7. Physics of the Top Quark
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7.1 Introduction to Top Quark Physics

 Discovered by the CDF and D@ collaborations
at the Tevatron in 1995

» Tevatron Run | top physics results are consistent
« with expectations from the Standard Model
(Errors dominated by statistics)

rd * Run Il top physics program profits a lot from the
g5t an 3 higher statistics
tions
Generd  LHC: huge production rates

(for Vs = 7 TeV: about a factor 25 larger
cross sections than at the Tevatron)

- Better precision

- Search for deviations from Standard Model
expectations



What do we know about the top quark?

The top quark is the heaviest know
fermion

m, ~173 GeV (from experiment)

Lifetime t~5102°s
(theory, Standard Model decays)

no hadronisation, behaves like a
quasi-free quark !

Predominant decays:
t > Wb (BR ~100%)

largely determined from very small
CKM matrix elements V, Vi,

Electric charge Q, = +2/3
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Why is Top-Quark so important ?

EPTONS .
The top quark may serve as a window

toction Nouno | oonouino | Tauouino to New Physics related to the
electroweak symmetry breaking;

o | @
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QUARK Why is its Yukawa coupling ~ 1 ??
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« We still know little about the properties of the top quark:
mass, spin, charge, lifetime, decay properties (rare decays), gauge couplings,
Yukawa coupling,...

 Aunique quark: decays before it hadronizes, lifetime ~10%°s
no “toponium states”
remember: bb, bd, bs..... cc, cs..... bound states (mesons)



Top Quark Production

Pair production: qq and gg-fusion
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Figure 9.3 Top-quark pair production in the Born approximation.

NLO corrections completely known
NNLO partly known
approximate NNLO results:

oLnc = (887F 33 (scale) 15 2 (PDF)) pb

oy = (7.04753¢ (scale) 7517 (PDF)) pb

Tevatron LHC
1.96 TeV |14 TeV
aq 85% 5%
ag 15% 95%
(14 TeV), o (pb) | 7.0pb |887pb
(1.96 TeV).

For LHC running at Vs = 7 TeV, the cross section is reduced by a factor of ~5,
but it is still a factor 25 larger than the cross section at the Tevatron




Single Top Quark Production

Electroweak production of single top-quarks
(Drell-Yan and Wg-fusion)

W t

g b
60! b
(a) (b) (c)

Figure 9.5 Representative Feynman diagrams for the three single top-quark production
modes. The graphs show single top-quark production; the diagrams for single
antitop-quark production can be obtained by interchanging quarks and antiquarks.

Process Vs Oiab o4 oWt

pp—t/f 196TeV  1.867) 13 pb  1.02+0.08pb  0.25+ 0.03 pb

pp — t 140TeV  14944+41pb 7.2370%2pb  41.1+42pb

pp—+t  140TeV  889424pb  4.037018pb  41.1+42pb

Table 9.2 Predicted total cross sections for single top-quark production processes at the
Tevatron and the LHC. The cross sections of the ¢-channel process are taken from [22].
The values for s-channel and associated production are taken from [23]. All cross sections

are evaluated at m¢ = 175 GeV.
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Top Quark Decays 5\ FL ;
BR (t—Wh) ~ 100% a/fg \

Dilepton channel:
Both W’s decay via W— fv (f=e or u; 4%)

Top Pair Branching Fractions

“alljets"™ 46%

Lepton + jet channel:

One W decays via W — {v ({=e or u; 30%)

t+jets 15%

Full hadronic channel:

y . 10/0
Both W’s decay via W—qq (46%) “ 2%
*C 9o .
"\V\'\}i c‘\éo'l\%lo u+jets 15%
X €
N e+jets 15%
‘dileptons” "lepton+jets”

Important experimental signatures: : - Lepton(s)
- Missing transverse momentum

- b-jet(s)



7.2 Measurement of Top Quark production

at the Tevatron



tt cross section (dilepton) |

» Two high p; leptons (opposite charge)
ee, ey, uu

« Significant missing transverse momentum

e 21jet(en), =22jets (ee, uw) |

ee,euw and uu combined
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Top quark is needed to describe the
b-jet multiplicity distribution in dilepton events



Tevatron b-tagging performance

DO NN Tagger '
¢+ Run lla Preliminary
Jet = ]
. Run Iib Preliminary
1y 80/
Displaced tracks | 1
2 ;
L | L - '
w 70f //
Decay lifetime O g | g
v Ly //‘D,Secondary vertex 5 il
o Loose ---gof---3" Similar
Primary vertex 4 ﬁ
9 / for CDF
~ /
do\ i Tlght _--50—
Prompt tracks L

fake-rate (%)

