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Top quarks: an uninteresting species?

» Top quarks were finally discovered at Fermilab in
'95 and completed the 3 generation structure of
the Standard Model (SM)

* Production:
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- Decay rapidly through the weak interaction
without forming a quark bound state first, almost
exclusively through t->bW
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The Standard Model (SM)

The Matter Particles (Fermions):

6 lepton

quarks

6 “flavors”
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Electric charge

=-1

Q=0

Q=+2/3

Q=-1/3

.plus antiparticles of opposite charge:
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The Matter Particles (Fermions):

o P O
6 lepton :
Ve vy,
o, | O Top quark
quarks
6 “flavors” o 9

.plus antiparticles
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- electron: M, = 0.0005 GeV/c? (=<10-3%q)
* u-Quark: M,=0.005 GeV/c?
* c-Quark: M =12 GeV/c?

* t-Quark: M; = 173.3£1.1 GeV/c?
Surprise 2>almost as heavy as an atom of gold =
79 protons + 118 neutrons + 79 electrons.

These are experimental observations--
masses cannot be predicted in the SM
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» Introduce Spin O Higgs field

» Introduce classical potential for Higgs field such
that at minimum Higgs acquires “vacuum
expectation value” (H) =0

» Higgs is electrically neutral (doesn't couple to

photons) but weakly charged
- Causes "Spontaneous symmetry breaking"
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Coupling to the Higgs field

* In this theory, the fermions acquire mass by interaction
with the Higgs field

u Analogy: effective mass of
<H> electron moving through
) AN crystal lattice

u

* Large fermion mass hierarchy is put in by hand via
appropriate coupling constants spanning 5 orders of
maghitude

- The couEling constant for the top quark is ~1, all others
are much smaller

=P The top mass is suspiciously close to the scale of
electroweak symmetry breaking (EWSRB). This unique
property raises a number of interesting questions
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Does the top quark play a more fundamental
role in EWSB? E.g.

- several models predict that a top condensate
breaks electroweak symmetry, not the Higgs field,
analogy: cooper pair in superconductivity

- Does it have unexpected decay or production
mechanisms?

If there are new particles lighter than the top
(e.g. superpartners), does the top decay into
them?

If there are unknown heavy objects, for
example a forth generation, they would decay
into top quarks- do we see resonances?

Top Quark Physics tries to answer these questions.
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Experimental study of top quarks

top quarks are produced predominantly in pairs, in
hadron collisions at the Tevatron and the Large

Hadron Collider at CERN

In the SM, each top quark decays
to a W boson and a b quark.

Final state (for pair production):
- 2 b quarks

- decay products of 2 W bosons:
neutrinos, e/u/t, or quark pairs
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The Large Hadron Collider

* 14 TeV proton-proton collider (currently at 7TeV)

- 1 TeV = 10! eV, factor of 7 more energy than the
Tevatron

» 9300 superconducting magnets (1232 dipoles)

- 60 tons of liquid helium, 11,000 tons of liquid nitrogen

- Energy stored in magnets = 10 6J

* There are 2808 "bunches" of protons in each
beam, (currently 364)

- 10! protons per bunch

 When brought into collision the transverse size of
the bunches is of order 10 um (currently ~50um)
- O(20) collisions per crossing

- Crossing occurs every 25ns (40 MHz)
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The Large Hadron Collider

2010 data set is basis of
my talk today

measured in "integrated
luminosity” (=number of
collisions per unit area per
unit time)

40pb! (~1% of the

Tevatron data set)
Luminosity increased
exponentially over 5
orders of magnitude

Plan to add another
factor of ~100 of data
this year
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CMS preliminary 2010
Integrated luminosity

All runs until 31 Oct 2010
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A collider detector at the LHC:
The Compact Muon Solenoid
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What does the detector do?

The detector tries to measure the 4-momenta of all
particles in a pp collision

3-momenta of charged particles are inferred by
reconstructing tracks as they bend in a 4T magnetic field

For neutrals (y, neutrons), energy is measured by size of
"shower" in instrumented material (calorimeter)

The interactions patterns
of particles with the detector
elements allows to "identify"

the particle species
- e.g., electron vs muon vs proton

Julia Thom, Cornell Cosmic muon 13



Central feature of detector is
superconducting solenoid with 4T axial field:

Magnet insertion, 12,000 tons. Stores enough energy to melt 18 tons of gold.
Julia Thom, Cornell 14



Bore of the solenoid is outfitted with various particle
detection systems. Among them: the silicon pixel and
strip tracker which measures particle trajectories.

i | N -
//’ L. i s
Insertion of the tracker.
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CMS silicon strip tracker

+ Single-sided p-type strips on n-type bulk
* Thickness: 320-500 um, strip pitches: 80-200 um
»+ Small angle stereo angle of 100 mrad

Diameter 2.4m I | | ]
Length 5.4m 3 | | .

Volume 24.4m P, ’ S—
Running temperature 2100¢ P /‘i i l L

Dry atmosphere for 10 years e —\(
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CMS silicon strip tracker

¥~ Cosmic muon track, reconstructed
from charge deposition on Si strips
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Silicon pixel detector

Adds crucial tracking resolution in the area closest to the beam

..........

“" - veegen imuns hagente ..'.J:_' SENSOR

5
T

.........

