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A CMS Experiment at LHC, CERN
»C{\?rs ., | Data rec d: Mon
- | Run/E: [i]

Z-ee event

Latest news!!!

Very successful
commissioning of heavy ion
set-up followed by very quick
step up in the intensity

After 6 days maximum l
number of colliding bunches 5 ey

reached (121 x 121 bunches) Sy i "

Up to 1.75 ub! reached last W Sl
morning p o
LHCC open presentation by all "p{ :

experiments TODAY!! ;
v 4-jet event
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A brief history of the top quark

1971: three quark generations first hypothesized by Kobayashi
and Masakawa

1977: Isospin partner needed for anomaly cancellations after b-
quark discovery

1983: PETRA determines I°, with A, measurements

1984: UA1 “discovery” (mt = 40+- 10 GeV with 12 events
observed and 3.5 expected, then retracted

1987: B mixing measurements imply a large top mas.
1992: LEP determines I°, = -1/2

1988-1993: increasing lower limits on top mass by CDF and DO
1994: first evidence by CDF, m=174+-12 GeV

1995: Observation of top pairs by CDF & DO
2008: Observation of single top by CDF and DO

Elzbieta Richter-Was Lectures on LHC physics 3



A brief history of
top quark
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The top quark

" Needed in theory as
Isospin partner of b-quark

" Properties well defined by
the Standard Mode| Discovered at Fermilab in 1995

10

“ Unknown - top quark ,,OZ &

Mass -
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As heavy as the atom of gold
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The top quark

" The heaviest fundamental
particle with unique properties

2 Large coupling to Higgs boson
(~1)

9 Important role in electroweak
symmetry breaking?

A Short lifetime: decays before
fragmenting

TR B x 1075 << Agep

The most probable place for new physics to show up?
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Top quark decays

small rate, high background
backgrounds: multijet, W+jets

In Standard Model TS tt decay modes

14%

high rate, high background
main background: multijet

~100% vV, q .

£+ '
il d

tau + jets

| all jet
46%

all hadronic

lepton + jets

- (BN
g —dlluptonﬂ
W decay mode defines
top pair final state d““"‘;“hhﬂ

small rate, small background
main background: Drell-Yan
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good rate, manageable
background
main background:W+jets
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Top quark properties

Citation: W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) (URL: http://pdg.lbl.gov)
s 1
[:] 1(P) = o3 )
Charge = % e Top = +1

Mass m = 174.2 + 3.3 GeV [P] (direct observation of top events)
Mass m = 1?2.3l12_’§ GeV  (Standard Model electroweak fit)

t DECAY MODES Fraction (I';/T") Confidence level {M:\{a’c)
Waq(q = b, s, d) =
W b =

{ g anything [e.d] ( 9.4+2.4) % —

v b _
vq(g=u,c) [e] < 5.9 x 10— 3 95% -

AT = 1 weak neutral current (71) modes
Z qglg=u.c) T1 [f] < 13.7 % 95% -

Elzbieta Richter-Was Lectures on LHC physics 8



Top quark pair production

Tevatron LHC
proton 9 A t
e o ! ’ f-rs_ < 9 poooo] ¢
i < - \*\ { -
antiproton S f ‘ g "00000 t
15%
85% g .
NNLOaPProx for m¢ = 172.5 GeV, CTEQ 6.6 PDF a%ﬁw

; 5 A i

Vs (TEV) ~9% uncertainty ~90%

| 9tt (pb)| |60 8 886 3 |
PRD 80, 054009 (2009) \.

~20 larger than at Tevatron h N\ 000 y/ t

250 pb! LHC sample ~ 5 fb™! Tevatron sample L

assuming similar efficiency
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\Top quark pairs at Tevatron

top quark pairs - ) aln-:)m::llc:u‘:si couplings
= | rare decays
m >5fb! of data /' branching r’g’tios
- CKM matrix element |V
m >2,000 top candidates e L

per experiment W*‘ /
b

spin correlation
charge asymmetry As

mass, charge, width, lifetime

“'--...___,“'

>
production cross section /\/ " WV helicity
production kinematics W~ _—
resonant production -l s,
production mechanism b - 9

new particles

Observed EVV top quark production
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Top quark properties

Run Il Measurement SM prediction Luminosity (fb-1)

