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Introduction

* Discovery
* Introduction to the top quark
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1974

With the discovery of the J/W:

o ([
()
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1975-1977

)

* Tau () lepton in Mark | data (v, from the decay (l; J [C J (b J

kKinematics)
v, 14 Vv,
e u T
* b: non SM? iso-singlet? SM iso-doublet?

 Discovery at Fermilab of the Y

- 1984: DESY measurement of e*e"—bb FB asymmetry: (22.5 £ 6.5)%
— cf. 25.2% SM iso-doublet, 0% iso-singlet

* |f SM is correct there must be a iso-doublet partner, the top quark

« Mass? b/c/s 4.5/1.5/0.5: Mass=15 GeV?

w®
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 The SMis not a “renormalizable” gauge theory in the
absence of the top quark

* Renormalizability is a crucial feature, enabling the SM
to be theoretically consistent and be usable as a tool

to compute the rate of subnuclear processes between
quarks, leptons, and gauge bosons Wwéi:i
» Diagrams containing so-called “triangle La

anomalies” (right), cancel their contributions, thus Q
avoid breaking the renormalizability of the SM, only if
the sum of electric charges of all fermions circulating

in the triangular loop is zero: Q= -1+3x[2/3+(~1/3)] =0
lepton electric charge ~ quark (up/down) charge

Michele Gallinaro - "The top quark" - March 31, 2014 6



Searches in e*e- collisions

 PETRA could reach ~20 GeV (late 70s)

— Search for narrow resonance

— Look for increase in R=(# of hadron events)/(# of uu events)
— Global event characteristics: look for spherical component
—Negative results. Set limits: Mi>23 GeV

* TRISTAN built to study the top quark (early ‘80s)

— Similar search technique:
—M>30 GeV

« SLC/LEP
— Look for Z—tt
—M>45 GeV

 Reached kinematic limit for direct searches at e*e- colliders

Michele Gallinaro - "The top quark" - March 31, 2014 7



Indirect searches from e*e- colliders

* In the SM, various EWK observables depend on the mass of the top quark

................................

* Precision measurement of the Z decay = predictions of M,,, (consistency)

* |In the period 1990- up to the discovery:
— Prediction upper limit<200-220 GeV

Michele Gallinaro - "The top quark" - March 31, 2014 8



Early searches at hadron colliders

CERN SppS (Vs=540 GeV) built to observe W,Z

— Access to much higher energies
— Large backgrounds, low event rates

g w’
— Difficult reconstruction: jets W -
1984: UA1 _ /" 'Qb
+ W—tb—lvbb b

* Isolated high-p; lepton
« 2 or 3 hadronic jets
« Observe 5 events (e+ 22 jets), 4 events (u+ 22 jets)

» Expected background: 0.2 events
— Fake leptons dominate; bbar/ccbar negligible

* Result consistent with M,,,=40+10 GeV
« Stop before claiming discovery...
=\W+jet background was underestimated

Michele Gallinaro - "The top quark" - March 31, 2014 9
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Searches at hadron colliders

g
q
. 1988 UA1 W q

 Larger data sample (x6, 600nb-)
* Improved understanding of the backgrounds

» Fake leptons, W+jets, DY, J/W, bbar/ccbar v ° -
oW
channel observed expected background
u+22 jets 10 events 11.5 + 1.5 events
e+21jets 26 events 23.4 + 2.8 events
(+ 23 expected if M,,, = 40 GeV)

=conclude M...>44 GeV

top

Michele Gallinaro - "The top quark" - March 31, 2014 11



Fermilab joins the hunt

« 1988-89: at CERN, UA2 remains after the upgrades

* V1.8 TeV@FERMILAB vs. V0.63 TeV@CERN

* Much better reach for larger mass (only 75 GeV@UAZ2)
- At Tevatron, pair production dominates: {t—= Wb Wb

ev |12 (25 |25 |14.8

LV 12 |25 |14.8
v 12 1438
q9q 44.4

Michele Gallinaro - "The top quark" - March 31, 2014 12



Tevatron

R— i S

Lroton-antip

§

-

oton collision at 1.8-2.0 TeV




12 countries, 62 institutions
767 physicists
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Searches at CDF

ev+ 22 jets -
* Dominant background: W+jets 2
- Discriminant: ev transverse mass “i 10
— Background: W on-shell % )
— Signal: W off-shell for M,,,=40-80 GeV 2 80
g &
=>M,,>77 GeV N

MY (Gev/e?)

