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he top quark

It was discovered in Fermilab at 1995

4
% Single top observation at 2009 103
10
: : > 2
The heaviest known elementary particle @ 10
“ It's about Electro Weak Symmetry Breaking - 10
scale @ 10°
“* Largest coupling with Higgs boson = 10-1
. . . 10-2
Lifetime is very short 1073
< Decay before hadronization il
% Study “bare quark” 107
10-‘10
Special role in many new physics model 10"

* ldeal place to study new physics
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Top quark production and decay at Tevatron

Production

Decay

t—bW ~100%

Single top production
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Dilepton All Jets
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Hadronic tau : 15%




What we are interesting?
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Today’s talk
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350

tt cross section

e Testing perturbative QCD at high energy, 0,°M=7.45 pb

300-

Events / 0.1

250-
200

150

D@, L=5.3fb™
Data
Top 5 . 3 fb_l
Other F
W+Jets
Multijet

100
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RF discriminant

1

btag lepton + Jets channel

N 23 CDF Il Preliminary 4.6 fb™

I data (7348 evts)
B tor

= [ 4.6 fb

B oco
- .

0 01 02 03 04 05 . . 08 09

1
NN output

Pretag lepton + Jets channel

Assume M, = 172.5GeV/c2 Measure 0O/ 0, toreduce lumi (~0.4)

Topological discrimination

- — 0.77
O;=7.78 """ 64 PD
(with £0.45 lumi. uncertainty)

arXiv:1101.0124

uncertainty and then multiply theory o,

0,=7.82 + 038 + 0’35 +

0.15(theory) pb

=7.82 + 0.54 pb
PRL 105 (2010) 012001
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o-M=7.5pb @ M

tt cross section

top

= 172.5GeV/c?

T T T
[T Cacciari et al., arXiv:0804.2800 (2008)
2227 Kidonakis & Vogt, arXiv:0805.3844 (2008)
[ Moch & Uwer, arXiv:0807.2794 (2008)
Dilepton ,
(L=5.17

Lepton+jets (gopological)
(L=46fb)

Lepton+jets (g-tagged) ----------
(L=4.31)

All-hadronic

Assume m=172.5 GeV/c®

7.40+0.58+0.63£0.45

7.82+0.38£0.37 £0.15

7.32+0.36 £ 0.59+0.14

7.21+0.50+1.10 £ 0.42

(L=2.91")
i o0 7.99 +0.55 + 0.76 + 0.46
st ] 7.11% 0.49 + 0.96 + 0.43
(stat) + (syst) + (lumi)
5 6 7 8 s i

12

0,°M=6.7 pb @ My, = 175 GeV/c?

DO Run ll Febr
[
lepton+jets (topo + b-tagged, PRD) Ho— 7.651025 075
535" MY -025 -057
dileptons (topologicaly* +0.52 +0.85 +0.65
e e+ 8.23 1 2 ps0_os7 Pb
lepton+track (b-tagged)* oL 1 5.0 j 3 jg,g 03 pb
1.0 fo™
tautlepton (b-tagged)* e | 7.32 +1§4 +1 gg <045 pb
22 fp —t24-t
tau+jets (b-tagged, PRD) H—lo—H 6.30 :1 103 fS g +0.40 pb
1.0 fo™
alljets (b-tagged, PRD) — el 6.9 j 2 +} j 04 pb
1.0~
(stat) (syst) (lumi)
My = 175 GV B c_acmarl_e al., JHEP 0809, 127 (2008)
CTEQS.6M N. Kidonakis gnd R. Vogt, PRD 78, 074005 (2008)
' S. Moch and E Uwer, PRD 78, 034003 (2008)
I 11 1 ‘ - | L1l | L1l ‘ 111 |
. - 0 2 4 6 g 10 12
= preliminary
red = 2011 result w— ry
blue = 2010 results o (pp - tt + X) [pb]

All results are consistent with Standard Model

Systematic limited measurements
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Top quark mass

e Top quark is the heaviest known elementary particle
e Top quark mass is not predicted by SM

e (Can constrain SM Higgs boson mass
“* Important contribution in radiative correction of W

“* Important test of SM

H 80.70 | experimental errors 68% CL:
i LEP2/Tevatron (today)