CDF: 172.6 + 0.9(staf)  1.2(syst) GeV

DO: 174.2 £ 0.9(stat) = 1.5(syst]) GeV 3 6
T iwar (@M=172.5 GeV) CDF: 7.50 = 0.31 (stat) £ 0.34 (syst) £ 0.15 (lumi) pb 7.4+0.6 pb 4.5
T jpor (@M=170 GeV) DO: 7.84 *046_ . (stat)*Ceé, o, {syst) *0-34 ;.. (lumi) pb 8.06 +0.6 pb 1
T Lingletop (B8M;=170 GeV) Tevairon: 2.76 *0-38_, - (stat+syst) 2.8640.8 pb 3223
| Vil Tevatron: 0.91 = 0.08 (stat+syst) 1 3.223
o (gg->ttbar)/ o (qq->itbar) DO: 0.07+0.15-0.07 (stat+sys) 0.18 1
My - My o DO: 3.8 £3.7 GeV 0 1
alﬂ:“i! o (lt—l+jets) Do: 0.88 =1%o 17 [stat+sysT) 1 1
o (it— t 1)/ o ({H—1l + I+jels) DO: 0.97 *032_, .o [stat+syst) 1 1
T pharsjets (BM=172.5 GeV) CDF: 1.6 £ 0.2 [stat) = 0.5 [syst) 1.79+0.16 -0.31 pb 4.1
CTtop CDF: 52.5um @ 25%C.L. 10°° ym 0.3
T top CDF: <13.1 GeV @ 95%C.L. 1.5 GeV 1
BR(t->Wb)/BR(1->Wq) CDF: >0.61 @ 95% C L. 1 0.2
DO: 0.97 *0907 _, o [stat+syst) 0.9
Fq CDF: 0.62+0.11 0.7 2
DO: 0.490 +0.106 (stat) £0.085 [syst) 2.7
F, CDF: -0.04 £ 0.05 0.0 2
DO: 0.110 #0.059 (stat) £0.052 [syst) 2.7
Charge CDF: - 4/3 excluded with 87% C.L. 2{3 1.5
DO: 4e/3 excluded at 92% C.L. 0.37
Spin cormrelations CDF: £k =032+ 0.55-0.78, 046 <K <0.87 @ 68%C.L. 0.78 0.022 +0.027 28
DO: & =-0.17 ~085 , . (stat + sysi) 4.2
Charge asymmeifry CDF: 0.19 = 0.0/ (stat) £ 0.02(syst) % 0.05 + 0.015 3.2
DO: 12 =+ 8 (statf) £ 1 (syst) % 0.9
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A challenge at Tevatron

p—

g Total inelastic

="

]

e g mb

% 10 bb .

§

(] t

t

Ny J\r(\l--- .__ & f .

Higgs (ZH + WH)

100 120 140 160 180 200

. we same signature as SM
Higgs mass (GeV)/ PN a

. low mass Higgs

0 Multivariate techniques to extract signal
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\Experimental e
challenges

" Only jets can be measured

= Clear mapping between . W

reconstructed objects and
partons

" Jet energy scale calibration
to particle level

0 dominant uncertainty

" |In-situ calibration using
hadronic W mass
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Finding top quarks: jet
algorithms

Projection to jets should be resilient to QCD effects

The algorithm should behave in similar manner (as
much as possible) at the parton, particle and
detector levels

N i N

jet 1 jet 2 |et 1 jet 2 jet 1 jet 2 jet 1 jet 2
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(Legacy) cone algorithms

The cone algorithm is (was)
most often used in hadron-
hadron colliders

a9 Perhaps most intuitive
9 Draw a cone radius R in n—¢ space

0 Non-trivial where we start the cone:

use seeds to build towers

combine seed towers with other
towers within a radius R

re-calculate jet centroid using new
list of towers.... inside cone

lather, rinse, iterate until a stable
solution is found

Elzbieta Richter-Was Lectures on LHC physics

Parton showering

- d outgoing parton
Hard scatter

R = (An) +(A9)

You may end up with
overlapping cones;
split-and-merge
procedure
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K, recombination algorithms

o Infra-red and collinear safe A2
: d;; = min(kF, kP)—2 2 2 : ne
o Resultant jets stable under s =min(k ki) pr AL = (4 —w5)” + (9 — ¢5)
these effects dg = k2P
o Two general classes

o Cone algorithms around
seeds

— a3 | —
P, 16eV] — | — u [GeV) |_CamiAachen. B=1_|

o Clustering algorithms

o Anti-k, is a clustering
algorithm
o p=1 for k, clustering, p=0 for
Cambridge/Aachen, p=-1 for
anti-k;
o Cluster smallest distance and arXiv-0802.1189v2
recompute
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‘Flndlng top quarks: b-tagging

