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Top quark

Top quark : LEPTONS
» Discovered in 1995 by Tevatron B eiorim! beoueries
- The heaviest particle in SM : o | @®
(Mt=173.21 £0.51 £ 0.71 GeV) m=0811x10% | m 20106 | ma 178 P
- The coupling with Higgs (Yt) ~1. QUARKS Top
- Sensitive to new physics BSM o ® m, =173 GeV
- Short lifetime around ~10-25 s m=24x100| me=127
- Information on a bare quark - -
Down Strange

- 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.)
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top quark pair production in p-p collision”

effective energy

proton beam
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- 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.
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NNLO+NNLL (mt=173.3, PDF=MSTW2008nnlo68cl)

top quark pair production at LHC
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LHC sensitive to gluonPDF

Tevatron sensitive to quark PDF
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14TeV | 0.025 | 10:90 | 953.6 ~3% 2%
Tevatoron| 10 | 90:10 | 7.165 | ~2% | 2%
1.96 TeV
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Top quark decay

all hadronic
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tau plus jets

lepton plus jets

Br(t—Wb) ~ 100%
2DDWDHERIEIC K > T, categorize=n 3

- dilepton 5%
- lepton+jets 30%
- all jets 45%

- tau+X (charged Higgs(C /& E)
- rare decay (FCNC decay#: &)



Advantage of 7TeV—=8TeV—13TeV

Heavy particles can be produced more at higher v's

WJS2013
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[ ratios of LHC parton luminosities: 13 TeV /8 Te doe

luminosity ratio
o

MSTW2008NLO
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Higgs (100GeV) production : x ~2
SUSY (1TeV) production . X 5-6



proton-proton collision

Many physics projects

- QCD

- B-physics

- Electroweak

- top quark physics
- Higgs physics

- New physics
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Mostly low-Q?4 QCD events

Higgs : 100 lower than inelastic QCD

Trigger is important

100kHz at L1. 100Hz at HLT

Pileup
Event rate=0 x L
O tot~ 100mb

L~103%cm—2s-

: } — Event rate 1GHz

proton crossing rate=40MHz

—several interactions in one p-p crossing

proton - (anti)proton cross sections

)

tot

Tevatron

LHC:

33 -2 -1
events/secfor=10"cm"s
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A Toroidal Lhc AppratuS

Magnets: o
Solenoid: 27 A7 | @ Inner Tracker: o =0.05% x P, + 1% (2% @ 20GeV)
Toroidal : Pixel: ! SCT:| @ TRT:

= 2~6 (T 50x400um? 80pm x 6cm  4mm ¢ straw tube
f Bxdl (Txm) 80M channels  7M channels 350k channels



A ttbar candidate event

Run: 267638
Event: 193690558
2015-06-13 23:52:26 CEST
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Object ID
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Event selection

O dilepton

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

- 22 jets, at least one jet b-tagged b
O single lepton
- 1 isolated lepton

- Ermiss, Mt(W)Tmulti-jet, W+jetsZcontrol

- 24 jets, at least one jet b-tagged

O all-jets

- No isolated lepton all hadronic
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- 20 jets, 2 jets b-tagged

W decay mode

TT tau plus jets

- Small Et™Miss significance, centrality

P
lepton plus jets

b-tag: typically € =70%,
rejection factor=130 (light quark), 5 (c-quark) W.decay mode



Kinematic fitting

B(Ep1, Ep2|lmw,I'w) - B(Eiep, E
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Top quark physics program

mass
charge

test of pQCD

Cross section

tt+X production
charge asymmetry
spin-correlation
resonance production

- =)
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\Q: \/

W helicity

test of EW

Wtb anomalous coupling

rare decay

Major background for Higgs and searches
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Inclusive cross-section

- Select exactly opposite sign 1 eand 1 u
- Select exactly 1 and 2 b-tagged jets

Event counts N, N5

Data 11958 7069
Single top 1140 £ 100 221 4 68
Dibosons 34 £+ 11 1 £0 }
Z(— 7T — eu)+jets 37 £ 18 2+1
Misidentified leptons 164 £+ 65 116 + 55 da
Total background 1370 4+ 120 340 + 88

bkg
Ny = Loy 6(';1261)(1 — Cpep) + Nl
2 bkg
N> = Loy €uCpep” + N,

Eeu - €U selection efficiency

Ep  b-ta

g rate

Co : correlation constant

Phys. Lett. B761 (2016) 136
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Y A';'LAS I ® Data 2015

