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Top Quark Physics

Mainly on top decay, tt production
mechanism, and related



Top Quark DES

 Heaviest elementary particle
— play a special role in EWSB?

— provides new test ground on Standard Model
 Direct access to bare quark

=1~ (1.5 GeV)~! < Agep ~ (200 Mev) 1

Top quark decays before hadronization
Decays as a naked quark

=» Information on spin polarization and momentum at its
production is directly transferred to decay products



tf Production at Tevtron D&

]3 collision @ /s = 1.96TeV

o=T7.4702 pb

(NLO, M; = 172.5GeV)

) Dominant process
at Tevatron
qq annihilation

10%~20%
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tt Signiture DS

1—)\2/2 A AN3(p — in)
V= —\ 1—)\2/2 AN? + O\
AN3(1 —p—in) —AN? 1

q4
Dilepton Lepton+Jet All Hadronic
¢ 2 Iepton 1 lepton * 6 jet(2 b-jet)
¢ 2 b-jet * 4 jet(2 b-jet)
° MET ® MET

Categorize ttbar events into 3 decay types according to W decay mode



t - Wb — fuvb
|/V[|2 x (pv - pp){pe - (Prt+mise)}

st =(0,3) top spin polarization vector
in top rest flame

t A t 0=
‘ “— >
- A
* top quark decays before losing polarization
e V-A coupling

— flight direction of down-type fermion from W carries
100% spin information of parent top quark

& can “see” top quark spin at its production 6



Information on Wtb Vertex

— Really W boson?
— Really V-A?

In SM
fa (right-handed) = 0

fo (longitudinal) = 0.70
f— (left-handed) = 0.30

W Helicity iIn t — Wb decay
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)W Helicity Measurement (D) E

g B D@ Run Il preliminary "
E 60— Lepton+jets channel —e— p@data, 1.2 1" (a) Measure fo and f—l— Slmultaneously
= - —— Signal + roun
E - Wb S!'\.gl'l giign;aﬁ:i%:kgriund ol.2
40r _, I Background : DO Run Il Preliminary
L 1 ;
20~ ! L=22-27fb"
- o-a_
[ SM
-1 0.5 0 05 1 -
cos6* 0.6
~ 120C i
(=) C D@ Run Il preliminary
_g 100; Lepton+jets channel —e—Dgdata, 121" (b) 0.4
g 80-| Woi L oW Signal » background :
w C.l._. [ Background 0.2
60;‘ ------------------------ i
40;_ 4 0:— """""""""""""""""""""""""
20;“—\—._|_'—J__|_ K
-0.+|[IIJJI[IIJI[IEI1IlII]JlllI
% 02 04 06 08 1 e 0 b 0h e 08 1 1=
|cos6*| f,
o 60f
(=) - D@ Run Il preliminary
@ 50t i n nn —— ata & H -
e i D@ ¢+ Jets and dilepton £ = 2.7 fb~1
E 40:_ EISM Signal + background
E Background
30E fo = 0.490 + 0.106(stat) 4+ 0.085(syst)
20F-
" f4 = 0.110 + 0.059(stat) + 0.052(syst)
Q1 05 0 05 1 Consistent with SM at 23% CL

coso*
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W Helicity Measurement (CDF) E

L T T T [ T 1 I E I T T R
§ CDF Plrcliminary (ledt =19 ﬂ|:r1) | . CDF Run Il Preliminary (2.7 tb .1)
E Assumes my= 175 GeV/ic2 g 8 0.08 |} =
Matrix Element: ©
] —— e
(fix £+ =0.0) _ -
: f,=0.64 i(E).OS +0.07 g 0.06 | S'M
Cos 6* Unfolding: =2
+
4 “0.04 | :
£,=0.15+0.10 £0.04 £,=0.38 £0.21=0.07
£,=0.0120.05+0.03 (fix £0=0.7) 0.02 | \
:+_ ..._.:_...
(fx [7=0.0) £,=0.66 +0.10 +0.06 \ l« \
0~ ‘ :
: Cos 0* Template: : 0.55 0.6 0.65 0.7
—— o— f, (uncorrected)
£,=-0.03 +£0.07£0.03 £ =0.65£0.19 £0.03 .
v Measure fo and f4 simultaneously
—Q—
(fix £0=0.7)
£,=-0.04 £0.04 £0. _
— CDF (+Jets £ =2.7 fb~1
e £,=0.59+0.11+0.04 .
[ 1 % | | L1 | L1 1 | ] ; ] | [ fo T 0088 :I: O.ll(Stat) :I: 0.06(SySt)
0 0.2 0.4 0.6 0.8 1