" Powerful tool to suppress

backgrounds b
= Utilizes T S
9 Long live time = P

of B-hadrons
0 Semileptonic B decays

10 20 30
3D IP significance
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General methods

More sophisticated methods are
: used as the experimental
Zollids s challenge increases

2 Small S/B, signal, background
kinematically similar, higher

Templates DFECiSiOn
Simple vs multivariate techniques

2 A simple kinematic variable can be
calculated by theorists while NN
distribution cannot

A9 Multivariate technique exploit
correlations between variables

Need to understand if the Monte
Carlo models correlations
correctly

Matrix Element

) o|dWIS

Machine Learning

Elzbieta Richter-Was Lectures on LHC physics 18



\Templates/likelihood example

e Top quark mass measurement all-jets: 2D templates M; and
reconstructed M, —

Bbchgraund m, - (nmpkitn, » 3 Hgs svs

iﬁ_lg —  tim{™ templates, 1 tag events (Miop = 175.0}

Monte Carlo - 1

2 o |
Bl Es=30 B
Bl Es=-10
JES =+1.0

| JES =+3.0
P | Miop.JES) nplates, 1 tag events (WES = 0.0)

Bl Mwop= 180
B Mg = 170

Mtop = 180
! Muop = 180
Pir(™ | Miop,JE 0

CDF Run Il Preliminary, (2.9 ft')

An{LL ) Contours, 1 += 2 tags events

reconstruction
E
g
]
]
A
g

e
e Al = Eitted Vakees
QO _LniLA_)=45
COF Run Il Prefiminary (2.1 fb” 5[ bRl 120
= COF Run Il Preliminary (2.1 ib™) ot ) LRIl =05
I I I o 50/ Zlagﬁevemeim:" - I I Praelroabie Lagdl
3 0| 2 tags events m_ - 166 168 170 172 174 176 178 180 182 184
o kA ~+- Data M, (Gel]
E = M Fittod 1 T B Fitod
r B Fitted Bkg [ Fitted Bkg
Data s -
F 2iMdof = 8.7/ 26 wi/Ndof = 23.3/27
il Prob = 0.669

Prob = 0.988
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Neural networks

Uses correlations between inputs in order to decide
If event looks signal like or background like

9 Trained on Monte carlo kinematic distributions
o Thoroughly validated in actual data

Input Layer

O CDF Nl Preliminary 2.8 ('S - |
£ F Meis

Middle Layer B data (5388 evis)

¥=]

Easa: B tcr
Output Layer §

;300,

B ejets
> \O/ g

B oco

+

+

o X 03 04 05 06 07
” NN output
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Cross-section measurement

The most precise result come from
CDF when they normalise cross- i Ny >3  COFUPrelminary 35’

section to the yield of Z bosons in ?’“:‘ éi’::’*’“““*’
the same dataset - this gets rid of =« & oco

+ +

most of the 5.6% luminosity mf
uncertaintity. :

Data selection is loose, no b-
tagging
0.3 04 0.5 06 0.9 0.8 089 1

QCD and W+jets backgrounds are T Moutput
derived by a fit to the missing Et
distribution.

Result systematic dominated by jet
energy scale and to modeling

( 2.5-3%), 2% from Z theory, 1%
from Q? scale in W+jets

Elzbieta Richter-Was Lectures on LHC physics 21



Top pair cross-section i B, LB
measurement from DO

Result: Gtt = 7.7O+O'79_O|70 pb

0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9

sphericity
= Single lepton channel Z | Popretmine . L3
= Using kinematics, no b-tagging .|
" Boosted decision trees (BDT), 6
classes of events
05 5@ 100 150 200 250 300 350 400 450 500

H; (GeV)

D@ Preliminary, L=4.3 &' D@ Preliminary, L=4.3 ft'

D@ Preliminary, L=4.3 fb’

—=— data
Il top pair
B other
N W+jets > 3 jet
B multijets

2Jet‘5 Sjets

0.4 05 06 0.

Discriminant Output

0.