* UAZ2 uses similar technique: M,,,>69 GeV

Michele Gallinaro - "The top quark" - March 31, 2014 15



Searches at CDF (cont.)

eu channel

« Event rate much lower: 2xBR(W—ev)

* Background very small

* No W+jets

* No Drell-Yan

* Dominant background is Z—=tt—euX (expect 1 event)
* Observe 1 event

=M, ,,>72 GeV (expect 7 events for M, =70 GeV)

top top

Michele Gallinaro - "The top quark" - March 31, 2014
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Change of strategy: M

>M,+M,,

(o]0

» Top quark decays to on-shell Ws: no M+(lv) discriminant

* Main differences:
—background: W+jets (largely quarks and gluons)
—signal: W+jets (2 jets are b-jets)
« CDF publication on 88-89 data:
— Dilepton: include ee, uu, eu (require missing ET, Z-veto)
— Single lepton: require low p; muon (semi-leptonic b-decays)

= M,,>91 GeV

Michele Gallinaro - "The top quark" - March 31, 2014 17



19 countries
83 institutions, 664 physicists

D@ Detector
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Searches at Tevatron: CDF and DO

1992-1995

 Tevatron with higher luminosity

» DO: excellent calorimetry, large solid angle and coverage

« CDF: precision vertex detector, good tracker, magnetic spectrometer

Run 1A:
* DO: optimized search for M,,,=100 GeV

—eut+21jet+MET 1evt (1.1 bkg)

—ee+21jet+MET 1 (0.5)

—e+24jets+tMET 1 (2.7)

- ut+24jets+MET 0 (1.6)
=M,,,>131 GeV@95%CL

Michele Gallinaro - "The top quark" - March 31, 2014 19



Detecting the top quark at CDF

 Strategy
—dilepton: +2 jets
— single lepton: b-tagging

1) soft e/u: semi-leptonic b-decay Two jets tagged by Svx

2) secondary vertex

s
' 3 '

e f

Wl o

New: CDF vertex detector (SVX)

(40 um impact parameter resolution)
powerful discriminant against background

Michele Gallinaro - "The top quark" - March 31, 2014

fit neutrino jet #3  jet #1

40758_44414
24-September, 1992

fit top mass is 170 + 10 GeV
e, Missing Ey, jet #4 from top
jets 1,2,3 from top ( 2&3 from W)

«+—\5 cé timeters ——»
Tevatron

beam pipe

( note scales )

=

«— 3meters — »

Tracking View

Primary (4
Vertex Secondary
Vertex

—
\ Ellipses

4+—5mm-—»
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Tagging b-jets

» Top events contain B hadrons
* Only 1-2% of dominant W+jets background contains heavy flavor

B hadrons are long-lived semileptonic B hadron decay

Vertex displaced tracks Soft Lepton Tagging

displaced
tracks
Secondary
vertex
Primary ,;”l .
vertex rdo 0 e
v >
/ y
% e b— flue (BR ~ 20%)
z

prompt tracks

eor [Lin jet

e b—c—tlus (BR ~ 20%)

55% <+ Top Event Tagging Efficiency — 15%
0.5% <«—  False Tag Rate (QCD jets) — 3.6%

Michele Gallinaro - "The top quark" - March 31, 2014 21



1993

Coll. Meeting, Aug. 1993:
« Status report from each group (dilepton, single lepton)

