~ Physics with first fb

at Large Hadron Collider

Today:

0 Physics with top
quarks
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‘News from HCP (Paris 2011)

Dc% * ATLAS + CMS Preliminary, \s =7 TeV |—=— Observed
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Observed exclusion 95% cL  1199s boson mass (GeV/c?)
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Expected exclusion 95% CL
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\Explanatory figure

=
(2]
L
5 10
{ =)
(=]
=
. |
&)
o 1
w
[#3]
10"

Explanatory figure (not actual data)

cl/o o Higgs production cross section we exclude, divided by
M the expected Higgs cross section in the Standard Model

= “Observed” (example data)
—— Higgs excluded at 95% CL below this line

Expected without Higgs (background)
- Expected region at 68% Confidence Level
El Expected region at 95% Confidence Level

Excess The data is higher than the expected background
Deficit The data is lower than the expected background
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Prediction with Higgs
(or new physics)

some parameter
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Brief history of the top quark

1976: Discovery of Upsilon at Fermilab
4 Contains a 5% quark: the b-quark

Structure of the families suggested existence of the 6% quark:
the top

From here on the race to find top quark begun

a

Q

a

Petra (e*e’): m_ > 23.3 GeV in 1984
Tristan (e*e’) in Japan: m_> 30.2 GeV in late 80s

SPS (p pbar): discovery of W and Z in 1983

UALl: m_> 44 GeV in 1988 (after having access in 1984 which they
thought was evidence for the top)

LEP (e+e-): m_ > 45.8 GeV in 1990
UA2: m_> 69 GeV which closed down channel

W- t b search closed down
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Brief history of the top quark

" Searching again for ttbar production with top mass above

W boson mass

0 1992: first lower limits on top from CDF (m_> 91 GeV)
a0 1994: first lower limits on top from DO (m_ > 131 GeV)

= Electroweak fits from LEP/SLS/Tevatron data:

o 155 GeV < m_ < 185 GeV

* Early 1994;
“Evidence for top at CDF”

m,, Constraints from EW Data

|

— no m, constraint
1— include m, constraint

5

exclusion

m L

—

ClL 68%

10

10° 10
m, [GeV]
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Top-quark discovery

17 events

D&

February 24t 1995: Simultaneus
submission of top discovery papers
to PRL by CDF and DO
9 50 pbtat DO

m, = 199 + 30 GeV

Events/(2) GeV/c?)

100 200

c,= 6.4+ 22pb Fitted Mass  (GeV/c?)
5 T T

Background-only hypothesis rejected 19 events CDF
at 4.60 g ¢

2 67 pb! at CDF S 3 i
m, = 176 + 13 GeV e :
O = 6'8+3'6-2.4 pb | | ; I_H-I:I-L-:-"—n.h
Background-only hypothesis rejected BO 120 160 200 240 280
at 486 Reconstructed Mass  (GeV/cd)
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\Top quark mass measurement

240 I ! ! ’ ! | ; i i " | " i X J |
:Electr:::n:f:feak"
200"_ th ¢ . L
T i * I3 ,} ?1. 3]
160 [h ﬂﬁ SRURE.
: Nigi! Il M__=1732+09G

Top Mass (GeV)

& Tevatron comtmrwed:
120 H| T4 IL CDF, DA
BU: _'dh* Top discovery .
e n 1995
40 f' N TS . TP, S S | SRR
1990 1995 2000 2005 2010
Year
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\Single top-quark production

Final Discriminant

- DG 2.3 fb™
. =
= 2009: Observation of top quarks 8 600, .
. . . g | tb+tqb N
In single top production @, 400 Weijets mm
o | Multijets mm
2 50 by CDF & DO! & 200
I T
Ranked Combination Output
= Slngle tOp: very Challenglng Single Top Quark Cross Section December 2009
channel D@ o/p+ets 2370 i 3.94 1082 pb
0 Low signal: similar signature like |pg < ec s 34 % pb
W+jetS! CDF e/p+jets 321 e 217 tggg pb
9 Counting only: Uncertainty on CDF f.+jets 24" | 50 25 pb
b_aCkg round Iarger than eXpeCted Tevatron Combination i 2.76 :3;33 pb
SiIgNna | !
- B, Harris @l al., PRD 66, 054024 (2002)
B N Kidonakis, PRD 74, 114012 (2008) Mygp = 170 GeV
L1 | ] ]

0 2 4 6 8
G (pP — th+X, tgb+X) [pb]
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Where we are today?

" Tevatron: S o, Mt“‘_._
9 Roughly 1000s of events gm [ ooz - 1725 v
A Precision measurements of wa— L
production cross-section = _
9 Observation in single top 5“ I;;‘_J:_t:ag
Q9 Precise study of top properties : i

250 300 350
Mass (GeV/c)

A9 Searches for new physics usinc
top quarks
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\Top-quark pair production

9 A t
g t

Most properties measured in tt events

At Tevatron:

85% + 159, ~ oo
At LHC: | i o Owoee—
14 TeV: 109 antiroton +90% t
‘ %
7TeV: 15% + 85%

\}" ’
g -

s |

Production cross section (@Tevatron):

approximate NNLO: g=7_46ig'2§pb @ m =172.5GeV

« 20 times higher @LHC (7TeV): 0=164.6" 55 pb
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\Final states In ttbar

tt-=W*bW'b : Final states are classified according to W decay

B(t—=W*b)=100%
pure hadronic:
Top Pair Branching Fractions 26 jEtS (2 b'jEts)

“alljets” 46%

dilepton:
2 isolated leptons;
High missing E_

t+ets 15%

from 2 neutrinos; 13;,07 lepton+jets:
; T S0, .
2 b-jets «.:fjf‘g_%,%{ 15% 1 isolated lepton;
XL AT . . .
ot +Jets 15% ~ Missing E_ from neutrino;
"dileptons" "lepton+jets" T

>4 jets (2 b-jets)
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‘What we study about top-quark?

Top mass
Top mass difference _ :
Top charge Branching ratios
Lifetime |th|
Top width Anomalous coupling
¢ New/Rare decays
—~ Spin correlation
t Charge asymmetry
Color flow
Production cross section
Production kinematics » :
W helicity s- & t- channel production,

Production via resonance

New particles properties and searches in

single top events
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\Measurements from Tevatron

Property

Measurement

SM Prediction

Luminosity (fb—1)

o,f (for My = 172.5 GeV) CDF: 7.5 4+ 0.31(stat) + 0.34(syst) & 0.15({theory) ph ?.Mfﬂ:ﬂ? ph up to 4.6
DO: 756705 (stat + syst + lumi) pb 5.6
Fibq (for M; = 172.5 GeV) CDF: 0.8+ 0.4 pb (M, = 175 GeV} 2.26 £ 0.12 pb 32
D0: 2.90 + 0.59 pb 54
o (for M, = 172.5 GeV) CDF: 18507 pb (M = 175 GeV) 1.04 + 0.04 pb 3.2
TH0: D_ﬂﬂt:: ::. ph 54
Charge asymmeoetry CDF: 0.158 + 0.074 0.06 5.3
D0: 0.196 £+ 0.065 54
spin correlation CDF: 0.72 4 0.64(stat) + 0.26(syst) 0777 o g 5.3
D: 0.66 £+ 0.23(stat + sys) 5.4
M Tev: 17324+ 09 GeV = up to 58
gtf-r CDF: 0.18 + 0.08 pb 017 +0.03 pb 6.0
| Vs | CDF: |Vip| = 0.91 £ 0.11(stat + sys) £ 0.07(theory) L 3.2
DO: Vi = L0241 5.4
R=B(t +Whb)/B(t =+ Wgq) | CDF: > 061 @ 95% CL | 0.2
Do: 0.90 +0.04 54
o(gg — t) /o(pp — i) CDF: 0.07H-2= 0.1%8 1
M, — M; CDF: —3.3 + 1.4(stat) = 1.0(syst) GeV 0 5.6
DO0: 0.8 £ 1.8(stat) + 0.5(syst) GeV 36
W helicity fraction Tev: fu = 0.732 £ 0.063(stat) X+ 0.062(ayst) 0.7 up to 5.4
Charge CDF: -4/3 excluded @ 95% CL 2/3 5.6
DO0: 4/3 excluded @ 92% CL 0.37
T; CDF: < 7.6 GeV @ 05% CL 1.26 GeV 413
DO: 1.9915%% gev up to 2.3
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\Top quark width

Top lifetime ~5x10*°s

2-tag Lepton+Jets

0.1

=> Top quark decay width is 1.4 GeV

Arb units

Top width determination using |+jets events o
0.06]
Direct: Reconstruct top mass - fit templates |

L0

0.3<I'<4.4 GeV @68% CL i
I'<7.6 GeV @95% CL b

—T,,=15CeV
— T, -100GsV

— l"bp =200 GeV

L=4.3 fb’

Indirect: Extract partial and total

L
150

200 250 00 390
M (GeVic")

width from combination of R PRL 105 232003

measurement and t-channel cross section

» Partial width from t-channel cross section

_TI'(t—->Wb)

=
B(t— Wb) Most precise determination of top width!

PRL 106. 022001 (2011)
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\Top quark charge

Exotic model with top charge -4/3 e could be possible (SM: +2/3e)

Use [+jets events with at least 2 b-tagged jets v

Kinematic fit: Which W belongs to which jet?