Sensor-substrate
(n-doped, depleted)

READOUT
CHIP

BUMP

BONDS
READOUT WIRE-BOND PADS FOR
CONTROL DATA OUTPUT, POWER,
CIRCUITRY AND CONTROL SIGNALS
CMOS-Elektronics
* 3 layers + 2 forward disks chip substrate

- 66 Million Pixels, 1m2 of silicon

- pixel size limited by readout circuit and
heat/power dissipation limit (150x150um)

+  Time to read out 1 hit: 6 bunch crossings
»  Charge deposition threshold on a pixel ~2500e
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Silicon pixel detector
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The Silicon tracker..

..allows us to reconstruct particle tracks in 3D, with
micrometer precision and extrapolate to their origin within
the beam pipe:

5 “.,"':Ill'l['llIlllllllllllllllllllllIIIl
CMSA
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7\ SCMEEXperimentat LHCLCERN
—1' Dataecorded: Sursul 18 41:13:22 2010 CEST
Run/Eveaf~$40379¥.386650665 ' 8
Lumi sectiohs. 16 )

Data event display, zoomed into first
few cm. Observe 2 events (“Pile-up")
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Collision recorded at CMS, 2010

: W / ’ _/,/,’,
ecorded: 2010-Jul-08,02:25:58. 839811 GMT(04 7'%\‘,5 4“1}' / / >
439779 / 4994198 \ \ ' A A ,

_\EMS Experiment at the LHC, CERN

—
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What are the objects we can
reconstruct with this detector?

1) Gluons and quarks do not directly show up in
the detector. They form

- Quarks and antiquarks are pulled from the
vacuum and bound states are formed (eg, pions,
kaons, protons, etc)

- If the original gluon or quark is energetic
enough, the result is a spray of hadrons
that preserves the direction and energy of the
original gluon or quark (more or less)
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Jet reconstruction

p CMS Experiment at LHC, CERN
CMS/ | oM

g ta recorded: Sun Jun 27 08:2042 2010 CEST
2~/ Run/Event: 138750/ 114007131

Jet reconstruction BT | timisegr
algorithms:

1. Calorimeter only

2. Calorimeter, corrected
using associated track
measurements

3. "Particle flow":
reconstruct all particles
using all sub-detectors
prior to jet clustering

4. Track jets (independent)

Julia Thom, Cornell
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Jet Energy Calibration

Calorimeter response is non-linear and non-uniform,
so observed energy needs to be corrected:

- depending on algorithm, jet pt and n: correction up to
factor 2!

- Correction done using simulation, checked in dataq, e.g.
with energy balance in di-jet and y+jet events

T T

[ —— Calorimeter jets  CMS Preliminary |
- ---- Jet-Plus-Track jets

[ e Particle Flow jets Ns=7TeV
anti-k, R=0.5
|T]| =0.0

-
o

~5% difference between
data/MC jet energy scale
measurements (=systematic
uncertainty)

Total JES Uncertainty [%]
$))

Ll

1000
Jet P, (GeV)

%030 100 200
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B tagging of jets

- Identify jets originating from b quark by long lifetime of B
hadrons
- causes a decay vertex clearly separated from the interaction point

* Example algorithm:
- Reconstruct secondary vertices based on track impact parameter

Soft lepton

LLLLLLLLLLLLL

Secondary
Vertex

Double tagged event (data)

Secondary vertices
reconstructed within jets

Jet

< >

Few mm Julia Thom, Cornell 25



Double tagged event (data)

B tagging of jets

Example performance of a

y track impact

parameter b-tagger:
typical jet from a top
decay is tagged as coming
from a b quark with ~50%
efficiency and ~1% mistag
rate. Modeling in the

simulation correct to
> ~10°/o

Few mm

Julia Thom, Cornell 26



2) Missing Transverse Energy ME+

Missing fransverse momentum is defined as the
apparent imbalance of the component of the momentum
in the plane perpendicular to the beam direction

- particles escaping down the beampipe are not measured

. . ME
* magnitude is referred to as .

missing transverse energy ME+
- Allows for (indirect) detection
of neutrinos, WIMPS,.. which
cause imbalance in the
transverse vector sum

- E.g. most SUSY models predict
ME>150 GeV

y [em]
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ME+: Experimental Challenge

Reconstructed ME+ has to be cleaned of effects due to
» instrumental noise
+ cosmics, beam halo,..

%107 IIIIIIIIIIIIIIII |IIII|IIII| IIIIIII I_E
Q)] 5 —— Before cleaning B
g 10 % —— After ECAL noise cleaning 3
Beam halO tagged events ..Q 5 :_ ——— After HF noise cleaning —:
at high ME.,. c 107 %
> F—T 7.-" —_ — g) . - After HB+HE noise filtering
10 CMS preliminary 2010 | _Uf 10°¢
§ 10° \Ns=7TeV : o 5 -
§1o*‘ - (T) 10 g
E AAAAAA Q -
o 10° o-Tagged - ‘
g10“ - g 102
€ e Z
“wr, 1 10
10 * =
1o T—to 100 150 ’260'@ —sh 1
\_GHlo#, 1050 0 50 100 150 200 250 300 350 400

Reconstructed ME-



3) Muons, electrons,

‘Photons, electrons
and muons identified
using characteristic
signatures in the
detector. Tracking
information is
combined with
information from muon
chambers and
calorimeter.

photons,..