« Small, not significant excess in all channels

Type observed background

+0.25
DIL 2events 0.56 ;73

SVX 6tags 23103 | «— 3cventsin
SLT 7tags 3.1+0.3 <—— common

total 12 events —

* In total, an excess of events

« Background fluctuation probability: 2.8c

» Skepticism, additional studies, cross-checks
 Additional 8 months before making the results public

Michele Gallinaro - "The top quark" - March 31, 2014 22



Final steps: CDF and DO

CDF: counting experiment yields 2.8c
— Few checks: no major discrepancy
— Other checks consistent with presence of signal
—Mass distribution looked good P E

* There were also other analyses at CDF
— Difference of jet E; spectra for signal and bkg
— Separate two component for signal and bkg
— CDF chose not to use those for first publication

« Use “counting” experiment

D0: added more data and re-optimized for heavy top (single
and dilepton)

* Observed 7 events (expect 4-6 from bkg)
* No independent evidence

3r Data (a)
------- QCD W+3 jets

~
T

(b)

—_

Events/ 1.5 units

ol

! 1
-5 5 7.5

P~
[N

"] 0 2.5
LaLl®
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First evidence (1994)

VOLUME 73, NUMBER 2 PHYSICAL REVIEW LETTERS 11 JuLy 1994

Evidence for Top Quark Production in pp Collisions at Vs = 1.8 TeV

We summarize a search for the top quark with the Collider Detector at Fermilab (CDF) in a sample
of pp collisions at Vs =1.8 TeV with an integrated luminosity of 19.3 pb~'. We find|12 events|con-
sistent with either two W bosons, or a W boson and at least one b jet. The probability that the measured
yield is consistent with the background is 0.26%. Though the statistics are too limited to establish firmly

the existence of the top quark, a natural interpretation of the excess is that it is due to 1 production.
Under this assumption, constrained fits to individual events yield a top quark mass of
GeV/c?. The 17 production cross section is measured to be(J3.9 184 pb

3

[ T T T T | A3(’
i ] g
¥ Data after SVX/SLT tagging -/ events %
| ) =
E==] Background SVX + SLT B 334
102;- ] B <
3 ] 50
: NUZ — -—-?33 F
—— Q E
» ;—-: 2
@ | > 3 AT T I
[ @) 150 160 170 180 190
S ‘ e 2
o ——4 = Top Mass (GeV/c?)
‘gm - ? B 5
L 1 >
Z [ ) S|
1
1 b i
. 0 I B
ll 5 13 24L 100 150 200 250 300
Number of Jets Top Mass (GeV/c®)
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Discovery

By early 1995 (Run 1A+1B), x3.5 data

DO further optimized for high mass:

» Require H; (ZE; of all objects) to suppress the background:
improves S/B by ~x2.5

10 : 3]
2 8; dilepton (a) |r' (b)
S 6_’ ' background 2 :a'l;': single lepton
as | |
g 4
_'S - ! 1 -

Z 2
0 —T , 0—— e
0 200 400 0 200 400
H, (GeV)
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First measurements

VOLUME 74, NUMBER 14 PHYSICAL REVIEW LETTERS 3 APRIL 1995

Observation of Top Quark Production in pp Collisions with the Collider Detector at Fermilab

We establish the existence of the top quark using a 67 pb ' data sample of pp collisions at
J5 = 1.8 TeV collected with the Collider Detector at Fermilab (CDF). Employing techniques similar
to those we previously published, we observe a signal consistent with 7 decay to WWbb, but
inconsistent with the background prediction by 4.80. Additional evidence for the top quark is

Vi ak in the reconstructed mass distribution. We measure_th quark mass to be
176 + 8(stat) + 10(syst) GeV/c}} and the 7 production cross section to be|6.8"5% pb

6

14 '§ 2
: %12 =k
10° : & 2 F
no b-tagging <" st 20k
- “ 8 = :
- 2 S b1
. E 6 i 160 170 180 19g
10 E o Z 4 f __af Top Mass (GeV/c
: 2 f e
= I d >
E! 0 3
.8 10°F o o 3 |-
E f e ;
- >~
z i
2
m 2
1 -
-y
=T B :
0 Lieal | L Lo L aal
> 3 80 100 120 140 160 180 200 220 240 260 280
Number of Jets Reconstructed Mass (GeV/c )
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First measurements

