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The Top Quark and the Standard Model

e Discovered in 1995 at the Tevatron

E%R%%%{%IS{Y  Completes the third generation of

- quarks

N N ¥ ° Dominant decay (~100%):f —> Wb
| 5l - Large Mass (M, = 175 GeV)

— Near EW symmetry breaking scale

— Could it be involved in new
interactions?

T * Short Lifetime (t,,, = 10*s)
L — Decays before hadronization

1 1l HIIH — Momentum and spin transferred to
decay products

— Study a “bare” quark!

* |deal place to look for physics beyond
the Standard Model




What Can We Learn About Top Production?

Do we understand the w’?
production rate?
— Cross-section measurements A

* Are there new massive A V'\
particles that decay to tops?

— Resonance searches
— Dedicated searches for new
particles el

* Do top quarks have the
expected couplings and SM Production ?
interactions?
o th
— Forward-backward asymmetry 3 N
* Already hints of something new? Flectron




How Might We See New Physics in Top
Production? ... .. ...

* Evidence of new interactions i
will not be isolated to one .
measurement
* Example: forward-backward .
asymmetry in top pair Z |
production 2 N —
Vs Gev)

— Measured to be larger than Ot 150 0 ik, 0 k)
predicted in SM NLO prediction

* More on this result later
— Many theoretical models

751B) ™

developed
— Every model also affects
production rate and mass
spectrum T e
. Asymmetry and cross-section vs. energy
y Important to look in many for several new physics models

P laces M. I. Gresham, I. -W. Kim, K. M. Zurek [arXiv:1107.4364]



Top Quark Identification

Decay modes characterized by W decays

Top Pair Branching Fractions t % Wb

alietst e W1y, or W —gqq

tHjets 15%
“Lepton” = electron or muon

Taus usually treated separately

Lt+jets 15%

et+jets 15% )
"dileptons™ "lepton+jets”
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Finding Tops: Tagging b jets
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Tracks
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W - Vertex
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b quarks are long-lived, travel ~3 mm before decay NN Output
|dentify jets with displaced vertices as coming from b’s

Can use a multivariate b discriminant to improve efficiency and
purity

Requiring tagged b jets significantly reduces backgrounds
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Single Top Quark Production

\ t
N wt / o, = 2.05 % 0.22 pb

s-channel N5  PRD 66, 054024 (2002)

(Myp = 172.5 GeV)

* Directly accesses t-W-b vertex
* Good sensitivity to new physics

— Ratio of s-channel vs. t-channel
production

— Angular distributions and top polarization
Experimentally challenging

— Small cross-section (~3 pb)

— Large W+jets background

— First observed in 2009
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M,=172.5 GeV Single

%’ 0.6- (c) DO, 5.4 b | [EJ
S 0.5 g Oexpected | | anton+lets,
-S 0.4 =3.49,7, pb o = 3.43+0.73 pb
203 ) Cobserves ' 074
% 0.2; =3.437,5, pb
€ 0.1 :
123 456 7 8
tb+tqb cross section [pb]
— +0.58
O combined = 2.76 —0.47 pb
. 2.
Osingle top Proportional to |V, |

|V, | >0.77 at 95% C.L.

Top Cross-Section v -1scev

0.6 0.8 1
Super Discriminant

0.4

Lepton+lets and Missing E;+Jets, 0 = 2.3*%¢_, . pb

DO e+u combination (2.3fb") . @ . 3.94*3% pb
DO v+jets (4.8 fb™) ® 3.40 2% pb
DO e+u+t combination e 3.84 0% pb
CDF combination (3.2 fb™").—@— 2.30 25 pb
CDF+D0 combination — 2.76 *2°5 pb

Theoretical SM prediction at top quark mass 170 GeV

o(pp— th+X, tqb+X) [pb]




t-Channel Cross Section o, [pb]
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s- and t-channel Single Top

CDF Run Il Preliminary, L=3.2 fb™’

; Bést Fi‘t

68.3% CL
95.5% CL
99.7% CL
SM (NLO)

M, = 175 GeV

EECON

|

SM (NNNLO) -

05 1 15 2 25 3 35 4 4

5 5

s-Channel Cross Section o  [pb]

0, =1.8*7 _pb
o, = 0.8+ 0.4pb
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t-channel cross section [pb]

=

N

DO 5.4 fb "’

68% C.L.
N 90% C.L.