Determine top charge from

= |epton from W

» Jet charge algorithm

CDF Run Il preliminary L = 5.6 (%

-1.0

° |

-0.5 0.0 0.5

Q(W) * Q(b-jet)

B wsHF
Dmistag

D Single Top
B piboson
[Jaco

[t events
= Data

XM like

1.0

Qb—jer

B-\'-
et
b

Wl

_ Zi q;(p;a)

x: weighting

Zf(pfa)x

factor

Exclude exotic top charge
of -4/3 e at 95% CL!
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\Top quark mass

= Free parameter of the SM

» Together with W mass: puts constraint on Higgs mass

L s e S BN B e e e m s e e e e
80.70 | experimental errors: LEP2/Tevatron (today) 7

t 68% CL
95% CL t
b 7

Heinemeyer, Hollik, Stockinger, Weber, Weiglein 107
| S T o N T

A ol A L l AL . A A
160 165 170 175 180 185

m, [GeV]

= Measurement done with several methods:

Template method, ideogram, matrix element, etc.
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Top-quarks |
at LHC - e

a (nb)

a8 AE M = 100 GeW)
I o

i ///
Lo /
1k =, {I: = o 5fd) >/

i oL, = 150 GeV)

Lo -:ru-1 = 500 -_:-E"'-"} \\
41

v (TeWV)

" LHC: since 2010 new top factory
2 Already now 10-100ks of events!
2 Already now some measurements limited by systematics
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‘Top event reconstruction |+jets

-~

(_ -
Over constrained

O |8 variables
O |7 measured quantities

O 3 constraints
L )

b-tag

kinematic (-2) I

v/

/r two V solutions

~

0O |2 jet configurations X 2
neutrino solutions = 24

O b-tag: 12 permutation
0O 2 b-tags: 4 permutations

N

vy

nDoF: 3ny-5

Invariant mass
mw

Invariant mass
- mW

Presence of hadronic WV allows to
constrain JES

Elzbieta Richter-Was
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‘Top event reconstruction: all hadronic

f ) Invariant mass nDoF: 3ny-5
Over constrained

kinematic (-5) b

O full reconstruction of
kinematics is possible

b-tag

-~

Invariant mass

BT :
90 jet permutations . = mw

O b-tag: 30 permutations

O 2 b-tags: 6 permutations Presence of hadronic WV allows to

= # constrain JES
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‘Top event reconstruction |+jets

t Simple reconstruction - hadronic top
— — E 25 ATLASPrekminary o \ee7Tovsm | ' )
g | L i mew] O take three highest pr jets
T £ % ¢ EEzes . to build top mass
w_ CI e 15; [ :w:l.:?wz :
— \‘ | Bl cco
b —';‘ r 10 jL=35m'
A X [ 4 _
%700 200 300 400" 500 606 700
sz (Gev)

o if | b-tag in triplet take two
jets with no b-tag to build

VWV mass

Q if 2 b-tags in triplet drop the
event

0 if no b-tag take two jets
with min AR
ATIAS-CONF-2011-033
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‘Top event reconstruction |+jets

o if | b-tag in triplet take two
jets with no b-tag to build

VW mass

o if 2 b-tags in triplet drop the
event

O if no b-tag take two jets
with min AR

Elzbieta Richter-Was

Events / 25 GeV

25 ATLASPrebminary s

20

15

10

5

%" 100 200 300 400 500 600 700

Events / 10 GeV

LHC physics with first fb-1
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Simple reconstruction - hadronic top

wi = 7 TeV data

il m =1725 GeV

- s-bop.m =172.5 GeV 4
- 1

- Zejuls

Wejeta

O take three highest pr jets
to build top mass

WW.ZZWZ
Il cco

jL::;ﬁph'

o W mass window cut:
60<mw<100 GeV

[ L ]

Mz [GeV]
45%(36%) of correctl
SR N DR AR RS reconstructed W (top
[ m_=172.5 GeV
- 5 Iw.l--n”__ 172.5 GaV
L] -{*e:-; 4 -
0 Disadvantages:
s T WW.ZZWZ .
| . oo » loss of efficiency
. | iy » jet resolutions are
b not taken into
.. | account
G B0——Td0 150 200 250
meoGev)  ATLAS-CONF-2011-033
21




‘Top event reconstruction |+jets

t

Simple reconstruction - hadronic top

PE:

- -//Mlz

-

5,

0 consider light jets pair with 50<mw<100 GeV
O combine with b-tagged jet

O select combination with highest pr as a top
quark candidate

0 perform kinematic fit of hadronic W candidate

\

ey, a) = IE"L' Gl)r %52(1 -~
1

ATLAS-CONF-2011-120
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-

2 500 T H
S . ATLAS Preliminary sty
5 o - 172500
M2(ay,ar) — my @© 0.70 fb D e -
12 1 = _— 40(}_ _
r 2 = -
w c wrgle !L‘L
g-‘ B oo oo
w

ELoE
2955 Uncertarty

0O determines O and O
O recalibrates jet energies

O improves m. resolution

J

LHC physics with first fb-1

100

150 200 250 300 350 400
M [GeV]
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‘Top event reconstruction |+jets

4 A
0O X? minimization @
O takes into account reconstructed objects resolutions in pr

O approximates W and top Breit-Wigner lineshapes with Gaussians

| m|n|m|zed with respect to all parton level kinematic quantities
and ™M, " for each jet-to-parton assignment

2 2 2
W2 = (Mo = Mw)”™ | (may - Mw)* | (mjz —mi)®  (mes —mi*)
o 2 2 2 2
r2, r2, 2 I3
(pa‘,fg't B pi1m353 UE Jit UE,MEGS)Q
D
i={,4jets i j=z,y UE?

0O definition in all hadronic channel is similar
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‘Top event reconstruction |+jets

-

.

0 X2 minimization @
O takes into account reconstructed objects resolutions in pr

O approximates W and top Breit-Wigner lineshapes with Gaussians

O minimized with respect to all parton level kinematic quantities
and ™M, for each jet-to-parton assignment

2 = (mj; — Mw)® 4 (me — Myw)? 4 (mgge — ’"e")g (mevy —mi*)?
'Y I 7 T2
(p i,fit i, meas)z UE ,fit p?E,meas)z
> = ) P <A1
i=£,4jets i j=m,y UE

O definition in all hadronic channel is similar

>y
' '
O more sophisticated X? minimization - HitFit DI o
O uses Transfer Functions to correct reconstructed objects to
parton level
0O loose cut on hadronic W mass: 40 GeV<mw<140 GeV before
the fit to reject some permutations
9 S.Snyder, Ph.D. thesis, SUNY, Stony Brook, 1995 )

Elzbieta Richter-Was LHC physics with first fb-1 24



Matrix element method

Use full event kinematics = most precise method

For each event calculate probability to belong to certain top mass
Psig(x;mt) x [ PDF x Matrix element x Transfer function

Perform likelihood fit of event probabilities
Probability depends on top mass (& JES for in-situ fit)
Used in [+jets & dilepton final states

Elzbieta Richter-Was LHC physics with first fb-1 25



‘Top event reconstruction |+jets

O Kinematic Likelihood fitter (KLfitter)
ATLAS-CONF-2011-033

J uses Breit-Wigner

L = B“"!'Elm.[, chl.::?r!“'g [ w)- B\\'(_E{, E1.|mu.-, [w)- |
lineshapes for top

B\\-'.:’E‘Im'[! EI',:LZ- Eic,___-,imié‘;ﬂ’ r:apJ : B\\-’{E{. t; Eic:ﬁ m{;"* rmp] and W
{TF(ET”SU;LV) ' TF(E::”S‘J&UJ'] . TF(E{‘EE y A
- - -
I_I TF{Ei::.f‘{E}:L: )+ H TF{.”]CI..’“}JEIJ} . ﬂ Tr{fbica.”d’ic:.fj - d(b-tagged jet | b-quark).
e =] =1 =1 )
O Transfer Functions to correct Jraeol AMASPimimy  pe2dieeGien) ]
reconstructed objects to parton level: fLacorw -4
» energies and angles of light and b-jets :%ﬁ‘”‘f“‘ |
» the energy of the charged lepton
» two components of the missing Er
O b-tagging information can be use as a cut 1
2 or as a weight ) e
log(L)
26
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\Template method

Construct mass dependent template, fit to data

Alljets and |+jets: Take info from hadronically
decaying W mass to constrain jet energy scale

CDF Run Il Preliminary (58 b

gu_ug-_ ttm* templates, 1 tag events (AJES = 0.0} T f = 2-tag events
F s [
& F - 14ap
o .07 B ., =800 é C t— Data
I B w, =128 18, 120 U Fitted ti
n.os[-
E A M, =185.0 gmu— Fitted Bkg
5005 Pom™ | M, AJES) w  f
s f anl ¥iNdot = 38.2/ 31
n.oaf- C
[ sal Prob = 0.174
003 I
n.ozf 4
o.o1f- 20
|:|E- ) - .| P A P DY T T A oo N
e 150 200 250 200 20 40 60 &0 100 120 140 160 180 200

m [GaVie’] mi® [GeVicT]

Dilepton: Construction of templates more
complicated due to presence of two neutrinos

= Neutrino weighting, Matrix Weighting,...

Elzbieta Richter-Was LHC physics with first fb-1

Events / B GeV

LS LA e e e e I e e e e
300 ATLAS Preliminary =777/
0.70 fo'! W+ eie (DD}
B 7 - jeis
I single op
& ——
é [ =
‘:";5 dibosans
%

[a%] v
o (9]
(=] o
l I
Mo

il - ; # i
100 150 200 250 300 350 400

Mige” [GeV]

——

4

E 77| cms prefiminary ' oy
@  [36pb’ atys=T Tev % d :
(1] 25| eefer/uu events i 5
m,, =174.8 +

L 4

20 '_ IE:MS '- -

; é ‘ i

=

T T
Tog Cuark

Mass |Gevid|

(3 i I ' ) o ;
100 125 150 175 200 225 250

=
275

300
Reconstructed Mass (Gechf
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\Top-quark mass combinations

Mass of the Top Quark PIC2011 status

150 160 170 180
My, (GEVIC?)