Discriminant Output

0. 04 [13 06 [ (1] 03 1

- Discriminant Output
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Cross-section measurement

It is now “less hot” subject at Tevatron

2 Still very precise check on perturbative QCD NLO
calculations; new production mechanisms, new decay
modes. Exp. precision better than theoretical predictions

2 Interest nowdays driven by top being background to other
searches (eg. SUSY, 4-th gen Higgs,...)

I I
II]]]]]]] Cacmarl el al aer 0804 2800 2008)

7z Kidonakis & Vogt arXiv:0805.3844 (2008)
[ Langenfeld, Moch & Uwer, arXiv:0906.5273 (2009) 10¢ =
Dllepion %%W%%_ 7.27+0.710.46+0.42 E CDF Runl CDF Run Il Preliminary
(L=4.37b7) (stat) (syst) (lumni) 9 E_ m,=175 GeV/c? with 0.11 fb™ m,=172.5 GeV/c® with 4.6 fb™ _E
8 } -------------------------------- {
Lepton+Jets (ANN) e 7.63+0.37+0.35+0.15 E + =
(L=4.6 ") a 7 =
L r 4
Lepton+Jets (SVX) [ 7 14-0.35+0.58+0.14 N T, it =
(L=4.3#7) = sE =
0 = E
AII-hadIPnlc — AL 7.21:0.50+1.10+0.42 o 43_ _f
(L=2.917) 2 ¢ PN B TTTRRY m=170 GeV/c’ CTEQ6.6 |
5 3 :_ ------ m=170 GeV/c* CTEQ6M > —:
CDF combined 7.50+0.31:0.34+0.15 c — 1725 GeVic? CTEQG.6|
»*/DOF= 0.60 i m=172.5 GeV/c? 21 . , E
1 | 1 1 1 1 | 1 1 1 1 | 1 I ” 1 |’ 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 :_ IIIIIIIIIIII m_175 Gevjc CTEQGM i m 1?5 Gev C CTEOE 6 _:
4 5 6 Z — 3 9 1 0 1 1 E Cacciari et al. JHEP 0404 (2004) 068 Langenfeld, Moch & Uwer, arXiv:0906.5273 mmp—

o(pp —> tt) (pb) . 1800 1960

\s (GeV)
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Forward-backward asymmetry
INn top-pair production

Asym metry, defined in the ttframe as

A recent “hot topic”: do t* get NAy>0 _ pAy<0
produced preferentially in proton Afb = ags0 - NAF<O
d i FECtiO n ? Reconstructed Top Rapldlty Difference

AT LO QCD the answer is no, at NLO &, ™" B e
few percent asymmetry is predicted >

in SM.

I
_CDF lPeImr\ r —-D t A D&ta — p.057 + D.028

Events
-
4]
°.

I —I—' A = -0.0051+ 0.0082

| = .

9 Larger asymmetries could be the s -
effect of Z'- tt in production I N

2 Smaller asymmetries could N S

indicate New Physics

Elzbieta Richter-Was

BD'CH DO and [::DF measure a non-zZzero'asymmetry. ND

easy combination ((_/DF Uunsmears data, DO smears

MC&N LC:] th eDry]

OB A ).150+0.050+0.0: (NLC) QCD predicts
A __=0. O38+O OOGJ

DO (‘ﬂr Bffb) 5|mu|t’|neou~;ly fit sample composition and

A : measure e‘i\\ = 8+4+ 1% (MC(@NLO predicts

Lectu A —‘]4‘2/&3 for SM top palrs)



TOP MASS 1117332 0.56(stot) + 0.89(syst) GeV

Top is the quark whose mass is best 5
. H - R
known: 0(0.67%) and decreasing.  _____ y .
Do we need to know this mass better? F
9 From SM perspective the answer is NO, AME ~ Gumi

not for constraining the mass of the Higgs boson

9 Precision on the other SM parameters still significantly
driven by ém,

2 As far as EW parameters, both in the SM and in the MSSM
a sub-GeV m_knowledge makes a big difference.

o In SUSY (and almost any other BSM model ) m,, is free, and
tightly connected to m, via loops:

om =1GeV & om = 1 GeV
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\Top Mass

m,,, [Gev)

1s band for m_ WA

168%, 95%, 99% CL fit contours incl.

- 'm,,, WA and direct Higgs searches a

|IIII‘IIII]IJI||IIlE_l‘IlII|I

S |68%, 95%, 99% CL fit contours incl. m__ WA

" LEP 95% CL

50 100 150 200 250 300 350 400
— M, [GeV] —
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Future precision on
the top mass

Tevatron:

9 CDF alone will
reach precision
below 1 GeV

2 With DO
combination, likely
get to 600 MeV

A true legacy, will be
hard to surpass at
LHC

Elzbieta Richter-Was

A M(total) GeV/c*

—
T

-
o

CDF Top Mass Uncertainty
(all channels combined)
1fb™ 2fb" 5fb" 10 fb”
N
¥  CDF Results &
N Run lla LJ goal (TDR 1996)
A(stat) scales as 1N'E, A(syst) fixed
[ e A(total) scales as 1NL
IRETEEETRTEE AM/M, = 1GeV/c®
||| 1 | IIIIII| | 1 \Illlll
10° 10° 10*