f+ = —0.15+£ 0.07(stat) + 0.06(syst)

W-Helicity Fraction from Top Decay




Search for anomalous couplings in t — Wb w

« General Lagrangian for Wtb vertex

. g L R _
Liywpy = ——ﬁbv“%b(fl Pp + f1 Pr)tW,,
1o q, Vi —
— I W (lp 4 (RPREWL + hec
V2 My
L R __ L — R
In SM, fF =1, and fR=fL = fR =0
::- = D@ Preliminary 0.9-2.7 fb™ 3;» a4 D@ Preliminary 0.9-2.7 fb™ g:« “ DO Preliminary 0.9-2.7 fb™
— i ® Measured Peak I ® Measured Peak R ® Measured Peak
1.5__ DSS‘% C.L. 1_5-_ Dﬁa"/o C.L. 1.5'_ |:|68% C.L.
i Moo0%C.L. [ Moo% c.L. i Moo C.L.
M95% C.L. [ M 95% C.L. ; M95% C.L.

1T 1T
0.5 E =M 0.5 : SM
i I 1 1 1 1 1 J 1 1 1 L
b 1 2 3 4 & 1 2 3 2
P If! I
1

& CDF and D@ results support V-A coupling on Wtb vertex so farjLO



tt Production at Tevatron

» Cross-section
 Forward backward asymmetry
e Spin-spin correlations
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Selection

* 2 lepton
e MET

e Z veto

* >2 jets

* (b-tag)

Pre-tag

Pretag Top Candidates With Njet> 1

180
‘0 CDF Il Preliminary 4.5 fb™” ]
—l— data
= 140f I Entries 314 |7
iiﬁ/e—,.uf caqtrol [signal R
=7
"~.~. _ 100F —+- [T Fakes
"V Wz
8op vz
sob : ww
—? DDY%‘:*‘:'
40f Hoy- |7
20

2 3 4 5 6 7 8 9
Jjet multiplicity

Njet

tT Cross-section (dilepton) DEJ

>1b-tag

40,

35

301

251

201

15F

10F

0 50 100

Tagged Top Candidates With Njet> 2

CDF Il Preliminary 4.5 fb™

data
-9- Entries 119 |-
-*- DATA
[]o:=74 pb|
[CFakes
mz
Hwz
ww
Dby vr
Moy |1

I -8 'i- )
150 200 250
transverse missing energy, GeV

KT

Opretag — 6.56 = 0.65(stat) 4+ 0.41(syst) £ 0.38(lumi) pb
Otag = 7.27 £ 0.71(stat) £ 0.46(syst) £ 0.42(lumi) pb
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tt Cross-section (¢+jets)
>1b-tag | Pre-tag

P -1
23 CDF Il Preliminary 4.6 fb
B data (7348 evis)

B top
) W+iets
N acp

ol

800:— COntrol Slg nal cDFaunup.‘umin.::l:mb.. |o:_
: ﬁ To)

-+

DDDDDDDD

Selection

0 01 02 03 04 05 06 07 08 09

1

1 Jet 2 Jets I 3 Jets 4 Jets =5 Jets . NN output
* 1 lepton Njet topological Neural Network
s MET

. >3 jets No uncertainty from luminosity
e (b-tag) « Used measured and theoretical Z cross-section

meas e ) ..
o o, theory Luminosities are
O — Eﬁ-.-e-a-g . JZ cancelled out here
Z

Op—tag — (-14 £ 0.35(stat) & 0.58(syst) &+ 0.14(theory) pb
Opretag = /.63 £ 0.37(stat) & 0.35(syst) £ 0.15(theory) pb