190 200

August 2011 {* preliminary)
CDF-| dilepton A +11.4 (t103+ a9 . . .
D& dilepton * :I]Z;:_L:;_:mzﬁusj SyStematlcs ||m|ted !
CDF-II dilepton B | 6+ 3.8 (224 31) . :
DGl diepton T = Main effort for experiments:
COF-lleptonsjols © a7eq7a wsses detailed understanding of
D@-| lepton+jets 1801+ 5.3 L3938 Syste m at i CS
CDF-Il lepton+jets 173,04+ 1.2 |2 062 1.1}
D@-Il lepton+jets I (749118 rons1a = Main SYStematiCS at Tevatron:
CDF-| alljets 186.0£11.5 (#100+57) -
CDF-I1 alljets B | 1725+ 2.1 [+ 14+15) J E S re | atEd
CDF-l track ‘ i | 1659+ 9.5 1+ 90+23) = Main systematics at LHC: JES-
COF-Il MET+Jets * 1723+ 2.6 [+ 1.8+ 1.8}
Tevatron combination * 173.2+ 0.9 Irl 0.'? £0 HE rel a ted a n d IS R/ FS R
(ol = B.3/11 (68.5%)
Allas leptan+jets * | 1760+ 2.8 [+ 0927 . . . o .
oM lomtoneiotsfdlopton” Tevatron combination: first time
eptontjets/dilepton 1734+ 33 (£ 18427} .
| | | | | | uncertainty below 1GeV!

Elzbieta Richter-Was
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\Top mass with ATLAS

» Analysis performed with 0.70 fb! » Main systematics:
In +jets channel, * signal modelling
' asking the presence of one b-jet - ,‘JIE,SI for"gh“em”dme“
» 3-jet from hadronic top: $ ool ATLaS Py
combination with higher total p; g o E

» Technique: my,, and JES -
determined simultaneously

* W mass and width used s

constraints :

;,.- mtoprE‘CD |n da‘l‘c‘ have been 100 150 200 EéD ' Glsﬂh:::j;m[GB:l]jU
compared fosignal+ "

backgrounds templates with # mion = (1759 + 094 + 2. 7s) GeV

JES and ’ |

and M

" my,, and JES from a likelihood fif

100F

50F

Limited by systematics

| ATLAS-CONF-2011-120 |
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Future precision: Tevatron

Each experiment is
expected to achieve
uncertainty of
0.9-1.0 GeV with the
full dataset

Tevatron
combination is
expected to have
uncertainty of
0.7-0.8 GeV

Elzbieta Richter-Was
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- Tevatron Top Quark Mass Uncertainty

Combined CDF measurement

(=2
!

4 Combined D@ measurement

4 Tevatron combination

Projected future uncertainty range

[ E-
T 17 T T TT

ho

Total Top Quark Mass Uncertainty (GeV/c?)

Run 1

10 fb™

10
Integrated Luminosity (fb™)

sy
qﬂ
=&

LHC physics with first fb-1
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Top guark mass: what we
measure?

What is theoretical interpretation of the measured
parameter?
0 We extract top mass based on Monte Carlo — is it the pole mass?

Alternative method: extract mass form the
measured cross-section for ttbar production

9 Assuming MC mass = pole mass or MSbar mass
Take difference as systematics

o Calculate o, as function of pole mass; compare to measured ¢, as
a function of pole mass
Extract pole mass:
0 m, = 167.5*52,_ GeV (DO)

0 m, = 166.4*7¢_ . GeV (ATLAS, 35pb<)

Elzbieta Richter-Was LHC physics with first fb-1 31



Inclusive cross-section: [+jets pre-tag

» Analysis with 0.70 fb-1.

._ . 2400 , . S

» No b.fqgg"‘]g requesf £ 3ot ATLAS Preliminary e Data2011,Vs=7TeV =

lied £ 2000 [Ldt=0.7 b W B QCD Multijet =
apple w [0 W+Jets W Other EW

» Make use of kinematical
differences between ft
and W+jefts:

» Jikelihood discriminant
based on 4 variables
lepton n, leading jet pr,
event aplanarity and
fransverse momenfum

of all jets but the two . . .
leading ones 0 20 40 60 80 100

> FH' il'l_ 6 chqnnels: 3; 4 c:md Likelihood Discriminant
>= Jjets in e and u ch.

» Main systemafics:

* signal modelling (choice 7% uncertaintv!
of sigml MC generator, % Y

ISR/FSR) and jet energy
scale (JES)

e +Jels

i
ﬁ'II|III|III|III|I

3 Jets

:E-—
Illlélllh

Ratio Data/Fit

o = 179.043.9 (stat)£9.0 (syst)£6.6 (lumi) pb

ATLAS-CONF-2011-121
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\Top mass from cross-section

. e 1.1 fb?
" The result is not competitive in

precision but:
2 Provides the top quark mass value

in an exact definition of the mass-
p0|e 400

2 Important cross-check,
complementary to direct top mass

CMS Preliminary, Vs=7 TeV, L=1.14 {b™

approx. NNLO x MSTWO0SNNLO:
[ Langenfeld et al.
Kidonakis

Ahrens et al.

measurements oo
= Likelihood fit on the mass ~—
d e p e n d e n C e - & ::‘f::: ;esit(i:ur;s:;er:::: for mf“"" (Langanfalc-!_;:-
" . . I Measured cross section dependence on ml'“c
Uncertainty of the theory includes: o b ]
. . ' . le
2 Variation of the renormalisation, L
factorisation scales Approx. NNLO x MSTWOSNNLO | ™ / GeV | ni¥S / GeV
; Langenfeld et al. [7] 703t | 16311
[l ¥i b,
Error due to experimental Kidonalis 3 7007 :

uncertainties in the PDFs Ahrens etal 9] 167676 | 198

9 Variation of the strong coupling
constant in the PDF sics 33




\Top anti-top mass difference

Do top and anti-top have equal mass?

A My, tagged

o
5‘-_'2(!)

8180
Q

'd'IEO
C 140

‘g 120

5o

= If not: CPT violation!
Using template technique

= CDF (Assume average top
mass of 172.5GeV) ?
m, - m. =-3.3+1.7GeV (5.6fb™*) pri106 161801

150
A r|1“,,c {GeWc )

Using Matrix Element technique (DQ) ;130

o Ps_lg(x;mﬂr mE) instead of Psig(x;mt) =
m, - m=0.8+1.9GeV (3.6fb™) , vi-11062063

Still statistics limited

175 .

170 . . .

B -Dfé’}:}!:‘:fb1
etjets -

Good agreement with the SM!
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\Top anti-top mass differenc

" Select events with a muon and
multi-jet in the final state

" The muon charge allows to split
the data sample in two sub-
samples, where top or anti-top
quarks decay hadronically

" |deogram (approximate ME)
method is used to measure mass
of the top quarks.

= Many systematics cancel with
the subtraction

World best limit!

measured ___
AV W —

Mr. of events / 0.5 GeV

Mr. of events / 0.5 GeV

CMS Preliminary, 1.09 o' atys = 7 Tev
I~ 1 1 I 1

250F

1005

Wk
Co /IR ZT
B single-Top

—+ Data

wjets J

30 40 50 &0
Fitted Top Mass Sigma (GeV)

L_IT
"Wl

Wz T

B Single-Top

10 20

GMS Praliminary, 1.09 fb” at\s = 7 TeV
Frr T T T T T T T

30 40 50 [
Fitted Top Mass Sigma (GeV)

—1.20 +1.21 (stat) £ 0.47 (syst) GeV




Jets multiplicity in tt events

» Motivation: jet mulfiplicity » Main uncertainties:
measurement gives the = gt low jet multiplicity (4 jets):
possibility to constrain ISR at QCD and W+jets backgrounds
m,,, energy o (]T high jet mul’nphcﬂy JES

» Analysis based on 0.70fb in & [ e {::“% 1=
|+jets channel AR B E

» QCD and W+jets - :}"i:,, 1l
backgrounds estimated from : S RIE
data [ Eeseems NS

» Jet multiplicity distribution i . ! RMHMMIMIN 2
after background subftraction @fﬁ . S |
compared to different MC gg.g ‘iix“\“*\‘.&‘xl
pre dICho ns: . ) EIFieconstructed Jetal'\flultiplicity

= |SR varied within the .
uncertainty Present uncertainty:

no discrimination is possible
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ttbar charge asymmetry: ppbar

LO: No charge asymmetry expected
NLO QCD: Interference between qqg diagrams

Tree level and box diagrams:
q t q z
= Positive asymmetr
y y >~v—< + Q" “t
t - g - g
p%ﬁ q { q —
t

Initial and final state radiation:

t
= Negative asymmetry 9 8 ‘ 1
) 7 + el
P—» p — _
q t q t

t
Sensitive to new physics, e. g. Z' & sensitive to theory modeling
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ttbar charge asymmetry