N 95% C.L.
Mt =172.5 GeV
® Measurement
H swm"
[1] PRD 74: 114012, 2006 .
- [2] EPJ C49: 791, 2007 ¢ Four gener[g]tlons
[3] PRD 63: 014018, 2001 i
L [4] PRL 99: 191802, 2007 O Top f'?4‘]’°r
| [ FCNcI
0 1 1 1 1 1 1
0 2 4

s-channel cross section [pb]
o, =0.98+0.63 pb
0,=2.90+0.59 pb

First observation (5.50)
of t-channel single top!
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Exotic Single Top Production

e Searches for heavy gauge boson W'— th
decaying to single top quarks

Previous Best Limits
SM-like couplings

= ) LD 700 95% C.L. Limits:
08 N 850 M, > 800 GeV for M, > M,
_ M, > 825 GeV for M, < M,
o6l r 800
: 750 B )
04 Generic couplings
E 700 -m-
0.2 650  (LO) My >M,
[ | (1,0), My, < M, 890
% 02 04 06 08 1 000 0,1) 863
al (1,1) 916
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Top Quark Pair Production

[ ouo=74"5,,pb <

/ ~15% t
JHEP 0809, 127 (2008)

~85% \\ 7 (Myop = 172.5 GeV)

e Larger cross-section than single top (~7 pb)
* Also larger signal-to-background ratio

* Good place for studying top properties
— Requires strong understanding of production mechanism



Lepton+Jets Channel

* Good combination of large branching
fraction and low backgrounds 8 DO, L=5.3 fb"

* Fully constrained kinematically — top
qguarks can be completely reconstructed

e Cross-section can be measured with or
without requiring b jet identification

e m- e ____o(pb)

7.82 £ 0.55 7.68 *071_064
Yes 7.32+0.71 Yes 8.13+1.02_
Combination 7.70+0.52 Combined Method 7.78 1077 .

=4

Number of jets
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Dilepton Channel

* Very low backgrounds, but also small
branching fraction (~5%)

CDF Run Il Preliminary (5.1 1b™)
T T ]

T

—e— data ]

800 - % Bkgd £ 16 uncertainty_:
. [ Jtt(c=7.4pb) ]
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. [ by ]
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0=7.25+0.92 pb
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0 =7.40 £ 0.97 pb

c=7.36 +0'90—O.79 pb F &\
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T+Jets Channel

* Identify Tt as a narrow jet with a

small number (1-3) associated tracks

e Large background from

misidentifications
CDF Run Il Preliminary, 2.2 fb‘
C1 60 ‘ —+—"CDF Data
._6 B QCD multijets 72.93%
B1 401 ng;;':s(aw%
1S WZo.18%
G>J1 20 L ZZ 0.09%
STo channel 0.07%
Mt =172.5 GeV Wioof B STop tonannel 0.09%
Z +jets 204/
80|
60 [
40
20 7
0 1 Il
02 0 02 04 06 08 1 12
NN output

o = 8.8 + 3.3(stat) £ 2.7(syst) pb

S m,=170Gev

0 =6.9 + 1.2(stat) *°8_ ,(syst) £ 0.4(lumi) pb
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David Mietlick

All Hadronic Channel

* Largest branching
fraction, but huge C\
baCkgroundS from antproton t-

QCD multi-jet N
p ro d u Cti O n . CDF Run Il Prellml:zrtil(gzs.:vf:lt)s m:u
E; 50: + —+— Data
g ' M Fittea it
o=7.2+1.5 pb @ I Fitted Bkg
30: x%/Ndof = 20.2 / 22
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2 ~+ Data, 10"
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% 300 i* [ Background
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PIC 2011

07 P S e A S S
1.0
L

0=6.9+£2.00pb

14



Cross-Section Combinations

175 GeV
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IEJ Cross-Section vs. Top P,

e Differential cross-section as a function of top quark
transverse momentum

— Lepton+jets channel
— Unfold to correct for acceptance and detector effects
— Good agreement W|th NLO and NNLO predlctlons