 The total uncertainty is decreased by ~10%



q1
q2
b
R ERERE 5

q3
q4
Selection
e >0 jet
e >2 b-tag

CDF (£ =2.9 fb~ 1,

Events{5.0 Gel)

tt Cross-section (All hadronic) D&

CDF Run Il Preliminary (2.9 by

: 22 tags events m| 5400 : Tap——
sof- }t ~t— Data 2 D@ mBiisignal
[ B rittea 1 2 300 + ] Background
aof- I Fitted Bkg i
3| x%/Ndof = 20.2 / 22 200 B
I Prob = 0.569 i
20} :
: 100
10: i
: j 5’*#-\.. ey 'u‘
O 150 200 - 200 000 S — 05 R 1|0
miee (GeV) : : .
Agrec o
t likelihood

M; = 172.5 GeV)

o= 7.2+ 0.5(stat) + 1.1(syst) & 0.4(lumi) pb

DO(L =1 b1,

M; = 175 GeV)

o = 6.9 + 1.3(stat) + 1.4(syst) & 0.4(lumi) pb
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T T T ‘ T T T | L ‘ T T T | L | T T T
[ Cacciari et al., arXiv:0804.2800 (2008)

77 Kidonakis & Vogt arXiv:0805.3844 (2008)
[ Langenfeld, Moch & Uwer arXiv:0906.5273 (2009)

Dilepton 7.27+0.71:0.46+0.42
(L=4.3 57 (stat) (syst) (lumi)

Lepton+Jets (ANN)
(L=4.6 fb")

7.63£0.37+0.351£0.15

7.14+0.35+0.58+0.14

|Q-4_: L CDF Run Il Preliminary 4.6 fb™

All-hadronic

7.210.50+1.10+0.42 “6’ ] Moch & Uwer, arXiv:0807.2794 (2008)
(L=2.9 fb) 1

E -------------- Cacciari et al., arXiv:0804.2800 (2008) N
7.50+0.31:0.34+0.15 2] o

CDF combined ) . .
leDOF= 0.60 m= 172.5 GeV/c? ; --------------------------- Kidonakis & Vogt, arXiv:0805.3844 (2008) E
| ‘ | | | 1 1 | | 1 1 | | | 1 1 | 1_; ;_
4 5 6 10 11 1 r
—_ = 0_||||||||\‘|||||\||||||\|||||\‘||||||||||||\||||||_
o(pp — tt) (pb) 167 168 169 170 171 172 173 174 175 176 177

Top Quark Mass (GeV/c?)
CDF(4.6 fb~1): 0,7 = 7.5040.31(stat)+0.34(sys)+0.15(theory) pb

e Now better than theoretical uncertainties

* Cross-sections of all categories (dilepton, lepton+jets,
and all-hadronic) as well as w/i and w/o b-tag are
consistent with SM

& Consistent with Br(t—=Wb)~100%
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tt Foward Backward Asymmetry DES

NLO prediction: Interference between LO and NLO

q 4 q 5 t
‘M|2 -~ >-vv< -+ qy al
2 U I

Afp, = 0.05 4+ 0.015 (NLO)

Also presence of new physics could make asymmetry

q r o q r |2
P4
Y _ _ F A? - _
r 4 [

2

o]
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tt Forward Backward Asymmetry

Backward Forward

t F—-B
Afp = ———
[ F+ B
é —
p/ D F :cosf# >0
B : cosf; <0
tt rest frame
CDF £=3.2fb~1, ¢+ jets (b-tag)

Hadronic Top Rapidity Top with AFB=0% Hadronic Top Rapidity Top with AFB=19%
‘% 1 40f_ ® Data A_=0.098+0.036 ‘% 140 :_ | ® Data A_=0.098+0.036
3 . :_CDF Il Preliminary L=3.2 fo" - Prod A""ﬂ‘ﬂm‘ma:l & . E_ CDF Il Preliminary L=3.2 o™ - bred A"ﬂ‘m‘ﬂmwl
100;_ A — 0 % I:l Bkg A_=-0.059:+0.00 . E_ A — l 9 % I:l Bkg A_=-0.059:0.00
30; aof—
50; sof—
40; 40?—
20; 20 o
2 45 4 45 0 o5 L Y 2 G 4 05 0 05 1 1.5 2
_Qf] * Yhad 1" thad _Qfl * Yhad QY
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. tt Forward Backward Asymmetry w