Tevatron: pp is CP eigenstate —» pp (LHC) is not
- different way to measure the effect at Tevatron and LHC

i N(Ay>0)-N(Ay<0) 4 N(Aly>0)~-N(A]y]<0)
T N(Ay>0)+N(Ayp<0) T N(AlYF0)+N(Aly|<0)
Tevatron4 top Tevatron‘_ll E+p. LHC LHC 4 top

anti-top Y 5 n('E 5. anti-top
AYy=Y. -Y:. Alyl= 1yl - |y /\ "
n N n

LHC: gqg fraction only 15% - asymmetry smaller than at Tevatron
Requires reconstruction of tt system - Kinematic fitter

All experiments: results in [+jets; CDF: result in dilepton
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ttbar charge asymmetry: ppbar

Banﬂ ——— Dala racn Aw FOSFa 0.0289
E?nn ‘ — tf Ssgreal M= O OTE = DDaE
- - —a—— 1f Farton Ao 1 ESx OLO7T2
= Prediction from P AZSenIgen
MC@NLO MC '
@ a0o :f::1::
Ay, of the Top Quark 200
23 ma. widonakis,
PROOS.011504 (2011} July 2011 L . ———
[0 . ahrens ot oal., {** =ubmitted to a journal) R 1| S———————— ——————
S 1TTEE0S 1wl (2071) L ﬁ
[ W Hisllik &rsd DL Pasgani, { prellrnlnary} 't—':!- -2 =1 o 1 =2 3
arkivi 1107 2608 (2011 ) Oy =y, - ¥
60 ¥eop Y N Lab COF Il Preliminary
<OF LA D —— 0.158 + 0074 (0072 + 0.017) ,.E R .['-"" P .
: -1 L [
(5.3 o i - = 1o srvor
[N} 4ol ! | pEFaRe
. - = . [ ) (=44
:. Phys. Rev. D83, 112003 I -
- - WA EIIZE
COF DIL* ; - i =
- 0420 & O.158 (00150 & 0.0580) 20|
(5.7 7 -
COF combined® —_—— 0201+ D067 o.oas  0.o1E) o
: {+ skmt = syst)
£ esof- 7
- |§ [ Wajets
DO Lae : —e— 0196 0.060 TN zoof- [ Multijet
: (5.4 ) - = Data
150
arxXav:1107.4995 -
I I I I I g

=04 =02 4] 0.2 0.4 0.6 o8
Al'b-

Ay
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ttbar charge asymmetry: ppbar

Measurements at LHC already becoming systematics limited

B0 ————— e e

. . . g ATLAS Preliminary 2+ =4 jets (b tag
= Mainly modeling of signal L e s

= R Diboson MC 4
I o M Single top MC
L - ) o
o
-
]

CMS: using v instead of y

= Another measurement done using A(y?)

Forward-Backward Top Asymmetry, %

ATLAS-CONE-2011-106

E. Richter-Was

CMS PAS TOP-11-014
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1YY

Production Level . e

= 0.45°cms Preliminary —— Dala E

HeH E_ 0.3501-09 fio " atys = 7 TeV 4 NLO prediction

Atlas, 0.7fb" -2.4+1.64+2.3 T Oaz_i_c;s-ﬂ-ﬂ‘lﬁi 0.030 E
i -0 60 g UpT :
(Hjets) Apeo=0-6% b 0250 . ]
= - [Gins, E

e 02f [ ]

CMS, 1.09fb™ -1.63.0774 oist == 5
I+jets; 1 : :
(frietsim) A =1.3% oif :
theo o ]

— . - - . 0.05F . :
-40 -20 20 - E
[y | | | [
4

T

t




W helicity in top

quarks decay

Left-handed coupling of W-boson to fermions:

Not every combination of spin for W and b-quark is allowed

Negative
Helicity
f=0.30

1
i

Zero
Helicity
f,=0.70

|
1W
b

!

I

b B o e
Positive
Helicity

- |eft-handed
— |ongitudinal

P ++== right-handed
B w— cum (SM)

a®
in
an®

05 1
cos 0

Measure angle 6* between down-type decay product (lepton, d-,
s-quark) of W and top quark in W rest frame



W helicity In top quarks decay

Template fit of cos6™ in |+jets and dilepton

@ single lzpton channels
T ] L I BN LA R
— ATLAS Preliminary -

« f,f,f ;indilepton f fixed £ w0 : o
Float f, f , f with f +f +f =1 (I4+jets): = G

f =0.57+0.07(stat)£0.09(syst)
f, =0.09+0.04(stat)£0.08(syst) “t

200

Fix f =0; combined dilepton & |+jets: e
f =0.75£0.08(stat+syst) ATLAS-CONF-2011-122 "

Systematics limited;
main systematics - modeling of sighal & ISR/FSR

Consistent with SM prediction

E. Richter-Was Lectures on LHC Physics 42



FCNC in top decays

No FCNC in SM - any indication of FCNC would mean new phg;sics

* Look at events with 3 leptons /EN\L’
. D@ (4.1fb™) Limit: B(t=>2q)<3.2% ’ * g

« World's best limit

0
—_

PLB 701, 313 (2011) w- I-
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Single top production

Top quark production via weak interactions

t-channel associated Wt production s-channel
b W
t
b
b
g W

cross sections at LHC with Vs = 7 TeV (m, = 173 GeV)
64.2+2.6 pb 15.6 + 1.3 pb 46 +0.2pb

cross sections at the Tevatron with Vs = 1.96 TeV (m, =173 GeV)
21+01pb 0.25+0.03 pb 1.05 + 0.05 pb
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Why look for single top quarks?

Test of the SM predictions
9 Does it exist? YES

0 Establish different channels
separately

o Cross-section ~ |V

2
Vg, + Vi3 + ‘fb =

ol

Test unitarity of the CKM matrix,
e.g. hints for existent of the 4-th

generation
Test of b-quark PDF: DGLAP
evolution?
Search for non-SM 1 t
phenomena W’
¢ b

E. Richter-Was ) 15



t-channel analyses

q q'
Largest cross section of single-top processes
W t = Improved S/B ratio (=10%) compared to Tevatron (=7%)
b
5 b

il

Analysis history at ATLAS
%iziﬁ& — :

Ner-e

" BN [N I g

= - CONF note (Moriond) with 35 pb (1.6 o),
; ATLAS-CONF-2011-027
| CONF note (PLHC) with 156 pb (6.2 o),
—

ATLAS-CONF-2011-088

—————= . CONF note (EPS) with 0.70 fb* (7.6 c),
Eeme=——=3  ATLAS-CONF-2011-101

P . .

|
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Wt channel analyses

/ i W \ Two channels according to W decay modes:

1) Dilepton channel
both W. W — evor W — uv
b =>» 2 charged leptons, E{™*s, 1 b-jet

b 2) Lepton + jets channel
W—=evorW—=u + W — qqgbar

Kg W / > 1 charged lepton, E™ss, 3 jets

= CONF note with 35 pb! (Moriond)
ATLAS-CONF-2011-027

=  CONF note with 0.70 fb-1 (EPS)
ATLAS-CONF-2011-104

= Physics Analysis Summary (TOP2011)
CMS PAS TOP-11-022

npr-re
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Wt channel: [+)ets

g q Experimental signature:
q! » Isolated charged lepton
¢ b » Missing transverse energy
b | > Three high-p;jets
b A% = Event selection very similar to t-channel analysis,
same background estimation strategy
B 35 S e 2l T Analysis of 2010 data with 35 pb-’
5 2 - [ L-aspb " @vs7Tev : > ATLAS-CONF-2011-27 (Moriond 2011)
£ #°| Muon,3jets | » Obtain S/B =4 — 6%
=20 E > Dilepton and lepton+jets channel were
15 | E combined:
10 B observed limit at the 95% C.L.:
55_ i E o (Wt) < 158 pb
0 - _h_,___ : » Multivariate analyses are in
005115 225 3 35 4 45 5 preparation.

A R(leading jet, 2™ leading jet)
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Wit channel:dileptons

1200_— CMS Prelimiﬁary,x!ﬁ: 7TeV] ® data .l 250 N CMS Prellmlnary, Is l |7|+| / e Idlaltél =
- 2.1 fb”, ee/ep/pp [ Jw I - 2.11b", eefop/up [ ItW
- M 1 - Mg
1000 - . Wzrsets T 000 B Z/y*+ets |
- Other - Other
2800 =150 signal events | &€ |
o 4 w150
2 1 8
600 1 & [
o 1 g [
> 1 z100r
i iy

50

1jet1tag 2jet11ag 2jet2tag 0 20 40 60 80 100 120 140 160 180 200

T H_j pr(lljv=system)  "rstemiGeV]

signal region top-antitop sideband region

3 simultaneous fit (similar technique in ATLAS)

Good agreement with expected jet multiplicity distribution and kinematic distributions.



s-channel analysis

» Smallest cross section of all single-top processes.
(antiquarks in the initial state needed)

» Signature similar to t-channel, but:
» No forward jet.
» Two central b-quark jets.
» Jet definition uses: |n| < 2.5.
» Use double tagged events.
»> First s-channel analysis at ATLAS using 0.70 fb!.