VOLUME 74, NUMBER 14 PHYSICAL REVIEW LETTERS 3 APRIL 1995

Observation of Top Quark Production in pp Collisions with the Collider Detector at Fermilab

We establish the existence of the top quark using a 67 pb ' data sample of pp collisions at
J5 = 1.8 TeV collected with the Collider Detector at Fermilab (CDF). Employing techniques similar
to those we previously published, we observe a signal consistent with 7 decay to WWbb, but
inconsistent with the background prediction by 4.80'. Addmonal evidence for the top quark is

provided by a peak [~ 3 6‘ — “—p_quark mass to be
+
176 + 8(stat) = 10(sy — : pb
o, =638, pb
i | Miop = 176 + 8(stat) = 10(syst) GeV| %}
0L ] Y sE
“’Fno b-tagging 5 o}
- _E o b
o = 160 170 180 1
10 ° Z s I Top Mass (GeV/c
=
3
o 3 B
Z
S
o2
l -
. g y s P
2 3 80 100 120 140 l60 180 200 220 240 260 280
Number of Jets Reconstructed Mass (GeV/c )
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First measurements

VOLUME 74, NUMBER 14 PHYSICAL REVIEW LETTERS 3 APRIL 1995

Observation of Top Quark Production in pp Collisions with the Collider Detector at Fermilab

We establish the existence of the top quark using a 67 pb ' data sample of pp collisions at
J5 = 1.8 TeV collected with the Collider Detector at Fermilab (CDF). Employing techniques similar
to those we previously published, we observe a signal consistent with 7 decay to WWbb, but
inconsistent with the background prcdlctlon by 480' Addmonal evidence for the top quark is

provided by a peak 36 : p_quark mass to be
176 *+ 8(stat) = 10(sy| O tt= 6.8_2:4 pb pb
i | Miop = 176 + 8(stat) = 10(syst) GeV]| %:}
“Fno b-tagging £ E
i g° S b,
4 g 6 160 170 180 1
10 r o Z Top Mass (GeV/c
| : d DO
-g 0 }r ° N Proper Time (ps) a n Pa pe ré—U
Z.

submltfed smuEtane

3 3 100 120 140 160 180 200 220 240- 260 280
Number of Jets Reconstructed Mass (GeV/c )
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Top quark and its relevance

Three generations
of matter (fermions)

 Basics

top quark

mass—| 2.4 Mev/c Ml |1.27 Gev/c2 | 171.2 Gev/& ? Gev/c?
charge—|%4 A 2 t 0 H
° spin—f 15 » % 0 .
How to detect the o [ [ rigs

4.8 Mev/c®

104 Mev/c’

4.2 Gev/c’

P E d = -%b
° = |1 % %

Tevatron vs LHC Hi= 1 i

<2.2 eV/c? <0.17 MeV/c?

0 0

sze Vzvu

electron muon

neutrino neutrino neutrino

7))
o

0.511 MeV/c’ | [105.7 Mev/c? | |1.777 Gev/c? 8
£, e |l y P
5 T 2
S |% % u % (o]
a 3
@ | electron muon tau ©
- O
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About the top quark

* The heaviest known elementary particle %J QUARK MASSES
e Lar ing to the Higgs ~1 & |
ge mass, coupling ag
=Nno hadronl.zatlon 200
« Several open questions 17
— Is top mass generated by the Higgs
mechanism? 150
— Special role in EWSB mechanism?
— Does it play a role in non-SM physics? 100
— Are the couplings affected?
o0
* Main background for many New Physics
searches 0L 5
* Top quark measurements may provide Q

insight into physics beyond SM
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The Large Hadron Collider