Neural networks are used for optimal
combination of tagging information



tt cross section (lepton + jets) (including b-tagging)

b-tag selection:

* One high P+ lepton (e, w)
« Significant E;™ss

« 21 b-tagged jet

Events

\
A\
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1 Jet

Clear excess above the W+ jet background

In events with high jet multi
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Kinematic selection:
* One high P+ lepton (e, w)
« Significant E;™iss

e 24 jets

o Likelihood discriminant (tt vs. W+jets)
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tt cross section summary from the Tevatron

CDF Run Il Ppreliminary’ July 2008 ) o
" [ Cacciar et al., arXiv:0804.2800 (2008) | Assume m.=175 GeV/c? | Dg Run " = preliminary August 2008
Kidonakis & Vogt, arXiv:0805.3844 (2008) t
[0 Moch & Uwer, arXiv:0807.2794 (2008) ‘
. I+jets & dilepton & tautlepton* +0.46 +0.64
Lepton+T 7.83 7,0 o2 1048 pb
T ey 8.3+1.3+0.7+0.5 L0 *T’H 045-0534048P
Lepton+Track: Vertex tag 10.141.841.140.6 1#]ets (btagged & topologicl PR HeH 7.42 053046 4045 pb
(L=1.1fb") e 09 fo
Di r # tagaed)’ +0.52 +0.77
Ditepton, 59 6.7+0.8+0.4+0.4 | 1‘?‘;}“3“’3' retur btagged) ko 820 5 gqt0s0ph
le(pfgr;geft)g)i(inematic ANNZ 6.8+0.4+0.6+0 4 d]ll;f;:fﬂn (topological)* - 7.03 i”i :ggg 1043pb
'Lefgggf;t;ga)vmex Tag 7.240.4+0.5+0.4 Ijzr?bcr (b-tagged)* 50 16 09 .05 pb
Lepton+Jets; SoftElectron T6S 7.8+2.4+1.5+0.5 tz‘z’:‘fpmn (btaggedy’ 1274 Beep  Summary of syst.
‘Lepton+Jets; Soft Muon Ta i un Certal ntl €s
(L=201) ’ 8.7+1.1:0.9+0.5 tauﬂe\ts (btagged)” I 514 "% 727 w09 pb .
ME T+ ot Vortox Tag S o e b-tag analysis (2.7 fbl):
+Jets: Vertex Tag 4412 49840 alljets (b-tagged. PRD) 20 14 .,
A"'(Ed:‘_’gif‘g-%’e"ex Tag ' 8.3+1.0 ifjgiO.S N (stt) (syst) (umi) JET ENERGY SCALE 0.16 2.2
=175 GaV I M. Cacciari efal., atXiv.0804.2800
‘CDF combingd 7.0+0.3+0.4+0.4 @ CTEGB 6l I N. Kidonakis &ind R Vogt, arXiv.0805.3844 EOUELAEEE 0.38 5.2
(L=2.81b") (staty~(syst(lumi) S. Moch and P. Uwer, arXiv:0804.1476 N —— 0.08 11
| I I | | I I I
MIS-TAGS 0.15 2.1
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12
- - - HEAVY FLAVOR
o(pp — tt) (pb) o (pﬁ _)tt) [pb] CORRECTION 0.23 3.2
LUMINOSITY 0.42 5.8
2 QCD FRACTION 5 A
Good agreement: 0.02 02
i . e 0.13 1.8
- among various exp. measurements (tWO experi ments) INTIAL/FINAL STATE
0.04 0.6
. . . RADIATION
- and with NLO + LL QCD prediction . Y o
- Systematic uncertainties at the 10% level 0.06 o
(luminosity, b-tagging) TomaL 0.67 0.3

CDF Run Il Preliminary L=2.7 fb:!



7.3 First measurements of Top Quark production at the LHC

%ATLAS

EXPERIMENT

Run Number: 160958, Event Number: 9038972
Date: 2010-08-08 11:01:12 BST

Event display of a top pair
e-u dilepton candidate with
two b-tagged jets. The
electron is shown by the
green track pointing to a
calorimeter cluster, the muon
by the long red track
intersecting the muon
chambers, and the missing
ET direction by the dotted
line on the xy-view.

The secondary vertices of
the two b-tagged jets are
indicated by the orange
ellipses on the zoomed
vertex region view.