ATLAS-CONF-2011-118

Selection Signal  Background S/ VB

. Preselection Only 104 153802 0.26

Cut-based analysis Number of tageed jets=2 18 415 0.88
30< Megp, jerz <247 GeV/c? 17 349 0.91

prijetl, jer2) <189 GeV/c 17 346 0.91

mr(W) <111 GeV/c 17 318 0.95

0.43< AR(b — jetl.lepton) <3.6 17 308 0.97

123< Mmypp jer1 <788 GeV/c? 17 302 0.98

0.74< AR(b — jetl.b — jer2) <4.68 16 269 0.98
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s-channel analysis

Event yield after final selection: Statistical analysis: Profile likelihood
Final Selection 3 2 ;
s-channel 16 + 6 % 18— ATLAS Preliminary
t-channel 33+ 13 Emi :
Wi 543 "k
= 1.2
tt 111 + 47 1:__
Wjets 4+5 0.8f-
We+jets 10 + 8 0.6
Wee+jets 14+ 12 n.4§— ;
Whb+jets 70 + 51 o2f s
Z+jets 1 + 1 O 2 3 "-i'ot;_;,' g gl L;"';'r' B
= Gl [s—channeljfﬁf {s—channel}
Diboson 4 + 1
Multijets 17 £ 10
TOTAL Exp 285 £ 17 Observed limit @ the 95% C.L.:
S/ VB 0.98
DATA 296 Os-channel <26.5 pb

SM: o,=4.6 pb
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Single top : summary

= Single top t-channel production has been
observed at ATLAS (7.6c @ 0.7 fb™') and
CMS (3.7c @ 35 pb).

= Measured t-channel cross sections are in
agreement with the SM (64.2 £ 2.6 pb).

[caas

| .--—",?

o (t-ch.) = 84 + 30 (stat. + syst.) pb

. o(t-ch.) =90 + 9 (stat.) *31_,, (syst.) pb

= With 0.70 fb"1 (ATLAS) already
systematically (~30%) limited (stat. unc.
10%).

= FCNC search (ATLAS):
Oene < 17.3 pb @ 95% C.L.

E. Richter-Was

t-channel singla top quark production

= B LA L ) R A A B R S R B A
[+ N | [ ] CHS Preliminary, 0.036 6
‘E. W ATLAS Preliminary, 0.7 fo
100 | ¥ D054k’
- A  CODF32f"
10 N NLD QO {5 Aavour schame) =
- e theory uncertainty (scale @ POF)
B ? Camgbel, Frederis, Maltoni, Tramentane, JHEP 10 (2009|042 ]
1k I NLO+HMMNLL N
- theory uncerlainty (scale @ PDF)
- T Kickenahis, arkiv: 1103 27521 [hep-ph] E
L L | L L | L L L | L L L | L L L
0 2 4 6 8 10
Vs [TeV]

First steps to measure subleading
single-top processes:

> Wt @ CMS: 2.70
o (Wt) = 22 +9_ (stat.+ syst.) pb

> o (Wt) <39 pb @ 95% C.L.
> o (s-chan.) < 26.5 pb @ 95% C.L.
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Summary

Almost all what we knew one year ago about top quark came
from Tevatron

0 Measurements in all possible final states

0 Measurements of numerous top quark properties

2 Pioneer searches and analysis techniques

0 Still providing legacy measurements

ATLAS and CMS have already (within only 2 years!) performed a

complete first survey of the phase-space of the top quark mass
and properties. The results are:

0 Very competitive with TeVatron in precision

0 Better than TeVatron for limits

0 Systematics limited e.g. in the mass determination

0 In agreement with Standard Model expectations so far

Both the searches and precise measurements of its properties
tell us that top-quark is a Standard Model particle (asymmetry ?)
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Plan

Amazing how much could have been done with only
36pb?t data accumulated in 2010: numbers of results
are still in the pile-line but already theory is being

tested quantitatively.... and is holding its own
(unfortunately)

Diboson production and TGS couplings
Higgs boson... where we are?
What's new from New Physics searches?
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\Measurements from Tevatron

' -
I Property Measurement SM Prediction Luminosity (fb~?)
oy (for M, = 1725 GeV) CDEF: 7.5 £ 0.31(stat) £0.34(syst) £ 0.15(theory) pb  7.467 ¢ pb up to 4.6
D0: 7.56"5 % (stat + syst + lumi) pb 5.6
Othq (for My = 1725 GeV) CDF: 0.8+ 0.4 pb (M =175 GeV) 2264+012ph 32 .
D0: 290 £0.59 ph 0.4 GODd agreement Wlth
oy, (for M, = 172.5 GeV) CDF: 18707 ph (M, = 175 GeV) L4+004ph 32 S M
DO0: 0.68*3% pb 5.4
Charge asymmetry CDF: 0,168 £ 0.074 0.06 ha
Do: 0.196 £+ 0.065 54
spin correlation CDF: 0.72 +0.64(stat) + 0.26(syst) 0.7 23; ha
DO: 0.66 +0.23(stat + sys) 5.1
M, Tey: 173.2 £ 0.0 GeV : up to 5.8
/T I VL S E 3 3 4 3121 R R
|Vis| CDF: |Vig| = 0.91 £0.11(stat +sys) +0.07(theory) 1 3.2
l D0: [Vip| = 1.02+0-10 54
R=B(t -+ Wb)/B(t — Wq) | CDF: > 061 @ 05% CL L 0.2
DO0: 0.90 £0.04 5.4
a(gg —+ tf) /e (pp — 1) CDF: 0.0713.3 0.18 1
M; — M; CDF: —3.3 £ 1.4(stat) + 1.0(syst) GeV 0l 5.0
DO: 0.8 + 1.8(stat) = 0.5(syst) GeV 36
W helicity fraction Tev: fy = 0.732 = 0.063(stat) £ 0.052(syst) 0.7 up to 54
Charge CDF: -4/3 excluded @ 95% CL 2/3 5.6
D0: 4/3 excluded @ 92% CL 0.37
I CDF: < 7.6 GeV @ 95% CL L26 GeV 43
DO: 1.9977 % GeV up to 2.3 -




\Measurements from Tevatron

Property Measurement SM Prediction Lum

15

oy (for M, =172.5 GeV) CDF: 7.5+ 0.31(stat) + 0.34(syst) £ 0.15(theory) pb  7.467( % pb up to :6 ]

DO: 7.56* 52 (stat + syst + lumi) pb 56 5 |
Tihq (for M = 1725 GeV) CDF: 0.8+ 0.4 pb (M =175 GeV) 2264+ 0.12pb 32 o 10

Do: 2.90 £0.59 pb 54 & -
oy, (for M, = 1725 GeV) CDF: 1.8+07 ph (M, = 175 GeV) L04+004ph 32 _?5_, :

DO: 0.680% ph 5.4 5 5|
Charge asymmetry CDEF: (.168 £0.074 0.06 5.3 -

D0: 0.196 £ 0.065 54 W

- L " . L . B = .

spin correlation CDF: 0.72 £ 0.64(stat) + 0.26(syst) I 53 0 20 40 60 80 100120140160180

DO: 0.66 + 0.23(stat + sys) 5.4 Lepton ET (GeV)
M, Tev: 173.2 0.9 GeV - up ta .....

CDF: 0.18 £0.08 pb

; D v = . ALD : ;
DO: [Ves| = 10201 5.4
R = B(t - Wb)/B(t - Wgq) | CDF: > (.61 @ 9% CL ! 02 s
DO: 0.90 0,04 5.4 First evidence for tty
a(gg — tf) [o(pp — 1) CDF: 0.0713:38 0.18 1 .
M; — M; CDF: 3.3 + 1.A(stat) = L0(syst) GeV 0 5.6 production!
DO: 0.8+ 18(stat) + 0.5(syst) GeV 36 » Well in agreement
W helicity fraction Tev: fo=0.732 £ 0.063(stat) £ 0.052(syst) 0.7 up to 5.4 W |th S M
Chargo CDF: -4/3 excluded @ 95% CL 2/3 5.8
D0: 4/3 excluded @ 02% CL 0.37
T; CDF: < 7.6 GeV @ 05% CL 1.26 GeV 4.3
DO: 1.997082 GeV up to 2.3
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\Measurements from Tevatron

Property Measurement SM Prediction Luminos: 5 1
ag (for M, = 1725 GeV) CDF: 7.5 = 0.31(stat) £ 0.34(syst) = 0.15(theory) pb  7.46702 ph poic = “iHb) DJ, 5.4 fb
DO: 7.5610 %8 (stat + syst + lumi) pb 5.6 g 4
thq (for M, = 172.5 GeV CDF: 0.8 £ 0.4 pb (M: = 175 GeV 22640.12pb 32 0
- ] DO: 290 + 0,59 ph( } s O g [V[>079
N I
oy, (for M, = 172.5 GeV) CDF: 1.9:{;_-: ph (M, = 175 GeV) L04+004ph 32 S | @95%C.L.
DO: 0.68*%% pb 5. 5 2t
Charge asymmetry CDF: 0,158 £ 0.074 .06 5.3 "a L
DO: 0.196 £ 0.065 5.4 o 1
spin correlation CDF: 0.72 + 0.64(stat) + 0.26(syst) D.T’TT:R‘;E; 53 o :
DO: 0.66 +0.23(stat + sys) 5.4 ——w L .
M, Tev: 173.2 £0.0 GeV . up to 5.8 0'2 0'4 0'6 0'8 1
i CDF: 0.18 £ 0.08 ph 017+003pb 6.0 |V [2
- CT: [Vee] = 001 EO-11(stat + sys) + 0.07(cheory) 1 .0 ®
DO0: [Vip| = 1.0230-10 5.4
R=DB(t > W) B(t —+ Wgq) | CDE: > 061 @ 5% CL L 0.0 Tight constraints
) DO:.D.'JDi 0.04 5.4 from Tevatron
al(gg — tf)/a(pp — tI) CDF: 0.07+338 0.18 1
M, — M; CDF: 3.3+ 1.4(stat) + 1.0syst) GeV 0 56 » LHC should catch
e . Do: . 08+ 1.5;{&;1}) + I].::{IsysL) GeV . 3.6 up soon
elicity fraction Tev: fy = 0.732 = 0.063(stat) + 0.052(syst) 0.7 up to 5.4
Charge CDF: -4/3 excluded @ 95% CL 2/3 b.B
D0: 4/3 excluded @ 92% CL 0.37
CDF: < 7.6 GeV @ 95% CL 1.26 GeV 43
DO: 1.9940 %% GeV up to 2.3
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\Measurements from Tevatron