Y(1,2,3S)

Events/GeV
=}

CMS Preliminary

Ns=7TeV, L_ =40 pb™’

1 10 . 102 )
1L mass (GeV/c*)

Example plot: reconstructed
invariant mass of muon pairs
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All objects mentioned so far are
needed to identify top events

Events classified by decays of the two W bosons:

- "lepton+jets™ 4 jets (2 from b) and ME+ + g
from v W q
- BF=24/81, but significant background from t b
W+jet production. Can suppress with b S—
tagging! t_\ b
“ - n ; ! WEI‘ =
+ “dilepton”: 2 jets and ME; from 2 v's e g

- Clean, but low stat. BF=4/81

* “hadronic”: 6 or more jets
- BF=36/81, but large QCD multijet background
- Jet energy scale uncertainty, combinatorics

Julia Thom, Cornell 30



Event il ing is OFF Luml block id: 160
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details: uu+jets event

CMS,_ | CMS Experiment at LHC, CERN
-~ | Data recorded: Sun Jul 18 11:13122°2010 CEST

—\| Run/Event: 140379 / 136650665
é:L] Lumi section: 160

Er =57 GeV/c, p = 2.2

b-tagged jet
pr=45GeV/c,n=-1.2, ¢ = 0.9

b-tagged jet
pr=56 GeV/c, n =0.7, = 0.0

H-pr=57 GeV/c,n=-1.4, p = -2.1
pu* pr=27 GeV/c, n = -2.0, ¢ = -1.9

Dimuon mass 26 GeV/c

y[cm]

m(uu) = 26 GeV/c?

Multiple primary vertices
from multiple pp collisions

("pile-up”)
Jets & muons originate from
same primary vertex

(~~1€/ Tll1[llllII(lllllllllIIIIIIIIIIIIIIlllllllll[lll
P 2K <5 0 5 10 15

L4 MBS Experimenhat LHCICERN
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How top quark pairs
(or W,Higgs,SUSY etc) are produced

» The interesting collisions are the "violent" collisions
where a lot of transverse momentum is exchanged

* Here we can think of collisions between the
components of the proton (quarks and many many

gluons).
- Note: their momentum is unknown!

u quark / >

) d quark i
u quark \\ >

gl\l)on
/ d quark/ 5

Julia Thom, Cornell
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A
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o(pp~X) [mb]

The hard scatters: the production
cross sections as calculated in the SM

103 Vs =2 7 14 TeV

°2 : 7T T.Hah Tév4LH

10 T__ .__&(tot)

101 | | =

100 , Tevatroh LHC 3

I I - ?:

-1 oljets) : a(bb) :
. ” ¢ pH>QO%Fan pr>30 GeV "%
10~ ' ¥j < — —=
10~3 ' — :
10~4 —
10~5 tt
10-6 ~—

10~7
10_B VV-h (1 ;:(I: GeV)
10—9 !l i |ll||l| | | | I |
100 10l
Bem (TeV)

Julia Thom, Cornell

At LHC, production of

-"Any" event: 10° / second

* Wboson: 150/s
» Top quark: 8/s
* Higgs: 02/s

(for L=1034 cm-2s-1)

34



How we beat down 9 orders of magnitude
of background: the Trigger

o(pp) ~ 100 mb

+ Gives an "event rate" of order 100 MHz
+ Each event is ~ 250 kb

+ 250 kb x 100 MHz = 25 Tbytes/second

- Trigger is the system that
selects the ~ 200
events/second that are
saved for further study

- select objects (e, u, MET,

- Most of the events are
thrown away!

Julia Thom, Cornell

jets..) or combinations thereof
- Currently have O(100) triggers
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Summary so far

* Physics objects we observe in the detector are:
- Jets

- ME;

- electrons, muons, photons,...

* They are the stable decay products of hard
scatters of the proton constituents

- Main process in hard pp scatters: jet production.
Higgs, top, SUSY, efc are very rare

- A frigger selects ~1 out of each million of events to be
saved for further study

* Now: some of the first top physics results from
the LHC (CMS experiment)

Julia Thom, Cornell 36



Summary of Top Production Cross
section measurements with 2010 data

CMS Preliminary,\'s=7 TeV We see good agreement between the
value = stat. = syst. = lum. error .
(mincsiy Observed and SM predicted (NNLO)
unc. = cor.+ lum. . . . .
CMS combined (prel) 582102 + 6 top productlon cross section calculation:
i . 1 15 CMS Preliminary
+jets+tag & dilepton 36 pb”’) E
) —= G 17 .5 ® CMS combined (36 pb™)
CMS |+jets+tag (prel.) 150+ 9+ .5+ 6 B ® ATLAS combined (3 pb )
(36 pb”) ‘% 10 o coF
§ C o Do
CMS dilepton (prel.) T o182t s 7 S s
(6pb") § [ Tevatron .~
. v s S
CMS I+jets (prel.) 173214+ ,5 = 7 o )
(36 pb™') E Approx. NNLO QCD (pp)
o 10F 4 B scale unc.
t " , I (hf,* NLO QCD (pp)
CMS dilepton 194 + 72 + 53 + 21 /Y 2— Approx. NNLO QCD (pP)
Phys. Lett. B695 (2011) 424 (3pb”) i Lan e-ﬂemsﬁi‘i L:Jrlir Phys. Rev. D80 (2009) 054009
-/ METW 2008 NNLOPDF
¢ [ ] ) 1‘1‘|| T R I SRS ST S S I B S|
ATLAS combined 145+ 312 > =16 1 2 3 4 5 6 7 8
arXiv:1012.1792 [hep-ex] (3pb?) Vs [TeV]
Theory: Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
MSTW2008(N)NLO PDF, scale® PDF(90% C.L.) unc. . .
™ Spale® POF(B(T G une | Comparison to Tevatron top cross section

0 50 100 150 200 250 300 Measurements done with ~5fb-1(more than 100
Top Pair Production Cross Section [pb] times more data)'

oy = 7.50 = 0.31(stat) + 0.34(syst)+0.15(Lumi) pb



Dilepton Channel

Event selection:

- 2 isolated, oppositely charged, central muons or electrons
p>20 GeV, ME>30 GeV, at least 2 central jets p>20 GeV, at
least one of them with a b-tag, Z veto

- Simple counting experiment performed to calculate top
production cross section

o 8 85 8 &

CMS Preliminary
359 pb” at \a=7 TeV
Events with ee/upfeu

pretag

I I E

® Dota =
I signal -
[ OY prediction 1
COzy—<'r i
[ Single top ]
C_1w =
] Non-W/Z prediction -
[[] Bekg. uncertainty —

—

L] LS BABAI LABRLAS RBALAR LR RA LA L]

—
=
LBARNARI

>1 b tag

s ! J ® Dasta !
L CMS Proliminary Fu
350 pb” st V37 TeV B ignat
- Evente with ee/pp/fen

2 3 24
Number of jets



Lepton+jets channel

- Event selection:

- Exactly one good isolated and central muon (electron) with pT>20(30)
GeV, at least 3 central jets pT>30 GeV , no MET requirement (~700
top candidates expected)

- 2D likelihood fit to MET and "M3"(=3-jet mass with highest
momentum) extracts the cross section (separately for 3, 4 jets, e, u)

- Jet energy scale is largest uncertainty.

S ] O e T T R T T R T R T > 120" "7 1
0] — CMS Preliminary —— Data . [} — CMS Preliminary —— Data ]
O 440 36pblat \Ns=7 TeV o 4 O " 36 pb'at Vs =7 TeV - ]
0 C ptjets, N =3 B it 1 W  100ptets,N >4 B i =
~  120C T Jets [] Single-Top - o - T Jets [] Single-Top
2 - B w-hv 1 8 - Pret B W-iv
& 1000 mzy-r 4§ YF retag, Ezy-IT
> C ]
TR + Pretag, Saco 1@ f 4 tg’ [JQcp
— . " f— >
s Events with 3 jets : =S
60— _ L
= ] 40_—
401 -
o 20:—
20 40 60 80 100 120 140 160 180 600
Missing Transverse Energy [GeV] M3 [GeV]
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Lepton+jets channel

* Adding b-tags to suppress backgrounds:

- ID LH fit to the vertex mass, for 18 categories of events (1 2..5
jets, e,u, 1 and more b tags separately)

- All normalizations and nuisance parameters (JES, Q?, btag eff.,
etc.) floating in the fit

Exmple plot: muonjx-B jet sample with 2 b tags:
CMS Preliminary | L=36 pb”, Vs=7 TeV

*‘é’ 450F=3 jets ! =

16 5 E g g 0>J - CMS Preliminary 3
14 = = = = | 400 :—36 pb-1 at\s =7 TeV - Qata —
) & ) % - Monte Carlo prediction I e
= = - = 350 | [ Single-top
12 P P P P : ¢ WwW-lv 1
$ 13 8 E 3008 Wz~
10 N - o w [1QCD E

LW

1 2 3

0 = o Secondary vertex tag multiplicity

Secondary vertex mass (GeV)
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First fop mass measurements
with 2010 data

ndr——TTT T T
e ~CMS prell\?lnal:ly v 3"
© [36pb'at\s=7Te S 4
7 o5l eclewnn events ¥ CMS dllep’ron chcmnel
Emmp=174.8:55GeV/c : (hlgheST pr‘lTY)
20| I m,;=175.5 +4.6 (stat)+
_ sk 4.6 (sys) GeV/c?
15 N Top Quark Mass (GeV/c) |
; + {  Compare to CDF, DO
108 1  combined: 173.1 + 1.1
S o # n . .
: e : Very soon precision
F ..o will increase and put

100 125 150 175 200 225 250 275 300 tight
Reconstructed Mass (GeV/c9) very Tig

reconstruction method: pick lepton-jet constraints on m
comb. based on solutions upon variation of jet p-,
ME - direction, p,(tt), and their resolutions. 41



Single Top

- Observation in 2009 (2.3-3.2 fb1) at Tevatron
- Tiny cross section- at LHC it is 20x higher (60pb)

» Charged EWK production only, direct probe of
top weak coupling

 Important background to Higgs searches

+ Very difficult measurement- signal (+->Wb) looks
like the (dominant) background from W+jets.
Need sophisticated fits/tools to measure a
cross section. ‘., y

Single top production in the “t-channel” 4>



Events

Evidence for Single Top at LHC

2 complementary analyses are combined: a 2D fit to
angular correlation variables, and a fit to a "boosted
decision tree”, based on SM single top expectation.
Significance measured (expected):

2D: 3.7(21) o BDT: 3.5(2.9) o
CMS Preliminary, 36 pb',\/s = 7 TeV CMS Preliminary, 36 pb™',\s =7 TeV
S L :'data ﬂ ”'I”'I.'III.'I'.'I”.II”I”'I'.'I.':.data
30F —| Mt channel g 70 7 Mt channel
: . Sts“tlzhannel LI>.I 60 ‘ '] Os channel
25¢ 1 Dt e ] %tyv
- - Mwbb - tt
- 1 MwWce 50 — Mwbb
20 1 mwc - =W°E
- ] . 1 mwe
: 1 Ezreaiets 40 — mWslight jets
15 - mvv 3 W Z+jets
JQco 30 — vV
10 3 Dacp
20 =
5 ]
: 10 E
01 08-060402 0 0204 06 08 4 0 : 1 ]
CoS Blj -1 -08-06-04-02 0 02 04 06 08 1
BDT output