First results on top production from the LHC

Events

I
ATLAS

: f L=29pb’
100?

so%

77

lagged e/u+jets |

® data
[1tt ]
B single top
Z + jets T
W + jets
B aco -
uncertainty _

/,

7

Event Selection:

3 =4

Number of jets

* Lepton trigger
« One identified lepton (e,u) with p; > 20 GeV

« Missing transverse energy: E;™ss > 35 GeV
(significant rejection against QCD events)

« Transverse mass: M; (I,v) > 25 GeV
(lepton from W decay in event)

« One or more jets with p; > 25 GeV and
n<25



Details on the composition of the event samples:

ATLAS experiment, L = 35 pb! (data from 2010)

Table 1: Selected events in the electron (top) and muon (bottom) channels split up according to jet multiplicity.

The uncertainties quoted are statistical and systematic.

Electron Channel 1 jet 2 jets 3 jets 4 jets > 5 jets
1 143 +29 61+9 116 + 13 111+16 82+12
W+jets 9000 £ 1900 2300+ 700 580 +250 140+90 41 +26
QCD multijets 290 + 140 123 + 62 62 + 31 13+7 8+4
Single Top 36 +4 42 +5 22+ 4 T.8% 1.8 3107
Z+jets 65 + 14 62 + 20 32+ 14 12+ 8 6+4
Diboson 353+ 2.8 30.1 + 24 903+1.5 2280 0.4+ 1
Total Predicted 0400 + 1900 2700 £ 800 830 +250 290+90 141 +29
Data Observed 9481 2552 781 213 127
Muon Channel | jet 2 jets 3 jets 4 jets >3 jets
1 19 +4 81 + 12 161 + 18 158422 115::16
W+jets 19000 + 4000 4600 + 1500 1100 £ 500 250+ 150 70 +40
QCD multijets 520 + 160 287 + 86 121 + 36 30+ 10 20+ 6
Single Top 577 64 + 8 32+ 6 11.1+25 4.0+ 09
Z+jets 770 + 160 250 + 80 69 + 30 19 + 12 6+4
Diboson 63+5 55+4 16.1 + 2.6 34+ 0.7 0.6+ 0.1
Total Predicted 20000 + 4000 5300 + 1500 1500 +£ 500 470 + 160 210 + 50
Data Observed 20583 5228 1356 448 205
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b-tag requirements, higher integrated luminosity
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Description of the invariant mass distributions in the I-had channel

ATLAS Preliminary  [u+ets]

Ldt=35pb"

3 jets /0 b-tag

—eo— Data

= Model
= = = Background
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Top fractions increase with number of b-tags
Good description for all jet-multiplicity and b-tag combinations
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Data are consistent with top quark production with mass of 173 GeV
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Figure 3: Number of events passing the full dilepton selection criteria without a b tag (points),
as a function of the jet multiplicity for e*u¥ (left) and all dileptons (right). There is no Et
requirement for the e*u, and a requirement of Fr > 30GeV for the eTe™ and pu* ™. The ex-
pected distributions for the tt signal and the background sources are shown by the histograms.
The Drell-Yan and non-W /Z lepton backgrounds are estimated from data, while the other
backgrounds are from simulation. The total uncertainty on the background contribution is

80

CMS tt signals in the di-lepton channel
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CMS tt signals in the di-lepton channel
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Figure 4: Jet multiplicity for events passing full dilepton selection criteria with at least one
b-tagged jet, otherwise the same as in Fig.
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Figure 5: Multiplicity of b-tagged jets in events passing full dilepton selection criteria with
at least two jets compared to signal and background expectations from simulation. The un-
certainty on the number of signal events corresponding to the uncertainty in the selection of
b-tagged jets is displayed by the shaded area. The distributions are foreu™ (left) and all (right)
final states combined.



CMS tt signals in the di-lepton channel
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Figure 1: Distribution of the b-tagging discriminant in events with at least one jet and two
oppositely charged leptons in data (points), compared to signal and background expectations
from simulation (histograms) for ete™ (left), u™u~ (centre), and e*u¥ (right). The simulated
contributions are normalised to the SM predicted values without additional corrections. All
background contributions are combined and displayed separately, based on the flavour of the
simulated jet.