2 - E
§ 20000 [— 1 ) —
D 1s000f- |s=13TeV,3.21b L B onegrty 4
- - Wi -

: mm Z+jets
1 - _ —]
6000 (1 Diboson -
- — Powheg+PY 3
12000 |— Py 1 L -« aMC@NLO+HW++—]
M C 10000 E Powheg+HW++ B
- - Powheg+PY radHi -
8000 |— N -I - Powheg+PY radLo -

L
ta/MC :
4000 —
2000 | =
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8 " B3 Stat. Uncert.
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= i =
O 5 " ) N .
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Nb tag

Ot — 818 4

NNLO+4+NNLL

s

- 8 (Stat) -

- 27 (system) -

- 19 (lump) 1 12 (beam) pb
Total uncertainty: 4.4%

= 832 T20 (scale) 32 (PDF + ag) pb


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

Inclusive cross-section

ATLAS+CMS Preliminary LHCIOPWG o _summary, {s = 13 TeV Nov 2016
NNLO+NNLL PRL 110 (2013) 252004 . L

"""" Mg, = 172.5 GeV, «,(M,) = 0.118:0.001 S o —
scale uncertainty e _
scale ® PDF ® « uncertainty o, = (stat) = (syst) = (lumi)

ATLAS, dilepton en |_*..| 818+ 8 +27 =19 pb

PLB 761 (2016) 136

L,=321" :

ATLAS, dilepton ee/un * }—f—O—l—'i 749 + 57 + 79 = 74 pb

ATLAS-CONF-2015-049

L, =85pb”

ATLAS, I+jets * . jwi— 817+ 13+ 103 = 88 pb

ATLAS-CONF-2015-049 ' ' P

L,=85pb" :

CMS, dilepton en H—e—+ 746 + 58 + 53 = 36 pb

PRL 116 (2016) 052002

Ly =43pb”, 50 ns :

CMS, dilepton en * —a— 793+ 8+38=+21pb
CMS-PAS-TOP-16-005

L,=221" 25ns

CMS, l+jets *

835+ 3+23+23pb
CMS-PAS TOP-16-006

L,=231" s
CMS, all-jets * —+a+—— 834+25+118+23pb
CMS-PAS TOP-16-013
_ 1 :
Lin =253 10 NNPDF3.0 JHEP 04 (2015) 040
MMHT14 EPJC 75 (2015) 5
* Prelimina
v CT14 PRD 93 (2016) 033006
Effect of LHC beam
energy uncertainty: 12 pb ABM12 PRD 89 (2015) 054028
(not included in the figure) : [uﬁ(mz) =0.1 13]

v b b b b b |
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o, [pb]
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Top++2.0

NNLO+NNLL Prediction

Ott VS /S

| I I I 1 1 I I 1 1 I

Tevatron combined 1.96 TeV (L < 8.8 fb™)

CMS ey 5.02 TeV (L=26 pb) )
ATLAS en 7 TeV (L=461fb")

I I 1 | ' I 1 1 l

ATLAS+CMS Preliminary
LHCIOpWG

Aug 2016 |

* Preliminary

CMSeu7TeV(L=5fb")
ATLAS eu 8 TeV (L =20.3 fb )
CMSeu8TeV(L=19.7f")

ATLASeun 13 TeV(L=3.2 fb )
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ATLAS ee/uu* 13 TeV (L =85 pb )
ATLAS |+jets* 13 TeV (L =85 pb "
CMS l+jets* 13 TeV (L = 23fb")

CMS all-jets* 13 TeV (L =2.53fb™)
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PP
NNLO+NNLL (pp)
s NNLO+NNLL (pp)

LHC combined eu 8 TeV (L = 5 3-20.3fb™)

900F
800F

700F
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Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

NNPDF3.0, m
top

I 1 1 1 I 1 1

= 1725 GeV, &,(M,) = 0.118 + 0.001

1 l 1 1
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2 4 6 8 10 12
Vs [TeV]
7 TeV | 8TeV [ 13 TeV | 14TeV
O tt 177 pb | 253 pb | 832 pb | 985 pb
ANo/o | £6% + 6% + 6% + 5%
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Ot/ Oz

- Cross-section ratio using tt—eu+2 bjets

(T,,‘

le,/'z -

().5 ((TZ—)('(’ + (TZ—);I,U)

» Correct for common phase space

- Account for correlations of systematic
uncertainties.