IH IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII I IIIIIIIIIIII I TTTT I TTT I_
O - 1 L 1 i
; I DQ ® data, 1 fb1 ] 0016_— DG ® data 1 fb —
> . >0 NLO pQCD :
S, 10k [ signal . Soaab —— Approx. NNLO pQCD
] ~. T e e [
o - Background . Q0 oF MC@NLO ]
A 7 L5719 e - - - PYTHIA
< |-01__ -.-.- ALPGEN J
o 0.1 | i
T 1 S .
~ 0.08}
o)
O .06
10" gl
0.04f
0.02}
10?2 .
0 50 100 150 200 250 300 350 400 050 700 150 200 250 300 330 400
top quark p_[GeV/c] top quark P [GeV/c]
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Boosted Tops
* Search for highly boosted top quarks (P; > 400 GeV)

— Decay products collimated in a single jet
* How to distinguish boosted top jets from light quark jets?

o HPN 7 . o ”, . . . oo
All Hadronic”: m;,; vs. M, Lepton+lets”: m,,,, vs. missing E; significance

11, Pythia 6.216 CDF Run Il ti, Pythia 6.216 CDF Runl |l

400 : 10 :
E Midpoint R=1.0, p!*"' > 400 Gev/c B8, o, s idpoint R=1.0, p'™' > 400 GeV/c
E ) r 0.007
350/ u
F " 0.018 2—' o I
300 0.016 = T 0.006
a0 ¢ 2 [ @
L 250 0014 5 = 8 0.005 £
> a ] C H
3 0012 C— H —_— S 0.004 5
[ (=] by [<]
gzooE 001 g TOp Pa Irs w F g
.%_ 150 " 0.008 "g Qo 0.003 §
£ r 0.006 = — 6 Iy
1001 i 2 T 0.002
= 0.004 Er 5
- w
50 0.002 : 0.001
0, G 1 1 1 1 1 1 1 0 . C
050 100 150 200 350 300 350 400 15D, 20075050050 400 0
m*"" [GeV/c?] m*®" [GeV/c?]

QCD, Pythia 6.216 CDF Run II

101 0.0045
0.035 — F 0.004
N -
0.03 S F R=1.0, ™" > 400 GeVic| | 9035
& 2 S 4 9
o 0.025 § = 8 0.003 ©
> & 8 5
8 002 5 v-,_\'_ s 00025,;
v - ( lCD Jets =™ > u | 0.002 §
3 ooss E— ets aor 3
£ £ g 0.00158
P
g r 0.001
w SE
- 0.0005
| — 1 1 1 L 1 1 :
050 100 150 200 250 300 350 400 4

150 i1 200 2520 300 350 4
m"*" [GeV/c?]
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Boosted Top Cross-Section Limits

“All Hadronic” “Lepton+Jets”
CDFRunll,L_ =6fb" CDFRunll, L _ =6 fb"
400 — = 10 i
- = Midpoint R=1.0, " > 400 GeVic ! | Midpoint R=1.0, p*"" > 400 GeVic
350/ | o025 — 11 0.006
300~ h. m > —10.005
.. 002 £ O 2
= - & N 0.004 >
© - > o
(5 200— lu.ms o = l s
=r § W B | —ooos s
® - © W ©
E —001 B ~ g
m ~ 0.002
o = .f_ . g
0.005 .
L 0.001
" - 1 1
"""""""""" 0 | [ B
50 100 150 200 250 300350 400 0 50 100 150 200 250 300 350 400 °

m*"" [GeV/c?] m*" [GeV/c?]

* SM Prediction at NNLO: o,,(P(t) > 400 GeV) = 4.55*9>0 . fb
* Observed: o,(P;(t) > 400 GeV) < 38 fb at 95% C.L.
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probability density/20 GeV

Resonances in M,

* Predicted by many models with new massive particles
— Z’, KK-gluons, colorons, etc.

