njets ... 分布などの依存性を確認

- top quarkのboost具合に応じて：
- “Resolved” regime : top quark からのlepton, jetが分離されている
- “boosted” regime  : top quarkからの全粒子が”fat jet”として再構成

ΔR~ mt/pT

y =
1

2
ln [(E + pz)/(E � pz)] =

1

2
ln (x1/x2)

- pT(top)などはISR, FSRに感度
- y(ttbar)はgluon のPDFに感度
- m(ttbar)はHigh-Q2の(新)物理に感度



dσ/dpT differential cross-section 21

- Unfolding reconstructed object → particle level
stable truth level particlesによる再構成
parton levelへの更なる外挿の不定性を減らす

Resolved
Boosted

MCの方がdataよりもハードな傾向



dσ/dy differential cross section 22

MC@NLO+HERWIG generator を使って、PDFの比較



dσ/dpT differential cross-section 23

- Unfolding reconstructed object → parton level

Resolved Boosted

MCの方がdataよりもハードな傾向



dσ/dpT differential cross-section 24

Full NNLO calculation is in good agreement with data. 



ttbar+X cross-section 25

5σ(3.2σ)
4.2σ(4.5σ)

2ℓsame sign, 2ℓopposite sign, 3ℓ, 4ℓ +bb dilepton, l+jets, H→bb



ttbar+MET 26

stop 探索に感度

excluded (95%CL)

100%



Top quark mass

27



Top mass : Standard method 28

Kinematic likelihood fitでttbar事象を再構成

single lepton : lepton, ETmiss, 2 b-jets, 2 light-jets→mtopreco, mWreco, Rbqreco

all jets : 2 b-jets, 4 light-jets→R3/2=mjjj/mjj

dilepton : 2 leptons, 2 b-jets→mlb

mtopreco, mWreco, Rbq分布の3D fitからmt, JSF, bJSFを同時決定

single lepton all jet

mt = 172.33± 1.27 GeV

Eur. Phys. J. C (2015) 75:158 , Eur. Phys. J. C (2015) 75:330, etc

Rredo

bq =
pbhad
T

+ p
blep
T

p
Wjet1

T

+ p
Wjet2

T

Mt/MWにピーク

http://link.springer.com/article/10.1140/epjc/s10052-015-3373-1
http://link.springer.com/article/10.1140/epjc/s10052-015-3373-1


Standard Methodによる質量測定のまとめ29

(World Comb.)
arXiv:1403.4427

0.4%

mt = 172.99± 0.91 GeV (ATLAS Comb.) 0.5%
arXiv:1503.05427



Top mass : Other methods 30

○ t-channel single top

○ B-hadron Lifetime

○ Kinematic Endpoint

CMS-PAS-TOP-12-030

Eur.Phys.J.C(2013)73:2494

ATLAS-CONF-2014-055

Template fit of lepton-b-jet mass

→ Standard methodと異なるSystematics



Top mass : pole mass from σtt 31

(7TeV)

(8TeV)
(combined)

arXiv:1303.6254
EPJ C74 (2014) 3109



Top mass : pole mass with ttbar+1 jet 32

Eur. Phys. J C73 (2013) 2438, arXiv:1303.6415で紹介

○ Differential cross sectionによる間接的なpole mass測定 arXiv:1507.01769

(mt位の任意量)

unfoldしてR(mt,ρ)に

ρs分布

○ single lepton終状態による解析

- ttbar以外のjetは、pT>50GeVのleading jet

- lepton, ETmissからleptonic topのWを再構成
- WのKinematics条件からhadronic top の2jetを選択

が最小となるb-jetとWの組を決定-

- ρs分布をunfoldしてχ2 fitで質量を決定

gluon radiationがtop quark massに依存すること
を利用



Top mass : pole mass測定のまとめ 33



Top quark property

34



Charge asymmetry 35

treeとboxのinterference ISRとFSRのinterference

+新物理で標準模型からのズレ？

SMによるasymmetry

ppbarかppで見え方が異なる



Charge asymmetry 36

Inclusive測定の他に, mtt, pT,tt,などの関数でACの測定

ttbar事象をkinematical fitを用いて再構成

Δ|y|分布をparton levelにunfold



Charge asymmetry 37



Flavor changing neutral current 38

ℓ
ℓ

arXiv:1311.2028

tt→ZqWb→ℓℓq ℓνb (3 leptons, ≧2jets(≧1 b-jet), MET)

Mℓℓq Mℓνq Mℓℓ

BR(t ! Zq) < 7⇥ 10�4 @95%C.L.



Flavor changing neutral current 39

t→cX t→uX

CMS-PAS-FTR-13-016



その他のTop quark properties 40

○ Top quark charge JHEP11(2013)031

○ Wtb coupling
JHEP06(2012)088 JHEP10(2013)167
ATLAS-CONF-2013-032

○ Top polarization and spin correlation

arXiv:1410.1154

Phys. Rev. Lett 111, 232002 (2013) Phys. Rev. Lett 114, 142001 (2015)

Consistent with SM prediction

○ ...



New physics search with top quark 41



backup

42



43



Run2とそれ以降に向けて： perspective 44

○ Top mass

○ 新物理 (FCNC)

CMS-PAS-FTR-13-017

CMS-PAS-FTR-13-016

○ Cross-section
√s=13,14TeVの新しい点、Differential cross-section、light stop search

SM:10-12~10-17

BSM: <10-4

様々な手法で質量測定

ATLASとCMSの良い解析手法を採用

Full NLO tools

Standard, Endpoint, Lxy, J/ψ method, ...



PDF: Parton Distribution Function 45

陽子
q (q2=-Q2)

k k’

P
xP

Hadron is non-perturbative object
→ PDF is obtained by fit of experimental data

y =
1

2
ln [(E + pz)/(E � pz)] =

1

2
ln (x1/x2)

Based on n-th fixed order calculation



Top quark production 46

○ Top quark pair production via QCD

(8TeV)

(7TeV)

@NNLO+NNLL (mt=172.5GeV) top++ 2.0

○ Single top production via EW Phys. Rev. D 83 (2011) 091503, arXiv:1103.2792 [hep-ph].
Phys. Rev. D 82 (2010) 054018, arXiv:1005.4451 [hep-ph].
Phys. Rev. D 81 (2010) 054028, arXiv:1001.5034 [hep-ph].

PRL 110 252004 (2013), arXiv:1303.6254

→ ~6.4M top quark pairs in LHC Run 1

→ ~3M single tops in LHC Run 1

s-chWt-ch

@NLO+NNLL (mt=172.5GeV) 

t-ch