- Compare to predictions at NNLO+NNLL
with 6 different PDF sets

l | J J 4 ] l | J L} | J L} [ L} | J L} L] I LI | jot | I L L | ] l | 1
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Differential cross-section

arXiv:1612.05220, ATLAS-CONF-2016-040, ATLAS-CONF-2016-100
- Resolved (for low pT top) and boosted (high pT top) topologies are used

dA R=0.4 partially merged, O\
un-merge ' ,
g ) boosted W \ AR~ 2m/pr
) ) | Typically, AR~1.0
I'/ |
200 - 350 GeV .
e S pT
» Correct for the detector effects (“unfolding”), so that theoretical models can be
directly probed.  ATLAS Simuation s 13TeV,321"
% {.35“ 0.00 0.01 o0 0.02 0.12 I:. B, o
dofid 1 ; U , . o |
= . . L. f7 . J — J & X 3 0 0.62 -
dX? — [Ldt-AXP R 2 M e <Nfeco Nbg) o
7 E>> = 008 0z [0S o008 o000 (BN
- Top quark definition - Covered phase-space g = o ° o o o d
- detector level - detector R St el 5
- particle level - fiducial L
- parton level - full B E I E

Reconstructed pT(ti) [GeV]

- Differential cross-section as a function of the kinematic variables, Niets, etc.
- pT(top) — Sensitive to the ISR, FSR | |
- y(top), y(tt) — Sensitive to the gluon PDF ¥ = 5 In[(E+p.)/(E —p:)| = 5 In(21/22)
- m(tt)— Sensitive to the new physics at high-Q2



Differential cross-section : pt(top)
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arXiv:1612.05220, ATLAS-CONF-2016-040, ATLAS-CONF-2016-100
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Differential cross-section : p7tt, mtt

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

o = o
@ . N @

1 ATLAS ' Fidu'cial phase-sbace
\s=13Tev, 321" ® Daa
10 1 i glal.i o
g 1al @ Syst
dilepton S Powrea b + Prian _
— POWHEIG Box + HERWIG 4
10~ eses: Pownes Box + Pyrva 8
- — SHERPA
— MG5_aMC@NLO + HErmiae s
10 3 2s esse: MGS aMC@NLO « Pyriana 8
=
b 1
10
1.5~ ‘ -
—
p————
05— . . . —
1.5F =
- _—_—nm—mmm
0.5 . . —
0 200 400 600 800 1000
p,(ti) [GeV]
ATLYAS YFiduc:ial 'phase-space

1s=13Tev, 320"

dilepton

e Daa

m Stat.
Stat @ Syst

— POWHES Box « Pyrin 6
w— PowritG Box + HERWIGs 4+
snees Powrts Box « Pyrva 8
— SHERPA
w— MGS5_AMC@NLO + HEAWGe
SRESPee=E  eeess MGS_aMC@NLO + Pyriaa 8

enee@eens

|
|

1000 1200 1400
m(t) [GeV)

200 400 600 800

o

> vv"] vv]vvv Ivvvv]v'vv]vVV"]v"V]rvvv
& 1=-ATLAS Preliminary Fiducial phase-space
- s=13Tev,3210" e Data

© Resolved —— PWG+PYE h,__»m

~ 10 -mim PWGIPYE b, _=2m, radhs

e WOE . PWG4PYE h,,,_-m radlo

© —— PWG/PYB h,,_em,

°.= ..... PWG+Mes hw-ﬂ\

= 2 wimim AMCE@NLOHas

107 4 St unc

Stat +Syst. unc

|-jet resolved

Pr n Prﬁ? tion
ata ta

0 100 200 300 400 500 600 700 800
o [GeV]
> —r —— 11— S—
& ATLAS Preliminary Fiducial phase-space
= 107 s=13Tev, 321" o Dets
° Resolved —— PWG4PYB h,__em,
- wmim PWGIPYEh,_«2m, radhs
O.r 2L esees PWG+PYE hm.’"\ radlo
o 10 —— PWG+PYB h, e,
°~n ----- PWG¢Noohm-ﬂl‘
: s're'e aWWNLO.H-.
N Stat unc B

Stat +Syst. unc

|-jet resolved

% ._V Ty 1 LN S e & 1 Ty T L S e & 1 rrTyy 1 rTIrIyy 1 Ty T rry Y—q
3 - ATLAS Preliminary T .
- A — » -4

'___;:_ 0.01_(§ =13Tev,14706° PWOIPP _
© - — ANCENLO+PYE -
g = eeeee AMCHNLOHPP 7
; B Stat. Une _’:

'\? 0008_ Stal. ® Syst Unc N
0.006/— —

= all-jets boosted

0.004 -
0.002— ]

TA ' b l A d l . >

2F -

Prediction
Data

0
0

3.5

1/o do / dm" / TeV

500 600 700 800
P} [GeV]

100 200 300 400

ATLAS Preliminary
Vs=13TeV, 147 1b'

Prediction
Data




Eur.

same sign 2u or 34 +2

O

ttZ cross section [pb]

/
4q

tt+X cross-section

Phys. J. C77 (2017) 40
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ATLAS-CONF-2016-068
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4 b
H<
s e
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e
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obs. (exp.) significance= 2.8 (1.8) o
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Top mass : Standard method !