¢ + jets (anti b-tag) Unfolding

Reconstructed "Top" Rapidity -- Antitagged Reconstructed -Q*y

W ‘ L ‘ L | T T T | had
5 ARP®=-0.016+ 0.024 =8~ Data 280 T T e ey &
g 400 sl 1728 events | & - CDF II Preliminary ]
w Ag° =0.0068+ 0.0093 [ Signal + Bkg o 220 L=32fb" —_— E
350| AN =.0.02+0.008 1728 events | (T} 200 | =
Bkg _ [ Bkg r ]
3002L = -0.02§ i-0.0096 1415 events 180 [ e .
C CDF I Prellm_lnary ] 160 & E
250 L=321f" — E —— ]
- . 140 ¢ . E
2001 = 120 | Data or MC e
150:_ 3 100 - Background Subtracted —
§ g 80 [ Corrected 3
100 ] 60 F Background =
50 = 40 _

= = 20
0
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Qty, o2 45 4 w05 o0 05 1 15 2
—Q¢ - Ynad —Q¢ " Ynad

Check background shape Correct acceptance + smearing
(event migration)

CDF(3.2 fb~1): Aq = 0.193 + 0.065(stat) + 0.024(sys)
2 sigma away from Af, = 0.05 £+ 0.015 (NLO)

D@(1 fb~1): AW = 0.12 4 0.08(stat) £ 0.01(sys)



q

* If a new particle (such as Z’)
ya: would cause asymmetry,
q t asymmetry will rise above the

Rapidity for tt Tagged Events

10 E Afiata = 0.098 + 0.036 CDF Il Preliminary m aS S

—*— Dpata L=3.2fb"

H AgP=-0.008+0.003

1 An = .0.059 £ 0.0079

(4]

E 80 O

¢ [Backward
60—

W 80 Events

Forward

40— Asymmetry in low vs high Mtt for M,=450 GeV
20— t -
- = H CDF Il Preliminary ;
o ! ] E
2 2 Q 500 Raw Data L=3.2 fb™ 3
had i I Background e
- = 22
M, Invariant Mass for Tagged Events 4000 Bkg. Sub. Data T of |
200F CDF Il Proliminary i Corrected Data < E
180 —— FW Data L=3.2fb" - 2 — =
160~ —— BW Data L=3.2fb" 300 e Aee
140 ;— Top (7.1 pb) C 1
N0 Bkg ~ !
S r 200 —
Q100 - ]
W gof C | ;
s0f- 100—
a0 L
-
?3. " i o 0
00 350 400 450 500 550 600 650 700 750 BOO
Reconstructed Mﬂ (GeV) leaw mew thigh Bll‘Ml-uigl-u

-



Spin Correlation at ¢t Production

e [Op quark decays before losing its polariztion q g t
— We can see top quark spin at its production

e tt production via ¢g annihilation ﬁ t
— 100% spin correlation in off-diagonal basis qq annihilation

_ P-reversal _

7 {
e vt o L o 1 New test ground
sesps T 2l for P/CP at tf
Lo 0 — t . . 1t production
41 P,CP-reversal L

20



Spin Correlation at tt Production w

(cosf,, cosh_) (cos 6y, cosby)

—0.455 < Kk < 0.865 (68% C.L.)
CDF dilepton (£ =2.8 fb~1, M; = 175 GeV, off-diagonal)
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Correlation (CDF f(+jets, D@ dilepton) B4 '