80.60
W=+ W=+
t L L
E 80.50
=
=
804
W+ W+
b 80.3
SM
X ’?’? MSSM
80.2 both models
. Heinemeyer, Hollik, Stockinger, Weber, Weiglein 107
AN T N R AN T T TN N T T AN R SN EN MO W
\fV—I- \fV—I- 160 165 170 175 180
m, [GeV]

185
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Op Mass measurement

CDF Run Il Preliminary 5.6 fb”

-160y :

e 56fol| | 2
- ::: " 165
o.z;— =170
-o.zé_ — A(nL)=-05 -175}F
oaf —A(NL)=-20 |
osb A 160 170 180
170 171 172 173 174rnt (G1e7\5llc2) mt (GeV)
Lepton+Jets channel Dilepton channel
Matrix element technique Kinematic reconstruction
In situ JES calibration Template method
173.0 + 1.2 GeV/c? 173.3 + 3.2 GeV/c?

PRL 105 (2010) 252001
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evatron Combination

Mass of the Top Quark (*Preliminary)

CDF-I di-l

167.4+10.3+ 4.9

DO-I di-|
‘CDF-Il di
"DO-II di-
CDF-1 14}
DO-I I+]
'CDF-Il 14]
'DO-II 4]
CDF-! all-
CDF-I! all-
CDF-Il trk

'Tevatron July’10

.
168.4 £12.3+ 3.6

170.6+ 2.2+ 3.1

[ —
1747+29+24
®
176.1£51+£5.3
————
180.1£3.9+£3.6
-0
173.0+ 06+ 11
- =
173.7£08x£ 1.6
®
186.0£10.0x 5.7
-

1748+1.7+1.9

175.3£6.2£ 3.0

173.3£ 06+ 0.9
(stat.) + (syst.)

y2/dof = 6.1/10.0 (81%)

World average = 173.3 + 1.1 GeV/c?
~0.61 % Precision

Very Precise measuremet
Understanding of systematic is the key

Legacy measurement for a while

All results are consistent each others

150 160 170 180 190 200
My, (GeV/c?)
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Global EWK fit and Higgs constraints
LEP Electro Weak Working Group July 2010 Update

http://lepewwg.web.cern.ch/LEPEWWG/

6 Jul m,. . = 158 GeV . : : : | : . : .
| A = / - {1 —LEP2 and Tevatron (prel.)
9] —o.z;a;sz_sAo.oooas i 80.57 ~~LEF1and SLD
] % 4 0.027490.00012 f | 68%CL
i PR 2 | —_
4 4 incl. low Q° data S
o 3
x | — [
3 3 80.4
| =
)’ |l E
14 - 80.3
0 ] EXC.IUd.ed. . ”"‘x 1‘.5.'3':" Preliminary- |y wou
30 100 300 150 175 200

m, MGeVN m, [GeV]

m, =89 GeV/c® m, <158 GeV/c* (95% CL)

m,, <185 GeV/c® (95% CL)
With direct limit from LEPII
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t and t mass difference

« If CPT is conserved, AM,, CDF Il Preliminary
should be zero (SM) 160l )
® CDF Data (5.6 ")
&~ 140— [ Background .
_ _ % 120 | :t(AM_ =0GeV/c?) .':: A Mreco tagged
* We break this assumption O 400 MM, =4ceve)ii s [ 5 o fly-1
and measure the AM,, 5 "
"d:: 60
3 40
* We use similar technique to ?

-50 0 50 150

mass measurements Am,.. (GeVic)

; 0 fbl|Lepton+Jets Lepton+Jets

Matrix Element technique  Kinematic reconstruction
AMtOp =+3.8 £ 3.7 GeV/C2 AMtop =-33+1 ii_ + SlySO
PRL 103 (2009) 132001 =-3.3 + 1.7 GeV/c?
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Why top quark width ?

e Itis intrinsic parameter of SM
“* Very precise estimation using NLO calculation (~1% precision)

M\?2 M3, 2ee, (2772 S
v 0 . W - W . B o
=+ 2 —_—
e lr(l m?) (I m?)[] 3ﬂ'( 3 3)}
< 1.3 GeV at M,,, = 172.5 GeV/c?