Phys. Lett. B 761 (2016) 350, arXiv:1702.07546, etc.
Top quark mass is measured using the “template fit”
dilepton : 2 leptons, 2 b-jets—mip
single lepton : lepton, EtMss, 2 b-jets, 2 light-jets—mtopec0, mwreco, Rpqgreco
3D template fit of mtopreco, mwreee, Rpq distribution

. bhaa | ble
— extract mt, JSF, bJSF simultaneously reco _ pr +pp”
q Wi W

all jets : 2 b-jets, 4 light-jets—Rz/2=mj;/mjj < Peak at Mt/Mw~2

> ) ! ’ I v Y T
- . > N 1 l L] Ll L] I 1 1 L] I 1 L] L] I L] L] L I L2 T 1 I T 1 L] I T B
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- i —172.5 GeV ) N - == 1% background \s=8TeV,20.2fb"
2 01 Dilepton + 175GV _ 2 400: — Best fit )
o - — 1 —
S f TR 2 - Uncertainty  gackground <1% -
© o - N -
S 005 i )
= B - -
S X s )
z | 200F =
2 ME | ' 3 100}
© 1‘2;/—\ E -
m ' —\_‘/”‘-—! B
08 3 L
0.6 . . . —3 -
4 60 80 100 120 140 160 0™%0 60 80 100 120 140 160
mis<° [GeV]

M [GeV]

0.41 == 0.61 GeV

My — 172.99



Top mass : pole mass from Ot

arXiv:1303.6254 _

o(me) = 0(meet) (m“ef)4

mt
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EPJ C74 (2014) 3109

mit = 172.5 GeV

IIIIIIIII

E -
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150:—
L I ]
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II[[[
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NNPDF2.3 NNLO
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O \s=7TeV, 461 }vsm'
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I
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Top mass : pole mass with ttbar+1 jet ”

O Indirect pole mass measurement from differential cross section
Introduced by Eur. Phys. J C73 (2013) 2438, arXiv:1303.6415

The amount of gluon radiation is sensitive to mt

R(mf()lea Ps) =
2m0
Ps = =
\/ Sttj

1 Aoy Ljet ( pole

Ott+1jet

my 5 Ps
dps t )

mo = 170 GeV (Aritary of O(mt))

O Analysis used single lepton final state

- Leptonic W from lepton, Egmiss

- Hadronic W from kinematics reconstruction

- Combination of b-jet-W — minimize m,

le
p_mt

- A jet from radiation satisfies pT>50GeV

- Unfold o distribution

- top mass determined by x?2 fit

pole

had

events / 0.1

data / pred.

mP®® = 173.7 & 1.5(stat.) & 1.4(syst.) 752 (theo.) GeV

arXiv:1507.01769
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I..-,..-..'...-...-,. .':';':';':'L'!'L':';':';':'
0 "
1y
i E—— T e
fo 1 '_',‘.'.'.‘,'."}‘_'Z'_','_"_‘_ ..... R e oy +
& 0.7, 0.2 0.4 0.6 0.8 1

p_(parton level)



Top mass measurement summary

. . -1 -1
ATLAS Preliminary  m,,, summary - Aug. 2016, L =4.6 fb™ - 20.3 fb
i
. m. & tol, (stat £ JSF £ bJSF £ syst.)
all jets = Fe. 5 €75 (@011 158 — O — 1751 + 1.8 (1
. - - - '
single top* “ON @1 1722 + 2.1 (07 . 20 )
I roa 19018} S8 L
s lvjets ["_‘:"f'm‘l_ 79 @05 30 e 1723 + 1.3 (02 02+ 07 +10)
» dilepton B Phys J. ©75/(2015) 330 — — 1738 + 1.4 (os
L.=-47D
 dilepton Xv1605.02179 —_— 1730 + 0.8 (04
1
all jets* CONF-2016-064 _— = 1738 + 1.2 (o0s
L, =202 '
O(ti) dilepton ?ll.i’vly';;lii.‘.s 2014) 3109 » 1729 + :‘2
o(tl+1-jet) JHEP 10 (2015) 121 —_— 173.7 + 23
L, =460 .
1
ATLAS Comb. June 2016 (arxiv-1606 62179) : '| """ World Comb. £ 10
172.84 + 0.70 1 stat. uncertainty
1 - - .
World Comb. Mar. 2014 (axw.1403.4427) —— stat. ® JSF @ bJSF uncertainty
173.34 + 0.76 - total uncertainty
Tevatron Comb. Jul. 2014 (arxw- 1407 2682) ' 8 P— *Preliminary, —Input to ATLAS comb.
174.34 + 0.64 ;
| | : | |