Plotted is the angle between the
lepton and untagged jet. For single
top, specific angular correlation
due to top quark spin. Julia Thom, Cornell 43



Single Top

combined: 0,=83.6+29.8 (stat.+syst.)+3.3 (lumi.) pb

/

CMS Preliminary,\'s=7 TeV, L=35.9 pb'

o/pb

t-channel single top quark production
. ' ' o |
i ®  CMS Preliminary, 35.9 pb” °
v Do 2D, u channel 104.1= 209
10°F e cOF
NLO 5f °
- 2D, e channel 154.2 = 7,
10 °
- BDT, u channel 89.8 + 404
- v
L 37.8
1k f i BDT, e channel 59.2 + 575
- ) ) N | | . ] ®
0 ) 4 6 8 10 2D, e+u channel 124.2 = 33|
\'s / TeV
—_0_——
BDT, e+u channel 78.7 = 503
-——-—.—-
CMS combination 83.6 + 300
| | | | | |
-100 -50 0 50 100 150 200

Single Top t-Channel Production Cross Section [pb]




Events / 50 GeV/c?

Search for top resonances at CMS

80_|"'|Ill|lll|l||||||||
- CMS Preliminary .
70136 pb™ at\'s =7 TeV E

Z' decaying to a top quark
pair? Look for

resonances in the
invariant mass spectrum

- Tevatron reach will be

Upper Limit o,, x BR(Z' — tt) [pb]
)
\

60; —o— QObserved (95% CL) —f

5of_ Expected (95% CL) —f

+ 10 Expected

30%_ + 20 ExpeCted T
extended at the LHC I
I B LU L o U U E
- CMS Preliminary —e— Data 101~ -
25[-36 pb at\'s = 7 TeV [ Jaco : k
e B 2/~ (+ light jets) %2 0608 1 1214 16 18 2
[ ] Vbb+X 2
20 ] VeeyX m., [TeV/c?]
) [ W—lv (+ light jets)
15 [ Single-Top
I i Example plot:

Z'0.5TeV (50 pb)

Z'0.75 TeV (50 pb)
......... Z'1TeV (50 pb)

Z'1.25TeV (50 pb)

Reconstructed m(tt) after
kinematic fit (4-jet events with
1 b tag) in the electron + jets
channel

10
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* LHC has established its first set of basic top
quark measurements using only a few hundred
top candidates

- First measurements of top at a radically higher
energy scalel

- with the current precision the production cross
sections are in agreement with the calculations.
Important validation of QCD tools

* Are there any "smoking guns” in the large
Tevatron top data set- things that the LHC will
investigate soon?

Julia Thom, Cornell 46



Anomalous Forward Backward Asymmetry

+ Tevatron measures the “charge asymmetry”: compare
number of top and anti-top produced with momentum in a
given direction, in pp lab frame or in t1 rest frame

o _Np)-N(P)
*“N.(p)+N(P)

» Observable measures the fendency of the top quark fo
move forward along the same direction as the incoming
quark. In the SM, this asymmetry is zero at LO.

- At NLO: ~5% net positive asymmetry due fo interference between
ttj states (ISR, FSR)

Julia Thom, Cornell 47



Results, Agg

(7, i N O I B O S |
2 - ! ! l ' A, =0.073=0.028

::: 400\ *?faiabkg 5 ] 3 f b'1 Ay = 0.019 20,003
. - bkg A =-0.009 = 0.002
In /+J6T51'bfag channel: 350 + A = -0.054 = 0.008

tag t vs t with lepton  awf{ +jets events T E
charge, use hadronic side

to measure top rapidity | - ;
: + :
150 -
1002— = —— —
:
. [ || — - ]
At parTon IZVZI ' %45 1 05 0 05 1 15 2
-ay, =y
- o o Plotted is the "top rapidity” "
= -+
Afb 150 /o - 5 /o (product of lepton charge and
In rough agreement with hadronic rapidity) in lab frame

SM at NLO (5%=1%), a ~2 o discrepancy
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Arg at low and high mass of the tt system

7 T
4 _ It parton-level
CDF data 5.3 fb™
Note: at higher m,, we are more 0.4 == #NLOQCD 1
sensitive to possible new
physics processes coupling to
top quarks. 0.2
0.0 ——————— T
—02f
- for mﬁ>450 GeV/c? 450 GeV/c? M,

Aq= 47.5% +11% (parton level)

>3 o discrepancy
hep-ex/1101.0034
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comparisons

Background subtracted Asymmetry

CDF dilepton
L=5100pb’

CDF l+jets
L=5300 pb’

DO l+jets
L=900 pb"’

DO l+jets preliminary
L=4300pb’

| I - ke

0.07 +0.02
0.21*
0.07 0.02

0.0840.04
ol -0.04

+0.08 +0.01
0.12 -0.08 -0.01

0 08‘0. 04 +0.01

. -0.04 -0.01

L | |

1 08-06-04-02

PRI T ) | - -
0 020406 08 1

A

Julia Thom, Cornell
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not an easy measurement at the LHC

* LHC collides protons, mainly produced in gluon-gluon
interactions, so measurement of Agg is very subtle.

The SM asymmetry is

much more diluted.

+ Have checked for possible asymmetry using n(t, 1)

N*™ —N~

A =
C= N*+N-

+,- determined from sign of |n(t)| - In(T)I

Raw charge asymmetry is

consistent with zero.