« Deviation from SM indicate new physics
* Charged Higgs decay, FCNC, and other exotic models

b c dors
t t t
e 7 W

top quark decay top quark decay top quark decay
* Resolving Top quark life time

T =— Short life time (decay before hadronization)

La Thuile 2011, Hyunsu Lee,  The University of Chicago
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Top quark width

Dlrect measurement Indirect measurement
Reconstructed top mass >
T —reisee . the single top t-channel

— [=10.0 GeV Cross section 2 3 fh1

T,=20.0 GeV « Ratio of t—Wb/t -Wq
o(t—ch) T(t—bW)sm

Br(t = bW) o(t —ch)sm

0.02-

0.015[

Probability

0.01

I's =

0.005

e ™ [Ty, = 1.3 GeV @SM
Use reconstructed tOp
FtOp — 1.99 +0.65 -0.55 GeV

guark mass shape
4.3 b |1, <7.4Gev@ 95% CL top 09

0.3 < Ty, < 4.4 GeV @ 68% CL
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Spin Correlation

 Top quark decay before hadronization — Spin information
of top quark passed to decay products

N..+N, —N. —N
SM prediction K = il 4. I al ~ (.78
Nop+ N+ Ny + N,

« K Is related with angles of decay products

1 d°c ~ 1-xcosé,cosb,
o dcosé,dcosé, 4
« where s L or \ L,
R R
/t Beamline /t Beamline

Top Rest Frame Top Rest Frame

.-'. .-'.
/ /
4 b 4 b
/ /
[ 74 [ 74
¥ ¥
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Spin Correlation

 Top quark decay before hadronization — Spin information
of top quark passed to decay products

SM prediction K =

Npp+Ny =Ny =N

‘T ~0.78

Nopy + Ny Ny N,

D2 Run II preliminary Dilepton

.....

@N 0.25 :—
% é— B —|—|_!: """ tT, Pythia SM spin corr.
% 0.2 — ({, Pythia no spin corr.
=z C
015 Spln_ No Spin
- correlation..,.; Correlated
0.1 = . 1 —
2 k=1 - 4 Kk=-1
0.05

---- | L1 11 11
7708 06 04 02 0

0.2

PR R e e
0.4 0.6 08 1
cos(6,)cos(8,)

Lepton+Jets
0.25 llll’ll' '''''''''''
: D Unpolarized sample
: — OH basis template
0.2-
+ — SH basis template
0.15} ) B
- Spin NoO spin
0glorrelation | correlation
L k=1 B x=-1
0.05;
A= =

1 1 1 1 1 1 1
-1 -08 -06 -04-02 0 02 04 06 08 1

cos(9, ) cos(6, )
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Hyunsu Lee,

The University of Chicago

16



Spin Correlation

w Dilepton

Lepton+Jets

Beam Bs

o—_
: D& L=5.4 fb1 —e— Data :
B I SM spin corr. ]
150 | 5. 4fp-1 ] No spin corr. ]
42 : [ Backgrounds
gJ 100_
L

50f

1 -0.5 0
cos 0, cos 0,

0.5

K:O.21+O'39_0_41

P +0.55

2.8fb!

mIIIIIllIllIIIIIIIlIIlIIIIIlIIlIIlIIIIIl

0 CDF Run Il preliminary L=5.3 fb" |:| Opposite Spin

0 5 . 3fb'1 - Same Spin
|:| Backgrounds

- Data
kK: 0.72 +/- 0.64 +/- 0.26

u remrii S I TR AR A
-1 -08 -06 -04 -0.2 0 0.2 04 06 028 1

cos(b,)"cos(8,)

k=0.72 £ 0.62 £ 0.26
Ky =0.78

PRD83 (2011) 031104
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W Helicity

« The SM top decays via EW interaction

* Top decays as a bare quark = spin information transferred to final
state particles

l,q
Spin=1
+
Spin=1/2 W =
t

* V-A coupling predict ’:JJ v, 3
% f, = 0.7 (longitudinal polarization) | (\' —, A*
* f, = 0 (right handed polarization) b
« f .= 0.3 (left handed polarization) Spin=1/2

e Measuring the fraction of longitudinally polarized W
bosons ) 22 o

. © §o.6'-
+» Reconstructed cos6* [
‘\ e* 0.4}

h & i, > ok

W*

cos 0

La Thuile 2011, Hyunsu Lee,  The University of Chicago
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W Helicity