Integrated Luminosity (pb™)
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Electroweak top production

S Willenbrock, D. Dicus, Phys. Rev. D34,

1 1 155 (1986); S Cortese and R Petronzio,
O Predicted 10 years before top discovery — 150%08 Corie *
0 Observed |4 years after top discovery

Wt channel

W

s-channel t-channel it

0=1.04+0.04 pb 0=2.26+£0.12 pb Small at Tevatron, important at LHC
NNNLOapprox, mt0p= I 72.5 GEV

O ~ |Vu|2 Vie Vus Vb

e Vekm = Vea Vs Voo .
Ve Vie Vis Vi

b

in t-channel
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Slngle tOp prOducthn t channel

Contrary to top pair production, single
tops are not produced via strong force,
but by the weak force.

There are three distinct (interferences

are color suppressed) production

mechanisms named after virtuality of

the W boson
2 t- channel

relative t-channel enhancement at LHC

also enhancement from b-quark

0 s- channel

just like “Drell-Yan process”
relative enhancement at Tevatron
more sensitive to quark PDF's

2 W-associated single-top production

Elzbieta Richter-Was

Lectures on LHC physics

%4

Cross section
Tevatron 2.0 pb
LHC 14 TeV| 240 pb

s channel
q ¢

|14

_J -
q b
Cross section

Tevatron | 0.86 pb
LHC14TeV| 10pb
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t-channel process

For the t-channel process situation is complicated
due to the initial state b-quark

The LO+parton shower greatly underestimate
Importance of the spectator b-quark

!
q qf q q
z - t
b 7 7 =
leading order (Contribution to) NILO

With NLO calculations, spectator b-quark
spectrum is described only at first non-zero order
(thus, in fact, LO)
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t-channel process

McatNLO and POWHEG

2 Sizeable differences in shape

and normalisation for
spectator b-quark

0 b-quark massless, low p.
range not well described

10—1 —t—7 ]

t@Tevatron
t—channel

Solid: MC@NLO
Dashed: Herwig

0 50 100 150 200

Elzbieta Richter-Was
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Frixione, Laenen, Motylinoki e Webber (2006);
Alioli, Nason, Oleari e Re (2009)

% PP, VS=1960 GeV
(&)
> t-channel, |y; |<3
]
I =
)
> dashes: MC@NLO
o solid: POWHEG

e ) PN N N B

0 50 B 100 150 200
pr [GeV]
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The two schemes

q qr q q

- W t

b t ; -
5-flavor scheme: “2 = 2” 4-flavor scheme: “2 = 3”

At all orders both description should agree;
otherwise differ by:

0 evolution of logarithms in PDF's: they are
resumed

2 available phase-space
Q9 approximation by large logarithm

Elzbieta Richter-Was Lectures on LHC physics
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Single top cross-section

" The resulting cross-section in good
agreement with SM predictions

" Separate measurements in
s- and t-channel also extracted

= From the same data |V

Single Top Quark Cross Section

= 0.88+0.07

tol

August 2009

D@ Lepton+jets 2.3 b’
CDF Lepton+jets 3.2 "'
CDF MET+jets 217"

Tevatron Combination

Freliminary

B N. Kidonakis, PRD 74, 114012 (2006)
1

1
Bl B \W. Harris et al., PRD 66, 054024 (2002)

3.94 2553 pb
217 Z5:25 pb
50 25 pb

2.76 1038 pb

Miop = 170 GeV

0

Elzbieta Richter-Was

2

4

6

8

t-Channel Cross Section o, [pb]

4.5

3.5

2.5

1.5

0.5

t-channel cross section [pb]

CDF Run Il Preliminary, L=3.2 fb™

' e BestFit

68.3% CL
95.5% CL E
99.7% CL ]
SM (NLO) ]
SM (NNNLO) |

N

i PENEE EE 1 ]
35 4 45 5
s-Channel Cross Section o [pb]

DO 2.3 fb™

D@’'s measurement @
68% CL
90% CL
95% CL

SM’

Ztu FCNC 2
g, 0049,

Top flavor”®
my=1TeV

Top pion?
m,, = 250 GeV

Vel =0.2°

«n > <«

1 N. Kidonakis, PRD 74, 114012 (2006)
C 2T. Tait and C.-P. Yuan, PRD 63, 014018 {2001)
L I i 3|‘ Alwall et al‘ EPJ C49, 79‘" (2007)
0] 1 2 3 4 5
s-channel cross section [pb]
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Comparison of methods