» Built to explore new energy frontiers# & .
* First colliding beams in 2009 %0 LA
- started with “low” luminosity in 2010 SR o
. ~5 fo ' @7TeV delivered in 2011 S SREICIREIRITER
+ ~20 fo'@8TeV in 2012 A

o,

e re-establish SM measurements
* access to new physics processes

= Top quarks give access to SM and BSM (?)
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Tevatron vs LHC

Data Iddf om 2012-04-04 22:37 to 2012-12-16 20:49 UTC
80.00 12000.00 25 ‘ ‘ 25
- — LHC De | d 23. 3om
_ Run Il integrated Ium| s u; o, S = CMS Recorded: 21,791
B ' 3 20/ CMS Validated: 20.65 b ' 120
£ 6000 L
0 ..
s | 8000003. .g CMS Preliminary
: | 1evatron £ )
3 l | |l”m 3
o 4000 = 600000 o~
| fi :
© Q
) ‘ + 10} {10
E 400000 4
2 2000 ' b '”l ‘ 9
: !IHIH“' | | E | ls
2 | 200000 =
| ©
nl :
0.00 |-u|lIlH|H|.||”|||HH‘ = ol= - ) . ) ) ) ) ) 0
5 35 65 95 125 155 185 215 245w27i #305 335 365 395 425 455 485 515 N ‘NO”’ ‘\o“ s\\,\ "N,g N 6e® R o N o . o0%°
(Week 1 starts 03/05/01)

Energy: 1.96 TeV Energy: 7/8 TeV

Int. Luminosity: 12 fb Int. Luminosity: 5/20 fb-"
Age: ~25 years Age: ~3 years
Events/exp (5.4 fb1) Events/exp (1 fb1)

350 ee ey 2500 ee epppu

3500 lepton + jets 15000 lepton + jets
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What is the Top quark?

|t is the heaviest fundamental particle
~ Mp = 17322 0.9 GeV  (hep-ex/1107.5255v3)

* Weak isospin partner of the b-quark
 Completes the SM of quarks and leptons
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How is the top quark produced?

>@M,< <€ Dominant at Tevatron
g t 9 t g ¢
jiji i}< ) }w< <— Dominant at the LHC
g t 9 £ 9 F

Predicted cross sections:

Czakon et al. PRL 110, 252004 (2013)

Michele Gallinaro - "The top quark" - March 31, 2014

Collider Ot [pb] scales [pb] PDF [pb]
0.110(1.5% 0.169(2.4%
Tevatron 7.164 t0.20052.8%3 i0.12221.7%; - Tevatron
LHC 7 TeV 172.0 teasem WP og  ~85%
LHC 8 TeV 245.8 SR TeiGew)
LHC 14TeV 9536 Hihen  THH aq | %

~10%
~90%
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How does a top quark decay?

« almost always t—=Wb (i.e. V,~1)
« lifetime is short, and it decays before hadronizing

* the W is real:
— can decay W-lv (I=e,u,t), BR~1/9 per lepton
— can decay W—qq, BR~2/3

Michele Gallinaro - "The top quark" - March 31, 2014 35



How do ttbar pairs decay?

tt decay modes

Standard Model:
t—=Wb ~ 100% b

all hadronic

lepton + jets

I R

g

*t*

tt — Ivivbb di-lepton 5% etu
tt — lvqgbb lepton+jets  30% e+u
tt — qqqqgbb all hadronic 44%

= use all decay channels
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Interesting physics with Top quark

— = b

v,q
PRODUCTION PROPERTIES DECAY
Cross section Mass Branching ratios
Resonances X—»tt Kinematics Charged Higgs (non-SM)
Fourth generation t' Charge Anomalous couplings
Spin-correlations Lifetime and width Rare decays
New physics (SUSY) W helicity CKM matrix elements