T T T T T

100—G\s Preliminary "« data

events

L 36 pb'at\'s =7 TeV Bt
e+jets, u+jets [single top
A°=0.018+0.034 B Z+jets

| | B Wjets
1 []ach
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Other implications for the LHC?

* Which new processes could enhance Ag, and
can we observe them at the LHC?
- Axigluons (V-A structure), e.g. Bai, Hewett, Kaplan

et al, arXiv:0911.2955, would result in a di-jet
resonance

- production of a new scalar top partner (~200 GeV)
that decays to a top quark (and invisible particle),
e.g. Isidori, Kamenik, arXiv:1103.0016

- Z' with flavor changing couplings between u and t
quarks. Murayama et al, arXiv:0907.4112v1, would
result in a same-sign top signature

Julia Thom, Cornell
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Summary

» Top quark physics could be the first place to see NP at
the LHC

- interesting Tevatron asymmetry results may be the first glimpse?

* The collider experiments at the LHC have produced first
top quark measurements at the highest energies ever
reached and will soon take the lead in the field of top
physics

+ Already in the last few weeks, a data set of comparable
size has been recorded. By the end of the year we expect
~100 times more data. Stay tuned!
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2011 run so far

* In just 7 days of warm-up we have recorded a data set
half the size of the 2010 data set. Already surpassed the
2011 baseline lumi of L=2x1032.Very impressive operation
and detector performance

* One of the problems facing us now: "pile-up”
Example event with 13 recons’rruc’red ver'hces |

0 ——

Y / ‘[ { '\ \/‘

I/
CMSE perimen ILHC [CERN™.} ||/ gy f
Data recorded: Mo Mar 14-06:44:14-20 ? QEsT / /I /
Ru /E nt: 1604 2/f212»419 L /1 14

y, . /1
|

/ yd

/
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Search for Heavy Top t ->Wq @

Sear'ch for heavy top decay to i G

) Observed
q final states (e.g.LHT) $ 1o Vi, EW
' Use observed H; and mass : | ]

distribution to fit signal 1 and
background (top, W,..) 1oof
distributions

g | |I ll l* 4.t
5 | ETIVREA
+ exclude a standard model SRR _
fOUPTh-gener‘aTion T quar‘k 0 200 400 600 800
with mass below 335 GeV at e
o T . T . .
957% CL. _ CDF Run 2 (4.6 fb™)
Perturbation Theory 'g_ 1 Preliminary 3
- | ’ Breaks .: :-'I—>Wq,M2 4 jets N
r_g CDF/-DO - ;T_, T VS. Mreco VS. Njet
o 200 400 600 800 M- 'e 0.1 1
— ,.J\=| 5 range of : observed
S CoF |1 . e
0 200 4% “s 800 Mp 0.01+ theoretical prediction
Bonciani et al.

200 250 300 350 400 450 500

Julia Thom, Corne t' mass (GeV/c?)



Search for top resonance at DO

> .
$10 24 jets *DQ, L=3.6 fb’ = Data Reconstructed m(ttbar) after
o Prelim. [ 1Z (650 GeV) kinematic fit (4-jet events with
@ 1 b tag) in the electron + jets
s 10 channel
>
w

1

10"

Expected limit 95% CL
Expected limit 68% CL

0 200 400 600 800 1000 1200

"“ [GOV] . * Observed xCross-sectiorg
S, 0.8 - Topeolor Z' (CTEQSL1)
e D@ Runll, L=3.6 fb"

0.6 Preliminary B

s

Julia Thom. Cor 300 400 500 600 700 800 900 1000 1100
M, [GeV]

—

S




Wore top physics,

entioned in this talk

- role of precision fop mass measurements

- role of Httbar production

- Investigation of W helicity in t->Wb

- Measurements of top spin, charge, width, etfc

Julia Thom, Cornell 57



B tagging: 3D impact parameter

Measure the 3D impact parameter of tracks within jets:
- Large impact parameter value: track points to secondary vertex
- Need excellent alignment and general tracking performance

For tracks with p>1GeV belonging
to central jets with pr > 40 GeV:

CMS Preliminary 2010

track

T T II[III|

jet axis

,.g _IIlllII|III|III|III|III|III|II

=) i lMCIlht)

o 10 @MC %arm)
> = lMCbottom}
8 C OMC (no info
N B

©

g103

(o)

pzd

O

=

IIII]I| 1 [II[III| L L Lril

T T IIII]I|

Impact parameter

interaction primary vertex

0.020.040.060.08 0. )
3D IPvalue [cm] Long-lived b
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ME- resolution

ME resolution due to noise, calorimeter response etc
strongly depends on the associated sum of transverse

energy, XE+

Very good (5-10 %) ME+ resolution, esp. for particle flow
and track-corrected ME+, as measured in minimum-bias

data

) (GeV)

X,y

o(Calibrated §

N
(4]

N
o

15

10

L B L B B BN B B
-+ type2 caloF, (Data)
- — type2 calog, (MC)
— — 1t tcE, (Data)
— tcg, (MC) -
( A
(

Calorimeter only

—— prT _—
— pfE;

MC)

IIIIIIIIIIIIIIIIIII

CMS preliminary 2010

R - | | | | | |

250 300 350 400
Calibrated pfZE, (GeV)

100 150 200
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>=4 jet
>=1 tag

80% purity

>=4 jet
>= 12 tag

90% purity

Top Leptont]ets (tagged) Fit

CMS Preliminary [ L=36 pb", \s=7 TeV

- 2 2 £ £
250 —
2 B B B B
- o o o o o
o E : : ! :
e 5 $ E ]
: - ~ Lol - w
® Data
.Top
Loty | |
50 5 .SIngIeTop
Secondary vertex mass (GeV)