Boosted decision tree
(BDT) is also a
multivariate technique
with a different learning
algorithm

Likelihood function is a
template analysis which
uses many variables

Among multivariate
analyses there is no clear
winner

Elzbieta Richter-Was

D@ 2.3fb" Single Top Results

Single Top Significance
Analysis Method Cross Section | Expected = Measured
o 4095
Boosted Decision Trees 3.74 Ty79 Pb 430 460
1.18
Bayesian Neural Networks |  4.70 fg_gg pb 410 540
Matrix Elements 4.30 f?:gg pb 410 490
Combination 394:088pb | 450 500

CDF 3.2 fb' Single Top Results

Analysis Cross Significance Sensitivity
Section (pb) (Std. Dev.) (Std. Dev.)
LF 1600 2.4 4.0
ME 25102 4.3 4.9
NN 1858 . 3.5 5.2
BDT gaies 3.5 5.2
LFS b 2.0 1.1
SD 241302 4.8 >~ 5.9
MJ 4913-2 2.1 1.4
Combined 2 & oy 5.0 > 5.9
34
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Top couplings

P I,q
Spin=1/2 w ' .“-’Jr
Important to directly measure - )
. -
top couplings Ve ~y.a
bt (1 — VbW,
The V-A character of the decay i
determines the W boson helicity
fractions
(3 N
Fo=0.70, F.=0.30, F. =
*1"& 1/2 ij2
" i L w;
| t:.mp WL 12 t.op 1 - 112 - 1
..k j;
35
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Extracting top couplings

= 8 | = |ongitudinal
o] L ===« right-handed
,/'top g — sum (SM)
w+
l+or d = S ¥ M !

; \ cos 6
w(cosf*) = f+'§(1 — cosf™)? + fgj(l — c0s%0%) + (1 — fo — f1)(1 + cos6*)?

1 l

o2 IAT2 g2 N2 , 52 TRGTLE@) 2. see
a: — odm s dM Sd M,z HeWier (2,
P (z; fo) ) /(fpdmld 17 dmsd M5 peén ) | Mz (fo)] EAIe PeWiet(x,y)

Same technigue as top mass but parametrizing the
matrix element as a function of f, assuming f,=0
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Measurement of f,

< Using 1.9 fb' and assuming f,=0 for m=175 GeV/c? we measure

(fg — 0.637 = 0.084(stat) + U.Dﬁg(sys))

Consistent with standard model expectations

Systematic uncertainties (GeV/c?)

CDF Run Il Preliminary (1.9 fb7)

'IH(ULmax) O

a: JES 0.019

20t | Initial state radiation 0.026

lq Final state radiation 0.020

li Generator 0.050

D . : Background 0.009
TR IR T PDFs 0.023

f, (Corrected) b-tagging 0.002

Next: perform analysis in 2D fp and f. Method 0.012
(model independent) Sotal 0.069
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‘LHC: the road to the top and
beyond

~ 160 pb 4 tt
Luminosity
~0.9 nb
10.4 nb
30 ub
few pb Time
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Top production at LHC

The LHC is a top factory

* Tevatron : = 85% quark-antiquark annihilation

* LHC : = 85% gluon fusion
g i :t 9 TRTOO) t
t s oUoos —— £
a0 o, LHC (7 TeV) ~ 20 o, Tevatron

We expect 1fb-1 by the end of 2011
9 We might have double the statistics
available at the Tevatron

Elzbieta Richter-Was Lectures on LHC physics

g (nb]

10 g T T 5 10"
10" —_ — 410
10k =5 4 107
F Tevatron BHC 3
10" -  10°
3 - 3
S & o 1
F o, ]
10° 3 10°
in' - 4 10
10 5 "',_.[E'rlo: > s/20) " - i E: 107
g s A E
o' T 7
=E K2 o \\"‘x. -~ 3 :
F & (E.> 100 GeV) ’ ’>< 7100
E f!w I' > J 26 E
10" o 107
E P _,}R_\_H E
107 fr v ,/ A7 AT
; - L
= E
i o, / B 4 a4 10
10 :- a, (E = gl %R ' -é 10"
||p‘ ;—""-lu:u::cw\l= 150ch:l o 2 _; ]I}'
E i E
107 F 0,{M,, = 500 GoV) 310’
m.-.'. il Lol il - 107
0.1 1 10
Vs (TeV)

Prowon - (Qani)proton Cross scoions
T T

10" cm” 5"

eventsisec for L



Steps towards: rediscovery

Detector performance "
Jets . -y
Electrons, muons o v
MET 'ﬁ%
B-tagging BT .|
Jet *_g.‘ RS