Property

Measurement SM Prediction

Lumino

o, (for M, = 172.5 GeV) CDF: 7.5+ 0.31(stat) £0.34(syst) £ 0.15(theory) pb  7.46%,%> pb up to 4.6 « 3000 ' gy
DO: 7.56*28 (stat + syt -+ lumi) pb 5.6 zE 0, LAl
enq (for M: = 1725 GeV) CDF: 0.8+ 0.4 pb (M: = 175 GeV) 99640.12pb 3.2 25001 ~iR05 |
DO: 2.90 + 0,59 ph 54 mmm— e ] Bl
ay, (for M, = 1725 CeV) CDF: 1827 pb (M, = 175 GeV) L04+004pb 32 0000 ] Background |
DO: 0.68+2% pb 5.1 . E i
Charge asymmetry CDF: 0.158 £ 0.074 10.06 5.3
DO: 0.196 + 0.065 5.4 10001 _
spin correlation CDF: (.72 + 0.64(stat) + 0.26(syst) ﬂ.?TT:g'{n':i; 53 i
DO: 0.66 +0.23(stat + sys) 5.4 500 e
M; Teyv: 173.2 £ 0.9 GeV - up to 5.8 . g } '
% CDF: .18 +0.08 ph 0.174£003pb 6.0 0 5 1 i 5
|Ves| CDF: |Vas| = 0.91 4 0.11(stat + sys) + 0.07(theory) 1 3.2 = Nag
Wl = 1.02+010 5.4
R =B(t — Wb)/B(t = Wq) | CDF: > 0.61 @ 05% CL
DO: 0.90 +0.04 ¥ World's best
algg — t) /o (pp — ti) CDF: 0.07H-18 0.18 1
M, — M; CDF: —33+ 1.4(stat) + 1.0(syst) GeV 0 5.6 measurement of R
DO: 0.8 + 1.8(stat)  0.5(syst) GeV 3.6 » limited by
W helicity fraction Tev: fp = 0.732 £ 0.063(stat) £ 0.052(syst) 0.7 up to 5.4 .
Charge CDF: -4/3 excluded @ 95% CL 2/3 5.5 systematics
DO: 4/3 excluded @ 92% CL 0.37
¢ CDF: < 7.6 GeV @ 95% CL 1.26 GeV 43
DO0: 1,99+ GaV up o0 2.3
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\Measurements from Tevatron

Property

Measurement SM Prediction

Lumino

o, (for M, = 172.5 GeV) CDF: 7.5+ 0.31(stat) £0.34(syst) £ 0.15(theory) pb  7.46%,%> pb up to 4.6 « 3000 ' gy
DO: 7.56*28 (stat + syt -+ lumi) pb 5.6 zE 0, LAl
enq (for M: = 1725 GeV) CDF: 0.8+ 0.4 pb (M: = 175 GeV) 99640.12pb 3.2 25001 ~iR05 |
DO: 2.90 + 0,59 ph 54 mmm— e ] Bl
ay, (for M, = 1725 CeV) CDF: 1827 pb (M, = 175 GeV) L04+004pb 32 0000 ] Background |
DO: 0.68+2% pb 5.1 . E i
Charge asymmetry CDF: 0.158 £ 0.074 10.06 5.3
DO: 0.196 + 0.065 5.4 10001 _
spin correlation CDF: (.72 + 0.64(stat) + 0.26(syst) ﬂ.?TT:g'{n':i; 53 i
DO: 0.66 +0.23(stat + sys) 5.4 500 e
M; Teyv: 173.2 £ 0.9 GeV - up to 5.8 . g } '
% CDF: .18 +0.08 ph 0.174£003pb 6.0 0 5 1 i 5
|Ves| CDF: |Vas| = 0.91 4 0.11(stat + sys) + 0.07(theory) 1 3.2 = Nag
Wl = 1.02+010 5.4
R =B(t — Wb)/B(t = Wq) | CDF: > 0.61 @ 05% CL
DO: 0.90 +0.04 ¥ World's best
algg — t) /o (pp — ti) CDF: 0.07H-18 0.18 1
M, — M; CDF: —33+ 1.4(stat) + 1.0(syst) GeV 0 5.6 measurement of R
DO: 0.8 + 1.8(stat)  0.5(syst) GeV 3.6 » limited by
W helicity fraction Tev: fp = 0.732 £ 0.063(stat) £ 0.052(syst) 0.7 up to 5.4 .
Charge CDF: -4/3 excluded @ 95% CL 2/3 5.5 systematics
DO: 4/3 excluded @ 92% CL 0.37
¢ CDF: < 7.6 GeV @ 95% CL 1.26 GeV 43
DO0: 1,99+ GaV up o0 2.3
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\Measurements from Tevatron

Property Measurement SM Prediction Luminosity U 07
o4 (for My = 172.5 GeV) CDF: 7.5 £ 0.31(stat) £ 0.34(syst) £ 0.15(theory) pb  7.467( % pb up to 4.6 .
DO: 7.561 %€ (stat -+ syst + lumi) pb 5.6 0.06- » Gluon-rich
Gibq (for M = 172.5 GeV) CDF: 0.8+ 0.4 pb (M: =175 GeV) 2264012pb 3.2 ) — No-gluon
DO: 2.90+0.59 ph hd (7] ]
oy, (for M, = 1725 GeV) CDF: 18+ ph (M, = 175 GeV) L44+004ph 32 -% 0.05 %
DO: 0.68'53 pb 5.1 2
Charge asymmetry CDF: 0.158 £ 0.074 0.06 5.3 -.d.’ 0.04 a CDF Run Il Preliminary
DO: 0.196 £ 0.065 5.4 0 [ 1 _[Ldt 11"
spin correlation CDF: 0.72 + 0.64(stat) + 0.26{syst) oyt 23; 5.3 B 0'03._ __{:i ;
DO0: 0.66 +0.23(stat + sys) 5.4 HE )
M, Tev: 173.2 0.9 GeV ; woss 2002
L CDF: 0.18 +0.08 pb 0.17+£003pb 6.0 {
|Ves| CDF: |Vis| = 0.91 +0.11(stat + sys) + 0.07(theory) 1 3.2 0.0}
DO: Vi) = 1.02010 5.4 :
R =B(t - Wb)/B(t = Wq) | CDF: > 0.61 @ 05% CL 1 0.2 Qlw é 1'0 1!5 éO 25 30 35 20 45 50
D0: 0.00 +0.04 5.4
CDF: 0071035 . Number of low p; tracks
t — M; CDF: 3.3+ 1.4[stat) + 1.0(syst) GeV 1) 5.6
DO: 0.8+ 1.8(stat) = 0.5(syst) GeV 3.6
W helicity fraction Tev: fy =0.732 = 0.063(stat) £ 0.052(syst) 0.7 up to 5.4 . I
Chargo CDF: -4/3 excluded @ 95% CL 2/3 5.6 FraCtI on won't be the
DO0: 4/3 excluded @ 92% CL 0.37 same at LHC
o CDF: < 7.6 GeV @ 95% CL 1.26 GeV 43
DO: 1.0940 % GeV up to 2.3
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\Measurements from Tevatron

Property Measurement SM Prediction Luminosity (fb~1)
oy (for M, = 172.5 GeV) CDF: 7.5+ 0.31(stat) £ 0.34(syst) £ 0.15(theory) pb  7.467 2 pb up to 4.6
DO: 7.561063 (stat 4 syst + lumi) pb — BT RN =TT
Othq (for My = 1725 GeV) CDF: 0.8+ 0.4 pb (M: = 175 GeV) 2.26 £ 0.12 pb :"a‘; (b) - 'D@3.61b"
DO: 2.90 + 059 ph (5130_. Vi s e k]t
o (for M, = 1725 GeV) CDF: 18+07 ph (M, = 175 GeV) L4+£004ph L SR il .|
DO: 06803 pb £ - ;,~-"'é,p.-u._gr Do ]
ME- | - * b O DD 'q ats = 1
Charge asymmetry CDF: 0.158 + 0.074 0.06 175~ . . .o ¢ Ow 4 - -
DO: 0.196 + 0.065 i 1° B IR a5
spin correlation CDF: 0.72 + 0.64(stat) + 0.26(syst) Ty Tab o { E"E.__[;J - Q-E:': ,: ]
D0: 0.66 £ 0.23(stat + sys) Foeo- - o %om g EE aal . 1
o G 0 W a0 e
M, Tev: 173.20.9 GeV 2 170 . . . . "~ &5 il
LS CDF: 0.18 £ 0,08 pb 0.17 £0.03 pb et e o W i e
|Vis| CDF: |Vi| = 0.91 4 0.11(stat + sys) +0.07(theory) 1 Ty~ e
R = B(t - Wb)/B(t —» Wgq) | CDF: > 0.61 @ 05% CL 1 m, (GEV)
DO0: 0.90 +0.04 b
a(gg —+ tf) Ja(ph — tf) CDF: 0071048 (.18 1 . :
M, — M; CDF: —3.3 + 1.4(stat) + 1.0(syst) GeV 0 5.6 First time done at
DO: 0.8 £ 1.8(stat) £ 0.5(syst) GeV 3.6 Tevatron
W helicity fraction Tev: fo = 0.732 = 0.063(stat) £ 0.052(syst | 0.7 up to 5.4 , PR .
- statistics limited
Charge CDF: -4/3 excluded @ 95% CL 2/3 5.6
DU: 4/3 excluded @ 92% CL 0.37 » CMS recently
T CDF: < 7.6 GeV @ 95% CL 1.26 GeV 13
E o : released more
D0: 1.9975 .y GeV up to 2.3

precise result

Elzbieta Richter-Was LHC physics with first fb-1 61



\Measurements from Tevatron

Property

Measurement

a5 (for My = 1725 GeV)