7

, DI Run Il preliminary (4 b [ Helicity Angle Bilinear Cos(8)"Cos(6,) , Fit Result
g 70 __ - : LI I LI I LI I | I L I LU I VT I L I LU I LN I LI
z - [ (T, SM spin corr. 240 - o
60 :_ — tT, no spin corr. 220 ;_ CDF Run Il preliminary L=4.3 fb” |:| Cppesite Helicity (OH)
- ElZzy—n 200
— —— Diboson =
180
S0 —— Multijets =
- 160
40 a140F f,,,: 0.80 +/-0.25 +/-0.08
- g 120
30 Y o00f-
- BOF-
20 60
= a0k
10— =
- 20—
[ 11 1 1] =
07*"208 -06 04 02 0 02 04 06 08 1 1 -08 06 04 -02 0 02 04 06 08
9 9 cos(8,)cos(6,) cos(6,) cns(ﬂd}

D@ dilepton (£ = 4.2 fb~1)
r(beam) = —0.1779:5%

CDF (+jets (£L = 4.3 fb~ 1)
r(helicity) = 0.60 £+ 0.50(stat) + 0.16(sys)
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SM Higgs Search




Higgs Cross-section and BR

Low mass Higgs region: High mass Higgs region:
m,,<135 GeV/c? m,>135 GeV/c?
H — bb dominant decay. H — WW dominant decay.
Search for associated W/Z production.  Gluon fusion production search (gg — H).
SM nggs cross section SM Higgs branching ratios
oe~~_ "~ = —~

0.1}

100 120 140 160 180 200 OG- h kim0
my (GeV/c?) *my (Gev/c)

4


プレゼンター
プレゼンテーションのノート
We divide the searches in low and high mass region.

Low mass is with mh<135 Gev and associated production with Z/W, high mass mh>135GeV and decay to WW.


W H —s fubb D&

10+ Fp + 2b jets

 Most sensitive channel at low mass
 Bkg: W+bb, W+cc, W+qq, ttbar, ...

CDF Run Il Preliminary (4.3 b™)

(4]
L —e— [Da =~ - -
: = pzqqﬁg § 220D Prehmm:ary i bD'at?g
50 - digoson(WW,WZ,ZZ] W 500 L=5.0fb CJW+jet
; —FHdal —
- 3 (8. 7pb) 180 Wbb/cT
= [ W+G§J'G -ﬁ
401~ = WEE 160 Bl s-top
- —— Higgs (115GeV)x 10 I Diboson
i 140 — \WH
30__ 120 === 115 GeV (x10,
| 100
201
10
0 50 100 150 200 250 30 50 100 150 200 250 300 350 400

Dijet mass (NN b-jet Energy corrected) (GeV/c?) Dijet Mass (GeV) 25



W H —s {ubb D&
CDF: D@:

e Limit/SM<4.0 @115 GeV e Limit/SM <6.9 @115 GeV

CDF Run Il Preliminary (4.3 1b™)

....................................

 —e— Obszrved Limit BB oot R

____________________________________

2

WH M——} lv, H—}bb) Combma:tlon
D@ Preliminary, 1.=5.0 fb‘ L
August 12 2009 ' |

. Expected Limit SN SR SO B

Pseudo-Experimert + 1o

95% C.L. LimitvySM

. - Pseudo-Experiment + 2o

...........................

95% CL Limit/ SM

10) VW e ey qnaet? o Obscrvedlelt
i ! = SR e R e £ ,.mlnlulu ,.E.xpwted .L*mlt

| ; : : : Expected _2 c

________________________________________

-
e
-
| e
.....
-2

e I TN A l e s | L1a1 T R
e orandard Model 10010110115~ 120 125 130135 140145 150
100 110 120 130 140 150 m,, (GeV/c?)

Higgs Mass (GeV/c?)
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Events /0.2

LI

|

2 opposite sign leptons + MET
WW from spin 0 higgs
— leptons tend to same direction
— A¢@is best discriminant

35

30

25

20

15

10

CDF Run Il Preliminary _[L=4.8 '
[ OS 2+ Jets W+jets
- M, = 160 GeV/c® Wy
i
Wz
mzz
DY

JF

||D.5 |1||\|1.5|||

Events / 0.05

* Neural network technigue

CDF Run Il Preliminary _[ L=481f"
- OS 0 Jets, High S/B W
- M, = 165 GeVic? mi

+ —

oy
[
= HWW = 10
-+0ata

CDF: £ =4.8 fb~!

