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Top quark 2

Top quark :
• Discovered in 1995 by Tevatron
• The heaviest particle in SM 
   (Mt = 173.21 ± 0.51 ± 0.71 GeV)
- The coupling with Higgs (Yt) ~1. 
- Sensitive to new physics BSM 
• Short lifetime around ~10-25 s
- Information on a bare quark

• LHC is the top quark factory experiment
- ~10 top quark pairs are produced every second in Run 2 LHC

•We can approach not only precision measurement of SM but also the new 
particle physics phenomenology using top quark as a probe.
- Test of pQCD at high Q2 from top quark production
- Test of electroweak from top quark decay
- measurements of Higgs-top Yukawa coupling Yt
- direct searches of BSM (e.g. stop, gKK, etc.)



LHC 3



Integrated Luminosity 4



top quark pair production in p-p collision5

proton beam proton beam

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

PP
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top quark pair production at LHC 6
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arXiv:1303.6254

x qq : gg σtt (pb) ±scale ±pdf

7TeV 0.049 15 : 85 172.0 ~3% 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 sensitive to gluonPDF
Tevatron sensitive to quark PDF



Top quark decay 7

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)



Advantage of 7TeV→8TeV→13TeV 8

Heavy particles can be produced more at higher √s

�̂ij!X

i

j

x1P

x2P

P

P

X

Higgs（100GeV) production　：   x ~2
SUSY（1TeV）production       ： x 5-6

13TeV / 8TeV

MX

100 1000
1

10

100

 

 gg
 Σqq
 qg

WJS2013

ratios of LHC parton luminosities: 13 TeV / 8 TeV

 

lu
m

in
o

si
ty

 r
a

tio

M
X
 (GeV)

MSTW2008NLO

_



proton-proton collision 9
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- QCD
- B-physics
- Electroweak
- top quark physics
- Higgs physics
- New physics

Many physics projects

Rate

大

小

priority

大

小

Mostly low-Q2 QCD events
Higgs：1010 lower than inelastic QCD
Trigger is important
　100kHz at L1、100Hz at HLT

Event rate＝σ × L
σtot~100mb
L~1034cm-2s-1 Event rate 1GHz

proton crossing rate＝40MHz

}　→

Pileup

→several interactions in one p-p crossing



Pileup 10



A Toroidal Lhc AppratuS 11
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A ttbar candidate event 12



Object ID 13

muon detector

Hadron calorimeter

electromagnetic calorimeter

tracking chambers

e
calorimeter
tracking chambers

ν(missing ET)
all detectors

μ
muon detector

Jet
calorimeter
tracking chambers



b-jet id & τ-id 14

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

DŽĚƵůĞ�ŇĞǆ

&ůĞǆ�ƉŝŐƚĂŝů

^ƚĂǀĞ�ŇĞǆ

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
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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：
　wider than e/γ
　narrower than quark/gluon
charged particles：
　1 or 3, collinear

b-jet id
large jet multiplicity
large Lxy
large d0 of tracks in jet

cτ ～500μm
βγ～10 (@P~50GeV)
→ Run 5 mm

x4 rejection powerInsertable B layer (IBL) introduced from run2



Event selection 15

○ 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)



Kinematic fitting 16



Top quark physics program 17

test of EW
Wtb anomalous coupling
rare decay

W helicity

mass
charge

test of pQCD
cross section
tt+X production
charge asymmetry
spin-correlation
resonance production

Major background for Higgs and searches



Inclusive cross-section 18

Phys. Lett. B761 (2016) 136

εeμ：eμ selection efficiency
εb   : b-tag rate
Cb    : correlation constant

N1
N2

MC}

•Select exactly opposite sign 1 e and 1 μ
• Select exactly 1 and 2 b-tagged jets

data/MC

Total uncertainty: 4.4%

http://www.sciencedirect.com/science/article/pii/S0370269316304397
http://www.sciencedirect.com/science/article/pii/S0370269316304397


Inclusive cross-section 19



σtt vs √s 20

ppbar pp

7 TeV 8 TeV 13 TeV 14TeV
σtt 177 pb 253 pb 832 pb 985 pb
Δσ/σ ± 6% ± 6% ± 6% ± 5%

Top++2.0
NNLO+NNLL Prediction



σtt/σZ 21

JHEP1702(2017)117

• Cross-section ratio using tt→eμ+2 bjets

• Correct for common phase space
• Account for correlations of systematic 
uncertainties.
• Compare to predictions at NNLO+NNLL 
with 6 different PDF sets



Differential cross-section 22

• Top quark definition
- detector level
- particle level
- parton level

ΔR~ 2m/pT
Typically, ΔR~1.0

• Covered phase-space
- detector
- fiducial
- full

• Differential cross-section as a function of the kinematic variables, Njets, etc.
- pT(top) → Sensitive to the ISR, FSR
- y(top), y(tt) → Sensitive to the gluon PDF
- m(tt)→ Sensitive to the new physics at high-Q2