* Assume narrow width, search for a bump w

CDF Il Preliminary 4 .8/1b

> C
S, @ DO, L=3.6 fb" = Data

Sen ot ('31 0°E Prelim. [ ]z’ (650 GeV)
N C
8 M
§ I W+jets
w10F Other MC

Multijet

600 800 1000 1200 10-16 200 400 600 800 1000 1200
m, [GeVic?) M, [GeV]
Lepton+Jets Channel: Lepton+Jets Channel:
M, > 900 GeV at 95% C.L. M, > 820 GeV at 95% C.L.
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Top Pairs Plus Missing E-

« Search for pair-produced heavy particles (T’ = 4t gen. quark) decaying to
top quarks and undetectable particles (X = dark matter)

Signal Region(njets>4, %>100)

c
a 10° | —— TT — tt + XX E @ T T T T T =
B e - — 3
+ Data 5 15 (. m,) = (330, 40) GeV/c? Ly 5 TTotXx _ 7
Qcb @ - (380, 1) GeVIc? Waco & —— m,=300GeV,m, =80GeV| |
- ok === (m,m)=(380,1) GeVic" | B W+ets —— m,=330GeV,m, =80GeV| |
.tt Single top 10 m,=360GeV,m =1GeV o
.W+jets M piboson CDF Run Il Preliminary L=4.8fb" E
B z+jets 0F 3 W Z+jets ]
.diboson 1 _
. L — _ E
o p—=>TT —>tt+X+X ;
::’8’ 04 I ‘ \ 10" _
sl o2 + REle s )
hd 1 I
_ At 200 250 300
04 my [GeV/c?]
0 2 4 6 8 10 12 14 16 18 20
B, sig (VGeV)
Median expected exclusion
150 CDF Run Il Preliminary L=4.8fb™ +/- 16 expected exclusions
— T a0 .
N —  Mp=Mmy, +m © == Exclusion from data
§ — epr bI:Z)qinX 4.8fb" > 0
o [ S e obs blvbgg+XX 4.8fb™! 8 - A
0] —— exp bagbag+XX 5.7fo" =, A
"; ----- obs.! kqubqq+XX 5.7fb™ E><100 /4 £
00| ] _ —
All Hadronic oS
\.
60 "\
Lepton+Jets \
50 40
,\
20 \
N\ \ \.
A |
900 310 320 330 340 350 360 370 380 390 400
0
200 250 300 350 400 my [GeV/cz]

m;. (GeV/c?)
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Searches for 4t" Generation Quarks

* Look for 4th generation heavy top-like quark (t’)
pairs decaying to Wq (g=d,s,b) . |
* Same final state as top pair decay t't'— (Wg)(Wq')

— Look at event H; and reconstructed t” mass

J 1 h L i Ll v L
- b) , *data 0% CDF Run 2 (5.6 fb'1) 1
o € iy 325 GeV Preliminary [{ Observed
10% I W/Z+jets % 102F v
[ multijets (0] f
10¢ ~ W+j
i LA 1 jets, EW
: ) @ 107F Qch
3B DS : i
100 200 300m40[%‘| e\F;i)O > 100k :'}0 GeV)
fit
M, > 285 GeV 1
10-
at 95% C.L.
i M, >340GeV M, > 358 GeV
100200 300 400 _s00 at 95% C.L. at 95% C.L.
fit

for t=» Wqg for t’=» Wb



Forward-Backward Asymmetry
 Asymmetry in number of events where top quark

goes along (against) proton direction
— Unfold to get true asymmetry from measured

g T A Sooso0s
g 450;’ ——data Agyg = 0.011+0.003
W 400F | ft+bkg Ay =-0.013+0.002 n
- [ibkg —| =
350 —+ - (g
F >
300 = w
250 =
2000 l —+ E
150} E
100F- =
o —— ]
50F —+= =
0:\ | e L
-3 -2 1 1 2 3
Ay=Y, -y,

ytop-ytbar in Lab

CDF Il Preliminary

60

fL dt=5.11b

40|

A.=158+7.4%
Ag=42+16 %

A

combined

207 %

ﬂﬂQ@o
. 200
150

DEEE O]
YegLEg

ZZZZZZ

F—-B

F+B
NLO QCD: A = 5%

A=

A =19.6 £6.5%

- It
- [ W+jets
" [ Multijet
e Data

D@, 5.4 fb™




Summary

* Top quark production continues to be an
active area of study at the Tevatron

— Testing the Standard Model and looking for new
ways tops could be produced

* This talk showed some highlights, many
additional results available:

http://www-cdf.fnal.gov/physics/new/top/top.html

http://www-d0.fnal.gov/Run2Physics/top/index.html