Tthq (for My = 172.5 GeV)

ayp (for M, = 1725 GeV)
Charge asymmetry

spin correlation

TiEy

|Vis|

R =B(t—+ Wb)/B(t = Wgq)

a(gg — tf) /o (pp — tT)
M, — M;

W helicity fraction

CDF: 7.5+ 0.31(stat) + 0.34(syst) £ 0.15(theory) pb
DO: 7.5615 5 (stat + syst + lumi) pb

CDF: 0.8 £ 0.4 pb (M: =175 GeV)

D0: 290 +0.59 pb !
CDF: 187 pb (M, = 175 GeV)
DO: 0.68%) 5 pb

CDF: 0.158 £ 0.074

Do: 0.196 £ 0.065

CDF: 0.72 + 0.64(stat) + 0.26(syst)

D0: 0.66 £ 0.23(stat 4 sys)

Tey: 173.2 0.9 GeV

CDF: 0.18 £ 0.08 pb

CDF: [Vip| = 0.91 + 0.11(stat + sys) +0.07(theory)
DO: [V = 10220 0
CDF: > (.61 @ 095% CL

D0: 0.00 +0.04 P Y O T BT AR R
CDF: 0.07+)-88 f
CDF: —3.3 + 1.4(stat) + 1.0(syst) GeV +
D0: 0.8 £ 1.8(stat) £ 0.5(syst) GeV

Tev: fy = 0.732 £ 0.063(stat) + 0.052(syst)

CDF + D@ preliminary combination
L=27-54fb"

* Combined result

* SM value

o CDF l+jets

o CDF dilepton
. & D@

0.8

06
| 68% and 95%

0.4 C.L. contours

0.2

Boundary of allowed region

T T T T T 1 T T 1 T 1 LI L LI
| I I | I |

3.0

| Good agreement with

1ArEe DE: -4/ 3 exeluded O Yo7, U / 2 SM
DO: 4/3 excluded @ 92% CL 0.37 .o
T CDF: < 7.6 GeV @ U5% CL 1.26 GeV 13 » Eq ual statistics
DO: 1997535 GeV up to 2.3 and systematics error
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\Measurements from Tevatron

Property Measurement SM Prediction Luminosity (fb~T)
o (for M, = 1725 GeV) CDF: 7.5+ 0.31(stat) + 0.34(syst) £ 0.15(theory) pb  T.46%] > pb up to 4.6
DO: 7.561 052 (stat + syst + lumi) pb 5.8
Fihg (for M = 172.5 GeV) CDF: 0.8+ 0.4 pb (M: = 175 GeV) 2264+ 0.12 ph CDF Run Il preliminary L = 5.6 fb”
D 2.90 in{]T.ﬁﬂ ph 13{];— 2 B HF
ay, (for M, = 1725 GeV) CDF: 1.3‘_'[}-'._\ pb (M, = 175 GeV) 1.04 +0.04 ph 160 M Mistag
DO: 0.68%;5; pb - [single Top
Charge asymmetry CDF: 0.158 £0.074 0.06 140 ; M piboson
DO: 0.196 £ 0.065 - Sﬂﬂﬂ
spin correlation CDF: 0.72 + 0.64(stat) + 0.26(syst) D'WTZRRE 2 - E . l;:t‘;erlts
DO: 0.06 + 0.23(stat + sys) S 100
M; Tev: 173.2 = 0.9 GeV - u:': BU:'SM like XM like
o, CDF: 0.1 +0.08 ph 0.17+0.03 pb i
|Ves| CDF: |Vis| = 0.91 +0.11(stat + sys) + 0.07(theory) 1 60
DO: [Vag| = L0275 40-
R=B(t - Wb)/B(t = Wgq) | CDF: > (.61 @ 05% CL L zn_—i
D0: 0.90 £0.04 C :
algg — tF) o (pp — ) CDF: 0.07+33 0.18 0o 08 0.0 o= ¥
My — M; CDF: —3.3 £ 1.4(stat) + 1.0(syst) GeV 0 Q(W) * Q(b-jet)
DO: 0.8 = 1.8(stat) £ 0.5(syst) GeV s
W helicity fraction Tev: fy = 0.732 = 0.063(stat) £ 0.052(syst) up to 5.4

I

CDF: -4/3 excluded @ 95% CL

D0: 4/3 excluded @ 92% CL
CDF: < 7.6 GeV @ 95% CL
DO0: 1.9910% Qev

1.26 GeV

Confirmation of SM
charge

Elzbieta Richter-Was
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\Measurements from Tevatron

Property Measurement SM Prediction Luminosity (fb~1)
oy (for M, = 1725 GeV) CDF: 7.5+ 0.31(stat) £ 0.34(syst) £ 0.15(theory) pb  7.467, ¢ pb up to 4.6
DO: 7.56'0 %% (stat + syst + lumi) pb RR
Ttbq (for M = 1725 GeV) CDF: 0.8+ 0.4 pb (M: = 175 GeV) 2.26 £ 2.tag Lepto n+Jets
[0 2,90+ 0.59 ph o201
ag (for M, = 172.5 GeV) CDF: 1.8*7 ph (M, = 175 GeV) 104 +( E
DE: QR o 0 2008 __T_-15GeV
Charge asymmetry CDF: (168 £ 0.074 0.06 < s
DO0: 0.196 £ 0.065
spin correlation CDF: (.72 + 0.64(stat) + 0.26(syst) 0.777+0 ﬂ.ﬂﬁ_— — th =10.0 GeV
D0: 0.66 + 0.23(stat +sys)
M, Tev: 173.2 £ 0.9 GeV = — Ftup =20.0GaV
4, CDF: (.18 + 0,08 ph 0.7+ 004
| Vin| CDF: [Vig| = 0.91 + 0.11(stat + sys) +0.07(theory) 1
DO: Vi = 10240 -
R = B(t - Wb)/B(t — Wg) | CDF: > (.61 @ 05% CL L :
D0: 0.90£0.04
a(gg — tf) [ (pD — tf CDF: 0.074045 0.18 0 ' =
ﬁni:i - P.;fgf}f 2 ? CDF: —3.3 .ni-lD:.-’r[ﬁrm.} + 1.0(syst) GeV ] 200 250 ﬁo ’ 0
: A ) i (GeVic')
DO0: 0.8 = 1.8(stat) = 0.5(syst) GeV
W helicity fraction Tev: [y = 0.732 = 0.063(stat) £ 0.052(syst) 0.7
Charge CDF: -4/3 exeluded @ 95% CL 2/3
D0: 4/3 excluded @ 92% CL 0.37 - : :
™ AT W Very precise indirect
DO: 1.00*0% GeV up 1023 determination!
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‘Sensitive searches from Tevatron

= Many sensitive searches: 2w {7 Tatwmwia ] Z o [ ppism
E) : - =
I I I + i “TeiaEERAlY 8 8 ~8— Observed limit
t I Z I W I H I FCNC,’ %[}.B:— 'TENNCM|im155§iGL -] T 4 -..Exphctbdlimil
; oot 1 8 M | w ity

boosted top, ttH, ...

o7

tanp

Excluded region 2HDM Type |
] Region where analysis is not

)
At [=%
Cngh scenario 190 valid ﬂ—'}h =50 GE".“:I — ‘N\K\\\ —
[0 Theoratically inaccessible | . \\\“:\“\\‘:\X\\\\\i\\\x\\\\ = Hr vs. Miaco V8. Njet
B EH B+ BH = 1v) <085 \\Q‘xk\\\\\\\&\\\ SR "T"
: | | | Egm gx gt mlllm| | 185 W?\\\\\\\\ \"\‘\ I& 0.1 observed 95% CL 1§
------ NS e S A A i o S A v
1':5.0 90 100 110 120 130 140 ‘Eio JN \\Q\E\\\‘@"\ \\\\\\\\\\\\\\S\\\ '\\1 EI range of upper limit
e AR s " 3 expected 95% CL
I “I-r [ l 180 - AN \\\Q\\\\\\\\\\ upper limits
- =, <1 0.01 theoratical prediction
?3 E "'-EEUS excluded at 95% C.L. Dﬂ ﬂlﬂ !b UG 08 R G B S O P20 ; ) Boncianietal.
R nary [;
ek m = 175 el =505 10 20 30 40 50 60 70 "F 200 20 300 %0 a0 a0 50
I k 8,=V,=8,,2k, =0 8 o L LA A Akl Al L LA R tan =0 il e _1
E J * DO Preliminary W L Fu ¥ Eammaess w COFRunll,L_ =6
0.6 1 p o= 7 [ snosmgsscl S g Jpoint R=1.0,py - 400 Govie
- DO,L=4.11b : g o B I s osnasscL | o ':. 0.025
- b1|;|!: e 2 : m:_l h B N
04 in ;__::;-"‘_;F :-: E o
e T & e | T 2
i : ".""---. L]
B LU W 19- — Expected limit 3 =
0.2f % ///// %/// . Observed limit E
0-' W // /// 108 TV 118 150455 190 748 140 148 50 188 o ; ;
0 0.1 0.2 0.3 0.4 0.5 Higgs Mass (GeV) eliliiiii,

P TR
] B0 1@ 120 W40 180 % s 00 150 200 20 300 350 400 T

Ilcgwl MK ) [GeVic] m™ [GeVic?]