165 170 175 180 185
My [GEV]

my = 172.82 £ 0.70 GeV (ATLAS Comb.) 0.4%
arXiv:1606.02179

my = 173.34 + 0.76 GeV (World Comb.) 0.4%

arXiv:1403.4427

my = 174.34 + 0.64 GeV (Tevatron Comb.) 0.4%

arXiv:1407.2662




Top mass : Other methods ’

(O B-hadron Lifetime cwvs-ras-top-12-030 g .
Lyy =wbpTp = 0.4 m—zﬁBTB < Lgy >~ 7 mm ;I_-;:?'
B .. o
My — 1735 i 1.53tat i 1'38ySt I 2’6pT (t) Gev Eo.nfMS Simulation, Vs=8 TeV
Uo.ué _._ i::?:::::\nel
° ° ° 072 + e+jets-channel
O Kinematic End POINT Eurphys.J.c2013)73:2494
S S S
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- - q — . -\ P
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m; = 172.2 £ 0.7(stat) £ 2.0(syst) GeV

60 80 100 120 140
m(lb) [GeV]

— Standard method & &78 4% Systematics




Top quark mass : prospects
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- Secondary vertex

> DA . CMS -
S 3 Preliminary Projection —
EH og - miiminm JIF, arXiv:1608.03560 .
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Charge asymmetry

SMIC K dasymmetry
tree&box®interference
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Charge Asymmetry

Phys. Rev. D 94, 032006
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l

ATLAS+CMS Preliminary LHClopWG Vs =8 TeV Sept 2016
tt asymmetry tota] stal Ac E(stat) £(syst)
ATLAS l+jets  — 0.009 + 0.004 + 0.005
PJC 76 (2016) 87
ATLAS dilepton A — - 0.021+0.011£0.012
PRD 94, 032006 (2016)
CMS I+ Jets temsolate b 0.003 + 0.003 = 0.003
PRD 93, 034014 (201
CMS I+Jets p—e—r 0.001+ 0.007 + 0.004
016) 154
S dllegton A .- . 0.011+£0.011£0.007
L ) 365
ATLAS l+jets boosted l - i
(M_>0.75 Tev && A lyll <2) 0.042 + 0.019 + 0.026
PLA 756 (2016 52
dilepton asymmetry
ATLAS dilepton A" H—a—H 0.008 + 0.005 + 0.003
PRD 94, 032006 (2016) C
CMS dulepton A’ b—e——vi 0.003 + 0.006 + 0.003
PLB 760 (2016) 365 C

-0.05
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Spin correlation

1 d 1
g o (cyicosﬁ — Z(1 + a1 Py cos 01 4+ ao Py cos 5 — C cos B cos 6s)
1 2

SM : unpolarized — aPcos 6 are negligible
Spins of t and tbar are correlated — can be measured by A @i
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W helicity in top quark decay

1 AN 2 2 arXiv:1612.02577

3
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Wtb anomalous couplings
arXiv:1612.02577

 Constraint on Wtb anomalous couplings from measurements of Fo, Fr, and Fr.
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FCNC

tt—=ZgWb—4¢ ¢ q ¢ vb (3 leptons, 22jets(21 b-jet), MET)
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Eur. Phys. J. C (2016) 76:12
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November 2016 [5) arXiv:1610.03545 subm. to JHEP [6] EPJC 76 (2016), 12
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New physics searches with top quark ”

Resonance search (Z’°, gk, Gkk, etc.)
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Top quark as a probe of SUSY

In case M; — Mgo ~ My, stop pair production is only i proucton s 011 £/ o s WO /i1 £} Status: ICHEP 2018

) .. . e LA LR AR RALRE RAARN RARRE LR LR R
detectable with the precision measurement in top  § [ ATASFeimay st o
quark pair production cross section. = 2 1238 cow- o |
- ttbar spin analysis correlations constrained o s o St amonc
M; <190 GeV o /
- The analysis with boosted ttbar+ISR jet )
production constrained 230 GeV < M; < 380 GeV | \
Same strategy can be made for gluino to ttbar il - BE
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Summary

- 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.qg. stop, gkk, etc.)

- Rare decay and anomalous coupling searches

41



backup



Anti-kt algorithm
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