Di IeptonCDF Run Il Preliminary (4.8 b LeptOn+J ets & Di |ept0n

-8 DATA
4 8fb-1 (Entries : 236) . 120
. [t (c=6.7) n
[ Diboson
[1Z+HF
Bz +LF
I Fakes

The,

a I I ol
lr'|-1 08 06 04 02 0 -02 04 06 038 1
cos o

Entries/0

0

Entries / 0.2
] g [
|

=
TTTTTTTTTT

—
=
II|II

f, =-0.12*012 . [ f(SM) =0
fo= 0.78%0-20 | f(SM)=0.7

f, =0.02 = 0.05
f,=0.67 £ 0.10

Lepton+Jets : .

_ L Consistent with SM @
f+ — '015 — 013 - 98% Ievel
fo = 0.88 + 0.09/2.71b arXiv:1011.6549

PRL 105 (2010) 042002
La Thuile 2011, Hyunsu Lee,  The University of Chicago 19




Flavor Changing Neutral Current (FCNC)

« Top FCNC is extremely small in £
SM ~ O(101%) V4 ‘-
e Beyond SM : up to O(104) g :
« Any signal = new physics 00000, u,c
_ g : b
4.1 tb! | miwozg Bl 7155 q t _
1 [Btozgzg A" | =
a Mel || s Prelimina W~ ¢
| mw “‘
il Wz ¥
i [l Other Backgrounds
i +.j €8E ° Two lepton channel
i - N _j/’/ ]
e SR l  Hadroni W
0 1.9 fb-L adronic decay

0 100 200 300

i (GeV)
Br(t—2Zq)<3.3% @ 95% CL Br(t—Zq)<3.7% @ 95% CL

PRL 101 (2008) 192002
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Fourth generation top-like quark search

 Why it was only three generation?

e i -l ¥ f

» Fourth generation top-like quark. 5 ﬂ@l
e 100% t'—WDb but, more massive

 Two variables (reconstructed t’ mass, scalar sum of the
transverse energy in the event (H;))

DO Run Il preliminary 4.3 fb™

) T T T T T
2 N -1
5oL _ \4 6 O [corRun2 (4.6 fb1)
o & ) A FR— 4
2 8 1 'rellmlnary .
8 — t'—Wq, = 4 jets
5 '::: HT VS. Mreco VS. Njet
107 1
= 10 5
a 0.1
theory cross section 5 range of
observed 95% CL upper limits expected 95% CL
10 e expected 95% CL upper limits upper limits
- expected 95% CL limits 1o 0.01f theoretical prediction
Bonciani et al.
expected 95% CL limits +2¢ 1 f 1 N N
200 250 300 350 400 450 500

L I 1 1 1 1 [ 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1
200 250 300 350 400 450 500 '
t mass [GeV] t' mass (GeVlcz)

m,> 296 GeV @ 95% CL m, > 335 GeV @ 95% CL
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b’ and exotic t’ =he

= mE> /

100% b'—Wt, so four Wandtwo b  100% t'—tX where X is invisible
final state (dark matter candidate)
% Very energetic and large jet * Use transverse W mass
multiplicities CDF Run N Proiminary L4 35" et expected xchslon

+- 16 expected excl

= Exclusion from data

% We use H- to extract signal
< - | | -1 | — Median ,[\ 4- 8 fb_l
4.8 b _\_/

g
[ ]95% \ ‘\

A

._.
=
=

my [GeV/c?]

]
A
2
)
{

=2
=

Cross-section [fb
2,

i,
1 - Theor \
| y 40
-4 =eo=(bserved \
20
VoL
30 b , S 900 310 320 330 340 350 360 370 380 390 400

m [GeV/c’]

T m,. < 360 GeV@ 95% CL

Quark mass [GeV/c?]

m, > 372GeV @ 95% CL  1OF Mx <80 GeV
arXiv:1101.5728 (exclusion)
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Boosted Top search

« Search for massive top-jets in high p; inclusive jet sample
(pr > 400 GeV, 130GeV<m;,<210GeV)
% Interesting to test pertubative QCD at high P+ region
% Have MC tune and transfer to LHC
“* Resonance productions enhance the boosted tops