Top cross section measurements based on 2010 data
from ATLAS and CMS

ﬁ_ B ——NLOlQCD(pp)l ° ATIl_AS180¢|18pb ] g 327 """" B Y %
o | = Approx. NNLO (pp) (35 pb™, Prelim.) g E
-~ NLO QCD (pp) v CMS 158 + 19 pb . . L E
102 £ -- Approx. NNLO (pp) (36 pb™, Prelirr].‘)__‘_.‘.—,_-.:f;-’-‘;';i'—'-" = N E
~ = CDF 5> m 150 E
~ n - \s=7TeV E
- DO 300¢ 1] " fa-ose’ E
- 250F 34 WAy N/
] 85706 07 08 09 1 11 12 13 14 15
10 200% : ooy
n ] 505 : Best fit (ATLAS) gives
- ] - a slightly higher cross-section
B 100F 1 7 than the expected approx.
i 6.5 7 75 | NNLO QCD value,
gl ) e L but consistent within 1 o
1 2 3 4 3 6 7 8 (red: likelihood, stat errors only;
s [TeV] blue: stat + syst. uncertainties)

Results between the two experiments are consistent
Perturbative QCD calculations are in agreement with the obtained results



Summary of ATLAS cross section measurements

ATLAS Preliminary e Theory (approx. NNLO)
Data 2010, f L=35pb’ § m, = 172.5 GeV
L+jets w/ b-tagging :

Multivariate N 18610 *2 =6
Top mass profile fit |—|—A—I—| 1568 2 x5
Top mass standard fit P 18314 2 + 6
Counting o ! 156+ 10 *5 =6
: (stat)=(syst)=(lumi)
| | | | | | | | | | | | | | | | : | | | | | | | | | | | | | | | | |
0 50 100 150 200 250 300
o [pb]

Perturbative QCD calculations (approx. NNLO) describe
the data well




7.4 Top-quark mass measurement



Top mass measurements

e Top mass determination:
No simple mass reconstruction possible,
Monte Carlo models needed

— template methods,...
matrix element method...

Most precise single measurements:

My, =172.1 £ 0.9 (stat) = 1.3 (syst) GeV/c?2 (CDF)

My, = 173.7 £ 0.8 (stat) 1.6 (syst) GeV/c? (DOD)

 Reduce jet energy scale systematic by
using in-situ hadronic W mass in tt
events

(simultaneous determination of m, and
energy scale)

2]
w
=

Events{5.0 GeV)

D@ Run lIb Preliminary, L=2.6 fb'

1.06F- lepton+jets with prior
1.052—
1.08F
1.03F
1.022—

1.01F

AlnL=2.0

AlnL=4.5

PO I I AR R P A
0'=ﬂ:8 170 172 174 176 178

180

M, (GeV)

top

CDF Run Il Preliminary (2.9 ib)

- 22tags eventsm ™
sof- —— Data

i B Fitted 1
af I Fitted Bkg
sl X?/Ndof = 20.2 / 22

Prob = 0.569

100 150 200 250

full hadronic channel

300
e (GeV)



Example: template method

» Calculate a per-event observable that is

sensitive to m, B-tagged signal templates

g'o.ou;—
» Make templates from signal and §o0.0220
background events Z 002
g 0.018 [] Mp=150 Gevie?
» Use pseudo-experiments (Monte Carlo) S [ M., 175 Gevic?
to check that method works :::
] y v 0.015
* Fit data to templates using maximum 508"
likelihood method 0.006F

0.004}
0.002F
9 -1 0 150 200 250 300

reconstructed M,,, (GeV/c?)




Summary of present results and future prospects

Mass of the Top Quark (*Preliminary)
@
CDF-I di-l 167.4+10.3+ 4.9
. L

DO-1 di-l 168.4+12.3+ 3.6
a ———

CDF-Il di-I 171.2+£2.7+29
. . D=

DO-Il di-l 174.7+29+2.4

{
CDF-l I+ 176.1£5.1£ 53
. e

DO-I 1+j 180.1+£ 3.9+ 3.6

. . @

CDF-II 1+ 172109+ 1.3
. —e—

DO-I1 1+ 173.7+£ 0.8+ 1.6

@

CDF-l all-j 186.0+10.0+ 5.7
A _ ——

CDF-Il all-j 1748+ 1.7+1.9
. e O ta

CDF-Il trk 1753162+ 3.0
. =@

Tevatron March'09 173.1+ 06+ 1.1

(stat.) = (syst.
| | | | x?/dof = 6.3/10.0 (79%)
|

150 160

Expected LHC

(Combination of several methods, maybe somewhat conservative)

170 180 190 200
my,, (GeV/c?)

precision for 10 fb-1:

<~ 1GeV/c?2




Top-Quark Mass [GeV]

CDF - 178:0°=1 .2
DY 1= 15742+ 1<
Average 173.3 = 1.10

+?/DoF: 6.1 /10

LEP1/SLD B72iB R e

- 10.2

+ 11.5

LEP1/SLD/m,, /T, s 179.2* 1"
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Number of Events / 20 GeV

First top quark mass measurements from CMS

» Use lepton + jet channel
 Full 2010 data set

e 637 candidate events
selected

CMS Preliminary, L = 36 pb'
L —+— Data
60— M
 w-lv
Single-Top
B Z*-IT
QCD

40—

e + jets channel
20—

o 100 200 300 400 500 600
Fitted Top Mass [GeV]

Top quark mass after the fit of the e+jets selected
sample for an integrated luminosity of 36/pb
after applying the event selection and requesting

at least one solution with chi2<10.