Flavour physics (FCNC) Spin Calibration sample @LHC

Michele Gallinaro - "The top quark" - March 31, 2014 37



Particle identification

* Object identification and reconstruction

Michele Gallinaro - "The top quark" - March 31, 2014 38



Selection of top quark events

J"e;f;g Gev/e
e
n 01§:9GeV/c
2”5'55'255 V
o inft 515 Gevl
CMS muon+jets
. Trlgger . Jets:
—single or double (isolated) lepton —at least 2 jets, p;>30 GeV, |n|<2.5
* Leptons: —anti-kT algorithm, with cone 0.4-0.5
—elu, pr>20/30 GeV, |n|<2.5 —b-tagging is optional
— Identification/reconstruction » Missing transverse energy:
— Tracker/calorimeter isolation — Typically require 30-40 GeV

39
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Trigger

* Trigger system is a very simple concept: two levels
— L1 is hardwired to a flexible/programmable High Level Trigger

* Challenge is to keep “reasonable” rate cross section with
varying pile-up conditions, without “loosing” physics

* Full use of the flexible HLT system

« Some of the offline features (PF and PU corrections) are

implemented online - . ];?;?é”HLT
180 .;. “parked”
S 160 § mwwwﬂ
5 140 : e s
Q 120 0
v 100 i -— - .
g 80 ",\IWKWM‘—&%.;« cHniek o
G 60 :
; ©» PU=14 PU:30

instantaneous luminosity [Hz/t

25 30 35 40 45 50 55 60 65
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Particle detection

Particle
Tracking Electromagnetic Hadronic identification

device calorimeter calorimeter detector N ee d eﬂ:l Ci en t .

photons 4 * Electron, muon,

electrons tau reconstruction

o1 postons « jet reconstruction
muons .

pions or b -tag g.l n g

protons capability

neutrons —<<'

 “Onion”-like structure
« Each layer measures E and/or p of particles
« Redundancy of measurements

Michele Gallinaro - "The top quark" - March 31, 2014 41



Key:

— = — - Neutral Hadron (e.g. Neutron)
= = ===Photon .

Transverse slice with Muon chambers
through CMS

Oom im 2m im 4m 5m 6m 7m

Muon
Electron
Charged Hadron (e.g. Pian)

Silicon
Tracker

‘ ' Electromagnetic \
3 )|l|l_] Calorimeter
Hadron Superconducting

Calorimeter Solenoid

004

Iron return yoke interspersed

D.Bamaey, CERN, Felsmmy 2
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Particle Flow event reconstruction

« Particle Flow (PF) combines information from all subdetectors to
reconstruct particles produced in the collision
—charged hadrons, neutral hadrons, photons, muons, electrons
—use complementary info. from separate detectors to improve performance
—tracks to improve calorimeter measurements

* From list of particles, can construct higher-level objects
— Jets, b-jets, taus, isolated leptons and photons, MET, etc.

M HCAL

. Clusters
hadron : : detector

<)article-ﬂow m
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Electron and photon reconstruction

Photon: Electron:

* No track in inner detector * Track in inner detector

 Electromagnetic shower in EM  Electromagnetic shower in EM
calorimeter calorimeter

* No signal in Hadronic calorimeter * No signal in Hadronic calorimeter
Michele Gallinaro - "The top quark" - March 31, 2014 44



Muon reconstruction

* Minimum ionizing track in all
detectors (about 3 GeV loss in
the calorimeter)

« At high momentum (few
hundred GeV), bremsstrahlung
in the calorimeter can be
significant

« Momentum measurement in
inner detector, muon system

Michele Gallinaro - "

CMS Experiment at LHC, CERN !