2 Soft physics
Pile'up Jet
Underlying event

Jet
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\CMS candidate event

CM™S Expement 8t LHC, CERN

Data recorded Wed Jul 14 00 32 47 2010 CLSY
R Evant 140°24 | 1740088

Lami sechom )

b tagged Jet
P, =822 GeVic, 4 =1.79, 9 = 1.03

D —

P E = 1190 GeV. 9 = 0.010
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CMS analysis: lepton-hadron

b-jet

Triggering on single leptons:

o u+X(p>9GeV/c), e+X(E;>15GeV)
Exactly one prompt, isolated,
good quality lepton:

rack ECAL HCAL
Zp;'1 + ZPT + ZP;
Rel.isol. = #=03 <03 R<03

Pr (-leplon)

e Muons: p;>20 GeV/c, |n|<2.1
- Rel.isol.<0.05

Jet reconstruction:
e Anti-K; algorithm (R=0.5)
e p:>30 GeV/c, |n|<2.4

e Expected four jets, two from
b quarks

e Electrons: p;>30 GeV/c, |n|<2.4

- Rel.isol.<0.1, conversion veto

Missing transverse energy not
used in event selection (yet)
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Top quark: CMS analysis

Missing transverse energy (crucial variable for top measurement):

Events /5 GeV

Events / 5 GeV/¢

1200

1000

- CMS Preliminary
I 0.84 pb7atvs = 7 Tel/
r e+jets, Nﬂsz 4]

llllllllllllllll

.

20 40

T T
—— Data

.

[ wty

[ B
[ o=
QCOHjets Uncatainty.

Events/ 5

1] 120 140

&0 80
Missing transverse energy [GeV]

GeV

CCMS bralimir'nary

300 4 phTatvs = 7 TeV
250018t N, = T
wof
150 i— ?//, :
oo} 4’
50 r
O ~"20 a0

80 80
Missing transv

T T
—e— Dot

I

[ v

- 2ip 'l

[ acotjes
QCOHjets uncertain

b b e & e b

100 120 140
erse energy [Gev]

Events / 5 GeV

50

40
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20

10
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F 084 pb Tl atys = 7 TeW
L etjets, NIH;EZ

S

0 20

40

80
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.
I
[ B
[] acoy+its

EZ7] oonirpts unsertsin

B0 100 120

Iy,

140

Missing transverse energy [GeV]

W transverse mass (calculated from electron + missing E;):

800

£ CMS Preliminary’
F0.84 pbat\s =7 TeV
Fetets, N_ >0

Njets=0

T T T
—a&— Daia

I -
K

| B
[] acbists
QCDi+Hets uncertainty |

Events / 5 GeV/d

100
M (W) [GeV/d]

120 1

160

CMS Preliminary
84 pblatys = 7 TeW
etjets, Nleu;E 1

Njets=1

T T T
—&— Diata

Il

[

[z

[ acoipjes
QCOp+jets uncertain
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T e i

100 120 140
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F 084 pblats =7 TeW
L etjets, Nlﬂszz

LI L B B B B B B B L
—— Dala
.
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[ acDyriets

EZ7] acnirts unsertsin

100 120 140
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\Top quark: CMS analysis

“Muon-in-jet” tagging:

" CMS Preliminary |

i2.
 Requiring a jet with a (soft, no § 10°£0.84 pb' at\'s = 7 TeV ;ﬁ“""’
isolated) muon within AR<0.4 W C u+ets [ W~ W (+iight jets)
* Sensitive to semi-leptonic 102 21 jets with a muon %:ﬁ:
decays of the b quarks

B Z/y*— 1 r(+light jets)

[ Jacp
QCD uncertainty

f

I IFIHII

IIIIIII| ] IIIIHII 1 IIIIJII| L1

Observed 7 events with

» Consistent with expected top 1§_ e
signal plus ~2.5 background g .
events 10—15— =

10—2 i | | | i

>4

3 >
Jet Multiplicity
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Combination of lepton flavours

Combining muon+jets and

Secondary vertex tagger 10
e Fake rate: ~¥1%

. £ [cMs Preliminary e
electron+jets channels Lglj 1PLO84pbratys=7Tev EM

- e/utjets, N 21 ] Veicrx

[ w-shv (+ light jets)

L1 IlllIlI

[ vobex

B z/y 1T (+ lignt jets)
[ ] acDiy+jets

QCD uncertainty

t

1 | 1llllll

10
Signal region N, >3: E
e Observed 30 events 1 _
e Predicted for background: 5.3 r
e Expected from top signal: 15 B

2 3 >4
Jet multiplicity
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CMS analysis: lepton-lepton