Search Window

tf, Pythia 6.216 CDF Run Il CDFRunll,L_ =61fb’

400 .
— jetl F .
Midpelint R=1.0, p"*"' > 400 GeVic E- ; Midpoint R=1.0, p'T°“:=-4oo Gevie
350 - ‘t el ':_ 0.025
"3 w | T 1 iy = | Data
&7 F " a - —{0.02
o, [ —0. “E 5 N o
SZSIJ_ = 2 020 = BN =
v 0122 > o £ H =1
- E 0.015 =
© 200 . S - - - :
b o = [ N £ " 3
ggE 150 = . _u_sE gt B 015 5 : E - —0.01 <
e [ - a
100F- 0.006 - ] = - - .'. .
505 ] 0.004 - ™ LI 0.005
= 0.002 : " o
R N e srers e S N e e o
0 50 100 150 200 250 300 350 4 0 0 50 100 150 200 250 300 350 4 0 50 100 150 200 250 300 350 4

m! [GeV/c?] m*! [GeV/c?] m®" [GeV/c]

Expected : N3=5+1 Ngcp=44£15 Observed : N, = 58
o,;: (p>400 GeV) < 40 fb @ 95% CL
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Conclusion

Top quarks are well being studied at CDF and DO
** We are performing rigorous study for top quark

Top physics is an era of the precision measurements
** Order of 1,000 top events are obtained

Many measurements will be complement for LHC results

Tevatron’s legacy is still ongoing

** We will have twice of data soon and may have the most
Interesting results

http://www-cdf.fnal.qgov/physics/new/top/top.html
http://www-dO.fnal.gov/Run2Physics/WWW!/results/top.htm
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Single top observation

CDF Preliminary Single Top Summary 1 w
. For M, =175 GeV/c® DO 2.3fb

S-Channel " ! +0.95
e . 0.9 3.74 b
UHE}Sﬁgﬁ,runctlnn | ' 1.5+ 09 Decision Treles —0.79 P
- . 1.18
3.2 fb! Bayesian NNs —e— 4.70 “yg3 pb
—— |
Neural Nejwork 1.8+0.6 ) [ 0.99
Bzl Matrix Elements 4.30 “¥55 pb
o 254§ » .16 2054 pb
Likelihood Function | 1.6+ 08 BLUE Combination .16 #0.84 p
(3.2 ) 0.7 |
Bnuflﬂqu?cisbm Tree 214+ g; BNN C()mbirl]ation 3.94 +0.88 pb
3.2 ) -I= 0 :
——
Combination (LeptonsJets) 0.6 [
B2 ) 2.1t o5 mmmm N Kidonais, PRD 74, 114012 (2006) myy, = 170 GeV
MET+Jets 4.0+ 28 |
211" . 2.2 | | 1
C:}ml::-:n?[ipn (All Channels) = | i% 29+ gg 0 5 10
3215 ) , _
= = = o (pp — tb+X, tqb+X) [pb]

Single Top Production Cross Section (pb)

HLG: 2 Sullivan, Phys Rev D70,114012 (2004) HHHNLO: M Kidonakis, Phys Rev.074,114012 [2006)

PRL 103 (2009) 092002 PRL 103 (2009) 092001

First Observation of Single Top
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evatron combination

Single Top Quark Cross Section August 2000

W+

+0.56

CDF Lepton+jets 3.2 1b HH 217 g5 pb

CDF MET+els 2 50 2% pb th
D@ Lepioniets 2.2 3.94 D L8 pb

Tevatron Combination 2.76 fg_i?pb b

t

Bl E\W. Hamle et al., PRD GG, 054024 (2002) o =170 Ga\ -?_.7' 3F Tevatron Preliminary, August 2009
M. Kldonakis, PRD 74, 114012 (2006) E C
I L
[ [ 32_5—_ V[ =0.880.07
0 2 4 6 8 225 IV, | =088=0.
o {Fﬁ—} tb+X, tgb+X) [pb] E 2— 95% C.L. limit: 0.77
3
o
1.5

V| =0.88 + 0.07 1
95% C.L. limit : 0.77

&2

~—02 04 06 08 1
v [

th
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