Run 135149, Event 125426133 e
Lumi section: 1345 ""
Sun May 09 2010, 05:24:09 /:\

CMS

‘Compact Muon Solenoid

Muon p=67.3,50.6 GeV/c
Inv. mass = 93.2 GeV/c?

o
’
L3 ’
S
NS
=
N \\\\ ™
2N TN
o\ S
r
N
& N
Y

A di-muon event at CMS
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Electrons and muons

x10% CMS

LE— —

C 36pb* at Vs=7TeV
- Electrons
C e data

» W/Z cross section measurement with 36/ % : : oo
pb demonstrated that leptons and their Bep 0 =
“fake” rates can be modeled well 5 o

* Muons have fewer “fakes” than electrons

« Can construct analysis to minimize this
impact: trade-off between efficiency and I
fake rate S MT'%'pb.; oo

 Impact on Top: =efficiency, QCD : ‘
estimate & modeling

5 — T T T T T T T
P 0’30"¢b ‘A..¢‘..
5

[

¢
§9,9% 947
$ eetTeT, M

s |

150

number of events /5 GeV
o s

(1]
TTT
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Tau jet identification

« Taus decay 65% to hadrons (i.e. jets) and

35% to leptons

— Hadronic tau decays are reconstructed with PFlow

— narrow jet with few tracks

— Leptonic tau decays are similar to prompt leptons (lepton
pr is softer, 3-body decay)

« Hadronic tau decays

— Main background from jets/electrons > 1

— ldentified based on decay modes, charged hadrons, and § 0.9}
ECAL deposits £ 08
L, _ 0.7}

« “"Hadron Plus Strips” (HPS) algorithm 06!
— Uses photon conversion in tracker (y=>e*e’) 0.5
— Combines PF EM particles (y,e*) in “strips” 04

— “strips” are combined with PF charged hadrons gz

— Individual decay modes are reconstructed 0:1f

» Fake Rate ~3% for 70% efficiency q

T-jet axis
X

o
,,,,,
o
o

—— isolation contribution

t-jet cone

CMS Simulation, |s=7 TeV

- Z-ttMC
- Genhyl <23

- ¥
@ HPS Loose Comb df
W HPS Med Comb dy}

A HPS MVA Loose

A‘m:mur’“ A AT ]
a

_A.M‘....:.;’HJ—Q—\ o

.rlil'I~'.*l<+- L B

| | |
0 20 30 40 50 60 70 80
gentp_ (GeV)
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w
pT =62.8 GeV

Challenge: Pile-up

Zopp
Expected MET = 0 10 in-time + 10 out — of — time
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Pile-up

* About ~30 pp collisions per bunch crossing 0075_ cus prmiey
 High multiplicity 006

\MC Z—pp
— ~1-2 thousand low energy charged particles/cross >}

-e— Data Z—pup 1

— ~1-2 thousand low energy photons/crossing ZZ:
 Challenge to reconstruct hard collisions -
— Jets and MET reconstruction 0-015 |
— Lepton isolation Oo: 10 152 o

number of vertices

« Assignment of particles to primary vertex
— Particle flow reconstruction
— Neutral energy: event-by-event energy subtraction
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Pile-up in 2012

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

10

2010, 7 TeV, max. 203.8 Hz/ub

8 L 2012, 8 TeV, max. 7.7 ts/ab ls Peak: ~40 pileup events

il . .
. Y qf‘ "‘" . Design value: 25 pileup evts
. oat B, .
ROV (L=10%4cm2 sec™, 25 nsec)
) g’ PR PR
} . ¢ o . .
- -

%
2 o %10 PR L 5
... * *

& 2 . .
.« ) . . S , *° '.0

N L PR R - R L
Date (UTC)

Peak Delivered Luminosity (Hz/nb)

0 . ———

CMS Average Pileup, pp, 2012, Vs = 8 TeV
60

60 T T r -
\a <> =21
50 50

40

30

Recorded Luminosity (pb '/0.04)

Event from special high pu run:
78 reconstructed vertices and 2 muons...

? 5 40 K 20 2% 20 25 o0
Mean number of interactions per crossing
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Jet reconstruction

« A “jet” is a cluster of energy deposited in a
“small” n—¢ region of the detector P,(Gov].