Same trigger as for lepton+jets events b-jet
e u+X(p>9GeV/c), e+X(E;>15GeV)
Two prompt, isolated, opposite
charged leptons (ee, puu, ep):

* p:>20 GeV/c, |n|<2.5

e Rel. isolation < 0.15

Z boson veto

* |[M-M,|>15 GeV/c? Jet reconstruction:
Missing E;>30 GeV e Using calorimeter + tracking
e Missing E;>20 GeV for e events e Anti-K; algorithm (R=0.5)

e p;>30 GeV/c, |n|<2.5
e Expected two b-jets

e Calorimeter + tracking information
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CMS: cross-section

Top pair production in pp collisions at \s = 7 TeV:

O_t? o Sobs Systematic

B I | uncertainty
e S_.. = humber of observed event Ceptonjselection —
) Energy scale 3.7%

after background subtraction oY
o . ISR/FSR 1%
[ ] =

SF = scale tfactor correcting for Decay model -
differences beween data and MC Branching ratio 1.7%
* A = expected signal acceptance (1.6%) packgrounds 15%
= integrated luminosity (3.1 pb™) Luminosity 11%

[ordam = 194 + 72(stat) + 24(syst) = 21(lum) pb]
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\CMS: Published results

Full selection applied: Z-Veto, | M(ll)-M(Z) | >15 GeV
MET >30 (20) GeV in ee,uu, (en); N(jets)=2

o(pp = tt) = 194 + 72(stat.) + 24(syst.) + 21(lumi.) pb

T YTy

S ——
. ' v 3 CMS

o -
€ 10 cwms ® Data 5 S sf p
L  3.ipb'at\s=7Tev [t signal 1 3 n 3.1 pb’' at s =7 TeV
[17] i Events with ee/. e - ./ LI L Events with a&' /e .
s - (=] -
sl I Single top - o~ 5[ A Data MWT
- L=2.9pb"! L_Jvv ] 2 ® DaaKIN
i EW 2 1 § af e All simulation MWT 1
b-tag uncertainty > - :
6 2 ] A All simulation KIN ]
! ee.’ep/p.p. 3 A AG Background MWT ]
4 - | 0 Background KIN
; 2f ...IE ’ H
2k iI- e c ® _
0 e e
0 1 >2 100 150 200 250 300 350 400
Number of b-tagged jets Reconstructed top mass [GeV/c’)
Accepted by PL-B arXiv:1010.5994
November 17, 2010 LHCC open meeting 33
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| |
A I A @8 F I | 5
L S " § . ATLAS tagged e/ n+jets
L

1201 preliminary ® data 7
. i 3 -
- | L=29pp" et ]
ublic results oy Jezon e
B I Z +jets 1
BD:_ - w-l-jets ]
Il aco

[ uncertainty

Combining all channels, o,; = 145 + 31732 pb
Significance of ~4.8c w.r.t. background only hypothesis.

- _I T T T | T 1 T T | T T T T I T T T T I T T T T I T T T T | T T T I_
o | ® ATLAS  ----- NLO QCD (pp) _
I_|:... | Preliminary —— Approx. NNLO (pp) | . _‘-_-_",'
= (2.9 pb™) NLO QCD (pp) R Number of jets

102 7 gr\:lsb y Approx. NNLO (pp) _...-:225 —

— dp 3 —.._,_-_,’.,- "" e . = —_I LIS [ N N L L |__

~ = CDF . 8 140 arLas tagged e/ n+3jets

= O _ (=] r Fy— ]

: A DO " 300 i d 10oF- Preliminary [ d;ata 5

) O; 2 L=29pb" El“ o ¢ §

L 50F 1 - o L single top g

C o 10p I Z + jets 7

10 200¢ 3 i W + jets ]

- i -] 1 - M ecp B

- 150:__'____,-,—- ] - [ Auncertainty |

i 100F 1 7 - ]
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1 1‘1.. 1 1 f: I L 1 1 1 | L 1 L 1 I 1 1 1 1 I 1 L 1 1 I 1 L 1 L I L 1 1 1 :_ - . _:

1 2 3 4 5 6 7 8 ) Tl ]
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Next topics

24.11 - Hot topics: new exclusion limits
1.12 - dibosons and anomalous
couplings
8.12, 15.12 - Higgs (SM)
5.01 - Searches: new exclusion limits
12.01 - Higgs (MSSM)
19.01, 26.01 - SUSY
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