CMS, 06.06.2011

m; = 173.4 + 1.9(stat) & 2.7(syst) GeV.

Lt

Already impressive precision reached
at that early stage of the experiment !



Estimated error compared to expectations from Monte Carlo simulations:

- »sCMS Preliminary 36 pb” stV =7 TeV - CMS Preliminary, 38 pb”’ sty =7 TeV
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s F H H\ tlectfontjets
lv- - i WE '11
s \Kw
o .-A-A-A-A:-A-l-l-l—-l-u-l—n-l-l- 1 1 il Lo ﬂﬂ
155 160 165 170 175 180 185 1 2 3 4 5 8 7 0
Top mass [GeV] fitted statistical uncertainty [GeV)
_ 5cus Praliminary, 38 pb” at\E =7 TeV - CMS Preliminary, 38 pb” atvz = 7 TeV
L b > 3
- 3: . g . DATA toan = 220
! 2of g wl RMS - 0.33
g C { 3
15 i OO'E f
" r \ muo+jets
- - a 1 w Y
B I+
¢ g 10
B [ T e B T S I A T )
Top mass [GeV) fitted statistical uncertainty [GeV)
CMS Preliminary, 38 pb” at\E =7 TeV CMS Preliminary, 36 pb™ at\E =7 TeV
gzs: i . § W.E Moan = 1.86
s 2of % -o'; DATA AMS = 0.25
i P
*asp wE
F . -
N C . i u / \\ leptonttjets
L wWE
C . E !
C - a E
sf = - 1ok I'.11.
155 160 165 170 175 180 185 190 ‘o 1 2 3 4 5 6
Top mass [GeV] fitted statistical uncertainty [GeV)

Figure 7: Likelihood as a function of the top quark mass from the fit to the data (left) and the
estimated uncertainty compared to the expectation from MC pseudo-experiments (right), for
the electron+jets (top), muon+jets (middle), and the combined lepton+jets channel (bottom).
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7.5 Constraints on the Standard Model
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Best estimate for the Higgs boson mass from the different
electroweak observables:

A(SLD)
sin®67(Q,,)
m,,*
FW*

Q,\(Cs)
sinze,\—,,g(e’e‘)
sin?8,,(VN)
gr(vN)
ga(vN)

M, [GeV]

July 2010
L
—e—
®
*preliminary
T i | P LR 2 y 1
10 10 10

Examples:

Ratio of Hadronic to Leptonic Width

Experiment R =T.4/T,
ALEPH —— 20.729 = 0.039
DELPHI \ 4 : 20.730 = 0.060
L3 ——1-@—— 20.809 = 0.060
OPAL —®—— 20.822 = 0.044

x?/dof = 35/3
LEP 20.767 = 0.025
common error 0.007

108

M, [GeV]

ag =0.118+0.003
linearly added to

M, = 172.7:2.9 GeV

10
20.65

20.75
RI

20.85

R, and m,

Mass of the W Boson (preliminary)

Experiment

ALEPH e
DELPHI N B B
L3 —fot
OPAL

LEP

M, [GeV]
80.379 + 0.058
80.404 + 0.074
80.376 = 0.077
80.416 + 0.053

x?/dof = 29.2/35
80.392 + 0.039

M, [GeV]

(5) _
Aoyag=
0.02758+0.00035
linearly added to

M, = 172.7+2.9 GeV

M,, [GeV]

80.6



[T | | T | I | I | | | T | T | | | | | I T | T ]
80 70 L €xperimental errors 68% CL.: A
B LEP2/Tevatron (today) i
. Tevatron/LHC il
8060~ —— |Lc/Gigaz
< K
o 80.50—
(5, li
=
=
80.40
80.30
SM
MSSM
80.20 both models
| Heinemeyer, Hollik, Stockinger, Weber, Weiglein '107]

160 165 170 175 180 185
m, [GeV]

Predictions for future precision (including LHC), compared to the Standard Model
and its Minimal Supersymmetric Extension (MSSM)

Ultimate test of the Standard Model: compare direct prediction of Higgs mass
with direct observation