Tevatron inheritance to LHC era

Which measurements can still compete with the new top factory?

The secret lies in the differences:

Tevatron: LHC:

Collision: pp — CP eigenstate! Collision: pp
Energy: 1.96 TeV Energy: 7 TeV

85% qqg annihilation 15% qq@ annihilation
15% gluon fusion 85% gluon fusion

Legacy: (Mainly) Analyses that explore the difference!

= Different energies (& production type): Cross section (differential and total)

= Different production types: Spin correlation &Forward backward Asymmetry

= Well understood environment: Mass
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\Single top: t-channel

D@, 2011: Observation of t-channel single top production
(5.5 SD significance)

* (pp — tgb + X) = 2.90 £0.59 pb
* Limited by systematics

2 D 5.4 b "
t-channel: c 68% C.L.
2 == 90% C.L.
i i ' % C.L.
* Needs very special selection 9 W= 95% C.L
(high jet n, low p_for soft b-jet) @
o
q’ q Q
c
E & Mea[:e;urement
9 : 114012, 200 . SM 1
o L B Ei EE.E %azsla:) r%a ;\(’mz: ¢ Four gener[a]tionam
| s lo1802 2007 O Top-flavor .
b t [4] PRL 99: 191802 Izm-.- d FCNcll‘"
g 5 % 2 a
2 s-channel cross section [pb]
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\Single top: s-channel

Legacy with full dataset: s-channel 5 D@ Runll
, _ o S @ samiobserves  —3oline
* Only 4x higher production rate at LHC £ . = s4fbopeted 10
4] - — a priori projection
(even more background) £ © e \lumi projection _
8 i I S
So far: % e o
c C
» D@: Expected sensitivity : 23‘@/:,
: -1 : LI O 2.3 observed
with 5.4fb™ close to 3 sigma : T 231" expected
_ I T R
» CDF: sensitivity not calculated Luminosity [fo "]
" " _1
but about 3 sigma with 3'2fb§ s o esm e fEingle top final state looks
. . T a8 B 68.3%CL similar to WH!
— With fU|| dataset ewdencei ) el Use methods developed in single
per experiment doable ;0 = sumwo | | top search also for Higgs search
CDF+D@ combination: N

At least evidence! ’
Maybe observation? o .

L
=} LY
LY
] i, "
antiproton ;
b

0 05 1 15 2 25 3 35 4 45 5
s-Channel Cross Section o, [pb]
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Inclusive cross-section: u+t

» Motivation: decays like t +bH* can enhance BR of final states
involving t-leptons

» Analysis on 1.1 fb!, with one g and one hadronically decaying t

= evenfselection: 1 Y, 1 T-jef (with 2 180 -

. o - — ATLAS Preliminary 3

one track 1, and with three a F e |‘Lm=mg':, E
fracks 1,;) and two other jefs, one 12[,;—[?‘,693"?';?*” 4 . Data ]

of them passing b-tfagging 100E- (a) E

» Boosted decision frees (BDT) used & E
to identify t's and reject electrons | F — 57
and jefts 2F- — =

~ Signal fractions from a fit on BDT, == E
* backgrounds templates using B E R T L L L T

confrol samples in data
» Main systematics:

B 1-identification,
* ISR/FSR modelling | 01 = 142 + 21 (stat.) ilf: (syst.) £ 5 (lumi.) pb

* b-tagging ~20% precision

ATLAS-CONF-2010-119
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Inclusive cross-section: |+jets tag

» Analysis based on 35 pb':

» Mullivariate technique o
separate signal from
background

4 variables

lepton n, event aplanarity,
fransverse momentum of all jets
but the two leading ones,

likelihood discriminant based on

Entries' 025

ATLAS-CONF-2011-035

= ATLAS Preliminary

T T
W+ djede
—a— clata

10 12

[

average b-tagging probability
(considering the two jets with
the lowest light jet probability)

8 240 E"ATLAS Preliminary | E Data = och
= i = -1 it
& 200 Ji de= 35 ot O W-Jets B Other
160 (3 o+ Jets e+ Jets
120 Bl 3 Jets p 4 Jeis | 25 Jets | 3 Jels | 4 Jets | 25 Jals
3

~ Fitin é channels: 3, 4 and
in e and p channel
» Main systematics:
= W+jets heavy flavour
fraction
» b-tagging calibration

25 jets

Ratio Data/Fit

Eﬂ 80 100

Likelinood Discriminant

14

£66°0 1591 5 6150 158 4 =

o7 = 186 + 10 (stat. )+" (syst.) £ 6 (lumi.) pb

13% uncertainty

E. Richter-Was
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Inclusive cross-section: dilepton

» Data corresponding to 0.70 fb!

» Two counting analysis with/without the

request of a b-fagged et

» Main backgrounds estimated from data: s

* QCD

= 7+jets
UL I B SR B B B
ATLAS Preliminary e Theory (approx. NNLO)
Data 201'|:J.Ldt:ﬂ.?0fb'1 = 1725 Gev

ee _.__,_._ 178£17 £33 77
JLRL ||—n—i—| 150+ 10 1-12|;|: .fva?
e o 182+7 ‘1 +B
Comb. e 1776 1) £8
ea w/ b-tagging | —H—.—| 181218 *5 7
pp w/ b-tagging —n—p—|—| 164+10 77 7
e w/ b-tagging il—i—i—i— 193+8 *ff .*}E
Comb. of W/ b-tagging s 183£6 TN 7

i (slalH{syst{lumi)
L 111 | L 111 | | | [ | | L 111 r L 11| L 11
50 100 150 200 250 300

Tz lpo]

11% precision

ATLAS-CONF-2011-100

- ATLAS Preliminary All channels |

B 4 + Data N

I det=ﬂ.?ufb s

L I Ziy *+jets

o Fake leptons |
| Ml OtherEW |

Events

600|
400/

200 =

0 1 2 3 >4
Number of jets

» Main systemafics:
= JES

= Jluminosity
» b-tagging efficiency
(tag analysis)

E. Richter-Was
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Inclusive cross-section: all hadronic

’ AﬂOWSiS pased on 1.02 fb! » Main sygfemqﬂcs;
» Event selection * |SR/FSR modelling
» multijet trigger = JBS
= atf least 6 jets, 2 b-tagged " it o- TC‘QQ'”Q efﬂmency
* upper cut on Emiss significance: §5gg ATLAS Proimiry J
ETmiss/\,-'HT w JLdtJ.ﬂEfb - \B=7TeV2011 Data - g
H; = scalar sum of the transverse 400 — :fr:‘ml - -
momentum of all jets in the event F“m:;mnd &
* minimal AR separation between 300 1 1%
the two b-jets: AR(b,b)> 1.2 : O
; - 200 %
» The signal fraction is extracted - |2
from a fit on x* mass distribution 0 I_L _ﬁ_ﬁ£ -
using signal+background : — -
femplates %570 15 20 25 30
» sighal: from MC | Mass 2
* QCD: from data using _ |
control samples with o(pp — t1) = 167 £ 18 (stat.) + 78 (syst.) + 6 (lum.) pb
exactly 4 or 5 jets 48% precision
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LHC analyses

/ t channel

nNer-=e

2D fit
boosted

decision tree

cut-based

neural network

~

/ Wt channel
g

nepr-4e

cut-based

CMS~ 1 dilepton

#

E. Richter-Was

channel

N

lepton+jets and
dilepton channel:

~

W

t

.

Lectures on LHC Physics

-~

nepr4p

s channel

cut-based

=n

“

/

FCNC search

neural network

~

_/
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\ATLAS Detector

THE ATLAS DETECTOR IS
REALLY BIG!

~ 46 m
@ Radius: ~ 12 m
@ Weight : ~ 7000 tons

@ Length :

@ ~ 103 electronic
channels

@ 3000 km of cables

P

A

s
(Jura)
Transverse momentum "
(in the plane perpendicular to the beam) Rapidity:
pr = p sin® 0 = 90°
0 =10°

17=-log (tg 9)

— NnN=0
— N=24

06=170° - n=-2.4

Elzbieta Richter-Was LHC physics with first fb-1

74



ATLAS Inner Detector

The mner detector

7| < 2.5 consists of

G2am i .
gt P < o Pixel detectors, semi-conductor
- | tracker (SCT), transition radiation
tracker

o ~ 87 mullion readout channels
o Immersed in 27T solenoidal
magnetic field

\ o o Resolution of
|I "'T.l%dupﬁmlcondmrmckat (]'/]}T — 5 X 10_4 EB 0'015
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\ATLAS Calorimeters

Electromagnetic
Calorimeters:

Tike bamel Tile extended barmrel

e Fine granularity

e N -V ke 0.025 x 0.025 in
it == - central region
end-cap (EMEC)

e Energy resolution
10%/vVE

Hadronic Calorimeters:

barrel

e Granularity
An x A¢g=0.1 x0.1
in central region. less
segmented in forward
region

Electromagnetic and hadronic calorimeters
@ Subsystem technology and granularity <

shower characteristics

@ Transverse and longitudinal sampling ~ e Energy resolution
200000 readout cells up to |n| < 4.9 50% /v E & 0.03

Elzbieta Richter-Was LHC physics with first fb-1
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