CMS Preliminary [ L=36 pb", \s=7 TeV

.be
.ch

200

1Jet 1Tag Electrons
2 Jets 1 Tag Electrons
3 Jets 1 Tag Electrons

4 Jets 1 Tag Electrons

150

IIIILIQ_IIIIIIII%

100

50

L.u._&a.u_

|:| W+LF Jets

5Jets 1 Tag Electrons
o
(s
[w]

30 5

Secondary vertex mass (GeV)
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CMS Preliminary [ L=36 pb”, \Vs=7 TeV

16

14

12

10

lllllll IIIIIIIIIIIIIIIIIIIIII

2 Jets 2 Tags Muons
2Tags Muons

Jets 2 Tags Muons

5 Jets 2 Tags Muons

50
Secondary vertex mass (GeV)

CMS Preliminary [ L=36 pb", Vs=7 TeV

16

14

12

10

TTTTTT llIIIIIIIIIIIIIIIIIIIIIIII

2 Jets 2 Tags Electrons
3 Jets 2 Tags Electrons
4 Jets 2 Tags Electrons
5 Jets 2 Tags Electrons

50 50 5
Secondary vertex mass (GeV)
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Anomalous Forward Backward Asymmetry

NLO produces a positive asymmetry (As,=5%=1%)
through interference:

— S GCOTET / tt frame asymmetries:
between box and | Neoromem
Born diagram /U Hooee U\ AFB ~ +10-12 % NLO

0000000 $——
q
\ N
000 600"
between i states FLLLLLT G\<( Sﬁ'ﬁ 000000 Arg ~ -7 % NLO
% d
- N = ’
g Q

Net: ~6+-1.0%

Halzen, Hoyer, Kim; Brown, Sadhev, Mikaelian; Kuhn, Rodrigo; Ellis, Dawson, Nason;
Almeida, Sterman, Vogelsang; Bowen, Ellis, Rainwater
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Cross-check: background
dominated asymmetry

lab frame

ﬂ _lllll'lllllllllllll[llll[
€ 900 CoF Il Preliminary = Data
@ [ L=53M" W i + Bkg
w - I Bkg
800}

700}

600F
500/
400F
300}
200F
100

-0.5
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Acg in the dilepton channel @

- at NLO: Afb - 50/011.50/0
»+ Observed:
Afb: 42 0% x16% B

Yiop-Yibar iN LAD (u-1)  CDF Il Preliminary

2,' 20 _.. ......................................................................... reesessassassanis det:SHbi o
5 " dilepton events i
5 . ——~ = 10 error
@ 15F
2.3 o discrepancy
10
5




consistent with DO results =&
- at NLO: A, = 1%=1.5%

- Observed:

Afb: 8.00/0 i4°/o

2 o discrepancy  1sof

100:

50

0_-

Julia Thom, Cornell
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Other interesting searche

+ Z' decaying to a top quark
pair: look for resonances
in the invariant mass

spectrum

- Tevatron reach will be
extended at the LHC

- Searches for 4th

generation quarks
(+'->Wq)
- Still not ruled out-

Al
Q —e— Data ]
> - A _ 1
© 25[36pb’at\s=7TeV [ Jacp —
O] - €,z 4 jets, =1 b-tag I Z/y*—IT (+ light jets)
S e [ ] Vbb+X E
~ B [ ] Ve(e)+X |
%’ B S I W—lv (+ light jets) ]
o 15 — [ Single-Top ]
A == B .
B Z'05TeV (50 pb) ]
10— Z'0.75TeV (50 pb) ]
- D Z'1TeV (50 pb) ]
5 : e Z'1.25TeV (50 pb) -
O [ """ -:: S TR - l...‘J...‘JWL“.LﬁAv_“bw:

400 600 800 1000 1200 1400 1600 1800

R D [ B [ B R R
CMS Preliminary

m. [GeV/c?]

-
o
N

possible mass = few 100
GeV

events/25 GeV
S

" CDFRun2(5.6fb") |
Preliminary '

t Observed
tt

W+jets, EW
| QCD

|
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Top Leptont]Jets (tagged) Results

Interesting best fit nuisance parameters

B-tag efficiency scale factor: 0.975+0.045
Jet energy scale shift: +0.6+£0.6
W + jets Q? scale shift: -0.25+0.45 o

W+bx scale factor: 1.9+0.6 X “SM”

W+cx scale factor: 1.4+0.2 X “SM”
“SM” = MadGraph scaled to W+jets NLO

Source | Uncertainty (%)
Systematic uncertainties
Lepton ID/reco/trigger 3
- Unclustered EF*S resolution <1
| tt+ Jets Q%-scale 2
| ISR/FSR 2
| ME to PS matching 2
PDF 3.4

Profile likelihood parameters

Jet energy scale and resolution 7.
| b tag efficiency 7.5
W+Jets Q2-scale 9.1

Combined 11.6

Cross-checked by 4 other analyses which
use explicit IP and soft muon b-tagging

2 LcMS Preliminary | . !
0>.> 800 2_36 pb‘1 at\lg =7TeV B i (1575 00)
LIJ E > i ingle-Top
700, M+2 316t B
600" =
’7/ [Jwwsx
/ Background uncertainty

Soft muon tags

>4

3
Jet Multiplicity

Mu o0,; = 1454 12 (stat.) & 18 (syst.) £ 6 (lum.) pb;
Ele 0; = 158+ 14 (stat.) £19 (syst.) £ 6 (lum.) pb

Combined result

og = 150 £ 9 (stat.) &= 17 (syst.) £ 6 (lum.) pb.