• Correct for the detector effects (“unfolding”), so that theoretical models can be 
directly probed. 

arXiv:1612.05220, ATLAS-CONF-2016-040, ATLAS-CONF-2016-100

• Resolved (for low pT top) and boosted (high pT top) topologies are used 
ΔR=0.4



Differential cross-section : pT(top) 23

arXiv:1612.05220, ATLAS-CONF-2016-040, ATLAS-CONF-2016-100

dilepton
all-jets boosted

l-jet resolved l-jet boosted



Differential cross-section : y(top) 24

dilepton

all-jets boosted

arXiv:1612.05220, ATLAS-CONF-2016-040, ATLAS-CONF-2016-100

l-jet resolved l-jet boosted



Differential cross-section : pTtt, mtt 25

arXiv:1612.05220, ATLAS-CONF-2016-040, ATLAS-CONF-2016-100

dilepton

dilepton

l-jet resolved

l-jet resolved

all-jets boosted

all-jets boosted



tt+X cross-section 26

dilepton, l+jets, 
H→γγ,WW, ZZ, ττ, bbsame sign 2μ or 3ℓ+2

b
3ℓor 4ℓ+1b or 2b

ATLAS-CONF-2016-068Eur. Phys. J. C77 (2017) 40

obs. (exp.) significance= 2.8 (1.8)σ
modeling of tt+>1b is dominant syst.



Top mass : Standard method 27

Top quark mass is measured using the “template fit”

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

3D template fit of mtopreco, mWreco, Rbq distribution 
→ extract mt, JSF, bJSF simultaneously 

Phys. Lett. B 761 (2016) 350, arXiv:1702.07546, etc.

Background <1%
Dilepton

Dilepton

← Peak at Mt/MW～2 



Top mass : pole mass from σtt 28

(7TeV)

(8TeV)
(combined)

arXiv:1303.6254
EPJ C74 (2014) 3109



Top mass : pole mass with ttbar+1 jet 29

Introduced by Eur. Phys. J C73 (2013) 2438, arXiv:1303.6415

○ Indirect pole mass measurement from differential cross section arXiv:1507.01769

(Aritary of O(mt))

unfoldしてR(mt,ρ)に

ρs分布

○ Analysis used single lepton final state

- A jet from radiation satisfies pT>50GeV

- Leptonic W from lepton, ETmiss

- Hadronic W from kinematics reconstruction

- Combination of b-jet-W → minimize 

- Unfold ρs distribution

The amount of gluon radiation is sensitive to mt

- top mass determined by χ2 fit



Top mass measurement summary 30

(World Comb.)
arXiv:1403.4427

0.4%

(ATLAS Comb.) 0.4%
arXiv:1606.02179

(Tevatron Comb.)
arXiv:1407.2662

0.4%



Top mass : Other methods 31

○ 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 quark mass : prospects 32

• t→(W→ℓν)(b→J/ψ+X→μμ+X)

• cross-section v.s. mt

• Secondary vertex

• Single top 
• Classic method



Charge asymmetry 33

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 34

N(Δ|η|<0) N(Δ|η|>0)

Phys. Rev. D 94, 032006



Spin correlation 35

SM : unpolarized →αPcosθ are negligible
Spins of t and tbar are correlated → can be measured by Δφll



W helicity in top quark decay 36

SM： F0~0.7, FL~0.3, FR~0

arXiv:1612.02577



Wtb anomalous couplings 37

SM : VL=1, VR=gL=gR=0

arXiv:1612.02577
• Constraint on Wtb anomalous couplings from measurements of F0, FL, and FR.



FCNC 38

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

Mℓℓq

Mℓνq

Eur. Phys. J. C (2016) 76:12

BR(t ! Zq) < 7⇥ 10�4 @95%C.L.



New physics searches with top quark 39

m(gKK)<2.2 TeV 
excluded (95%C.L.)

• Resonance search (Z’, gKK, GKK, etc.)

• four top quarks : small in SM, enhanced in BSM (CI, UED, etc)

σ＜21×σ(SM) at 95%C.L.



Top quark as a probe of SUSY 40

• In case                        , stop pair production is only 
detectable with the precision measurement in top 
quark pair production cross section.
- ttbar spin analysis correlations constrained

- The analysis with boosted ttbar+ISR jet 
production constrained 

• Same strategy can be made for gluino to ttbar 
decay, in case                        
- precision measurement in        signature



Summary 41

• LHC is the top quark factory experiment
- ~10 top quark pairs are produced every second in Run 2 LHC

•We are approaching not only precision measurement of SM but also the new 
particle physics phenomenology using top quark as a probe.
- Test of pQCD at high Q2 from top quark production
- Test of electroweak from top quark decay
- Measurements of Higgs-top Yukawa coupling Yt
- Direct searches of BSM (e.g. stop, gKK, etc.)
- Rare decay and anomalous coupling searches 



backup

42



Anti-kt algorithm 43



Impact on gluon PDF 44