NN Duiz:{ut



H—-WW, WH-—-WWW D&

CDF: £ = 4.8 fb~! D@: L =54 fb~*

CDF Run Il Preliminary

j L=4a81%b"

+=+ High Mass Expected .
. High Mass £ 1o
I:l High Mass + 25

" High Mass Observed

-D@PrehnnnaryL:54f§' iExpectedLmut
; NavemberIZGOQmWE;mdilg ________
DN 0 Expecwedd2o

s -
10 o N
e

95% CL Limit / SM

| | Standard Model = 1,0

Standard Model :.m.‘”-:i::.:jl'.““.-::j.::]::.:j:.j::.: . Ij.':':_".;:'fl::i:::[:_:::If:::If:lz'.f:E.:_I_..;_'_.;_'_':I::.i:flf::If:l:f:r:f_:r:::I:ffl:::I'_:_':I::]:f:i:_';'f:ljf:;'_
et e S S ROt i o e ]t e B 120 130 140 150 160 ]‘70 180 190 200

110 120 130 140 150 160 170 180 190 200 my (Gercz)

Higgs Mass (GeV) L.
e Limit: <1.55 x SM @ M,=165 GeV

» Also search for same sign leptons
for WH ->WWW* [ £X

e Limit: <1.23 x SM @ M,=165 GeV
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95% CL Limit/SM

Combined Limits DEd

CDF Run Il Preliminary, L=2.0-4.8 fb”

-
o

Novemh?er 6, 200?

100 110 120 130 140 150 160 170 180 190 200

mH(GeVlc )

CDF:
Included channels

WH -> Inbb (4.3 fb-1)
VH -> MET + bb (3.6 fb-1)
ZH ->Dbb (4.1 fb-1)
VH, VBF, ggH
-> 2 jets + tau tau (2.0 fb-1)
VH -> 2 jets + bb (2.0 fb-1)
ggH -> WW* ( (4.8 fb-1)
VH -> VWW?* (4.8 fb-1)

Limit / SM

95% CL

e s Obggrved Tt
| SM nggs Comblnanon Expeete 4 Lmut

i I |
D@ Prehmmary, L—Z 15 4 5 — 77 Expected +1_0.
' - ' ' .EExpectcd iﬁ G..

......

1 Standard Model =1 U

N B T T B T e e e Ifflffffif'_'_lf_'flffjrf:;'..
100 110 120 130 140 150 160 170 180 190 200
November 3, 2009 my, (GeV/c?)

DZero:

Included channels

e WH ->Inbb (5.0 fb-1)

« XH ->tau tau bb/gq tau tau (4.9 fb-1)
e ZH->nunubb (5.2 fb-1)

e ZH->llbb (4.2 fb-1)

e WH->WWW* (3.6 fb-1)

e H->WW* (5.4 fb-1)

e H->gamma gamma(4.2 fb-1)

e ttH->ttbb (2.1 fb-1) 29



Higgs Exclusion @ Tevatron D5

CDF+DZero combination

Tevatron Run Il Preliminary, L=2.0-5.4 fb’’
R R R T
LEP Exclusmn . Tevatron

LELLL Expected i
| mm— Observed . . .
ZZ— o EKPECtEd P . B R
. :t2c= Expected g

95% CL Limit/SM
o

I"Io'urem ber E 20[]9

Ak

100 110' 120 130 140 150 160 170 180 190 200
H(GeWc )

CDF + D® combined :

Observed limit at MH = 115 GeV/c?: 2.70 x SM
Excluded mass range at 95% C.L. : 163 - 166 GeV/c?
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Summary

e Top quark properties are consistent with SM
so far.

 Top quark properties are being measured
more and more precisely, not to overlook any
hint of new physics.

* We are sensitive to a Higgs of 160 GeV/c?.
e Low mass Higgs is also being within range.

o Stay tune for interesting results with 2 5 fb-1 in
2010!
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