13% precision, largest systematics reducible

Julia Thom, Cornell 66



First LHC top mass measurement

Use top dilepton events first:

highest purity,

least number of jets,

cross section and event selection established six months ago

Based on improved versions of Tevatron methods
CDF MWT doi:10.1103/PhysRevD.73.112006

DO KIN doi:10.1103/PhysRevLett.80.2063 ¢ 30r gt
-E C preliminary ~g10: \ 7]
@ 36 pbTat\s=7 TeV 3 . / 11
KINb method: 1) 25 eelen/un events g1 /] i
. . .. "m,,=174.8+ 5/5 GeV/c*
*many solutions per lepton-jet pairing upon A \ /
variation of jet PT, MET direction, Pz(tt), and 201 \\ //
their resolutions. '

?50“”160”“170 ‘IS()IH%QDIHIQQO:
Top Quark Mass (GeVic?) |

1}

100 125 150 175 200 225 250 275 §60
Reconstructed Mass (GeV/c?)

Julia Thom, Cornell 67

*B-tagging used for jet-lepton assignment
wherever possible

*Choose combination with the largest number
of solutions (75% success).

1D Likelihood fit to reconstructed top mass
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First LHC top mass measurement

AMWT method: 8 30 s Dretminary T e M
*many solutions per lepton-jet pairing upon § f3slpb}‘ ats=T Tev § _— !
variation of jet PT, MET direction, Pz(tt), and 2 a8 49 Gevie? * © \ :
their resolutions, Each assigned a weight 20 \}\l /[

* o e

150 180 170 180 190 200—
Top Quark Mass (GeVic? )]

w = {)_ F(x1)F(%2)} p(Ej: |m:)p(Ej-|m;)

*M , vwr 1S Mtop hypothesis with largest average
Weight 10
1D LH fit to M, Over 3 b-tagging categories

r T T T [ r T T[T
I l |

)
III]|IIII

100 125 150 175 200 225 250 275 300
Reconstructed Mass (GeV/c?)

Method Measured Miop (in GeV/c?) Weight
AMWT 175.8 £ 4.9(stat) £+ 4.5(syst) 0.65
KINb 174.8 + 5.5(stat) 43 (syst) 0.35

......

combined |[175.5 4+ 4.6(stat) + 4.6(syst)| x*/dof=0.040 (p-value=0.84)

Dominant systematics are JES and b-JES
Agrees with world average top mass ATLAS I+jets preliminary : 169.3+4.0+4.9
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Trigger

CMS Trigger Design
parameters

First decision

(reduction to 100 kHz) ~1 —
GHz Eg

IS made at detector Digitizers

level
QVD Front end pipelines
Second decision (100 —

kHz to0 150 Hz) is made ~k1:zo e
with software

1 Tb/s

Switching networks

Current total trigger
pl"OCCSSing Tlme per‘ Processor farms
event: <b0 ms

Julia Thom, Cornell



The CMS detector

Tracker coverage |n| <2.5
Electron coverage [n| < 2.5
Muon coverage || < 2.4

Efficient muon (electron)
triggering down to 9 (17) GeV at
L.=2E32

3.8 T solenoid + 76000 crystal
ECAL + 200 m? silicon =
percent level lepton momentum
resolution at high PT

HCAIL/HF coverage |m| <5.0

n — 0.1 0.2 0.3 0.4 05

N
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/IHV//

TV @

A

'I’I‘TI’T _/'

//////
Ly

oy /
17z
JLLT L hdoih

ME111)

ME 2/1 }

ME 312

ME 3/1

1 1 L

Julia Thom, Cornell

600 800

1000

1200

1.3
(30.5%)

4
@)

15
(25.2°)

1.6
(28)

1.7
(20.7°)

1.8
(18.8)

1.9
(17.09

.20

(15,4°)

22

-| (126

24
(10,1°)
2.6
(85
28
65
(5.7

35
(35)

5.0
(087

1400

Z (cm)

70



Top Dilepton

Cross section systematic uncertainties (%), by channel

Niet =1 Niet > 2

Source ete " +utu~ e*ut ete +putu- eFut

Combine nine categories: Lepton selection 191/130 111 191/130 111
Energy scale -3.0 —5.5 3.8 2.8

. Lepton selection model 4.0 4.0 4.0 4.0

ee/mumu/emu 1n three Branching ratio 17 1.7 1.7 1.7

Event Q° scale 8.2 10 -2.3 -1.7

Top-quark mass -29 -1.0 2.6 1.5

= 1 jet >= () tag Jet and Er model -3.0 -1.0 3.2 0.4

>—1 jet >=( tag Shower model 1.0 3.3 —0.7 —0.7
Pileup -2.0 -2.0 0.8 0.8

>=1] jet >=1 tag Subtotal (before tags) 11.2/11.1 13.1 8.0/7.9 6.2
b tagging (= 1b tag) 5.0 5.0

Subtotal with tags 9.5/94 8.0
Luminosity B - 4 <

. - e ST
Combined cross section} 168 + 18(stat) 4 14(syst) & 7(lum) pb. R S — i T
| Even Hifep Ozy -t
80_— [ Single top
14% precision with no dominant systematic ingredient [ B
60 [ b-tag uncertainty

b-tag efficiency inferred from double-tag/single-tag ratio —> 403

U U I TN T T N TN TN U N TN SN U AN TN T T N

1 2 23
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