— It is not a unique object, it is defined by the jet §°3 
algorithm (different choices yield different jets) o

* The jet algorithm uses detector reconstructed 65'
objects (clusters, tracks, combined objects)

* Itis “safe” to higher order effects when it does
not change jet quantities

» Efficient and pure: jets correspond to partons
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Challenge: jet reconstruction

* measurements (for example Top mass) needs parton
information, but we measure jets

« Contribution of uncertainty sources depend on p, 1

» Use calorimeter information to correct jet energy to
particle level
 Jet energy corrections:
— Look at quantities insensitive to JES (e.g. lepton py)
— “b-jet” tag helps reducing number of permutations
« JES “in-situ” calibration in ttbar events
— Use W—jj constraint to measured W mass
— Can be used in lepton+jets (and all-hadronic) channel

-t
o

JEC uncertainty [%)]

O a4 N W & OO N 0 ©

CMS preliminary, L=1.6fb" (s=8TeV
| " @ Total uncertainty
Absolute scale

~+ Relative scale

= Extrapolation

= Pile-up, NPV=12
= Jet flavor

+ Time stability

Anti-k; R=0.5 PF
I /=0

100

20
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Missing transverse momentum

 Neutrinos (and “dark matter”) escape the detector without detection

— Also longitudinal momentum and energy of other final state particles
escape undetected (along the beam-pipe)

— Momentum is not measured along the z-direction
— Missing momentum along z is unknown

* The momentum of the neutrinos can be reconstructed in the
transverse plane

* Momentum which is missing to balance the total momentum to zero

transverse energy vector Ep" = — § pr(i)
()
where the sum runs over the transverse momenta of all visible final state particles.
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Challenge: MET

» Performance of the MET measurement
depends on the measurement of ALL
particles in the event

* Measurement is affected by:

— Noise, mis-calibration, various calorimeter
problems (dead channels, etc)

— Modeling of QCD background events, pile-up,
multiple interactions, ...

— Muon momentum measurement (muons
inside jets)
— Cosmic background events

— Beam halo (i.e. collisions upstream of
detector, parallel to beam)

* MET significance

Events / GeV

10

107"

10?2

CMS Preliminary

|

III

&0

TIIXIIII]IIIIIIIII]IIIT

161 pb™ Jet Triggered Data
Jet p.® > 400 (200) GeV

T
< Before Cleaning
— After Cleaning

B Simulation

Dot TOTOOV 00
éf\ ?ﬁj Aad v - ?

.

lllllllllllllll[lll

| IIHIII} | Illlllll

IIIH|

|

| I1I|I|]|

500

1000 1500 2000 2500 3000

PF E, [GeV]
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MET reco: PF vs Calo

CMS preliminary 2010 CMS preliminary 2010

S 150 - 150 I _
8 i —eo— data 8 E I
w0 I :w—>ev 0 DW—>ev
E - + Background P ) Background
g T 1 5100 i
> - | _ _
2} Calo Type Il 1 > \Ns=7TeV _
c | 1 © det=255 nb"' |
8 50- L . ’ .'g |
t= - )
5 oy g S
< 255/nb -
c
0 50 100 0
0 50 100
Calo Type Il [GeV] PF £ [GeV)

« Study of MET in W—ev events from early 2010

 Particle Flow improves MET resolution, making W’s easier to
distinguish from background
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Challenge: b-tagging

*Lifetime: t,~1-2 ps
* Reduction of background obtained by
identifying jets from b-quarks

* Two methods:
— Secondary vertex tagging
— Semileptonic decays of b-hadrons in jets

CMS 2011, \s =7 TeV

:+Data
E
- [ MCb

[ O MCec
= [l MC udsg

(@)

10 20 d/o. -
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b-tag: fake rates and efficiencies

— BTV-12-001
ST CMS Simulation, Vs = 7 eV et
* b-tag optimization: trade-off o L &
between fake rate and efficiency 8 | o
. S 40
- studied the performance of several 1071 - sswe
different tagging working points 2 D
-2 ;
— Example: Track counting algorithms _§1°
Niacks=2,3 have “working points™ with o
fake rates approx. 10%, 1%, 0.1% S0k,
 Uncertainty on data/MC scale LAR
factor, depending on algorithms: 100640203 0.4 05 0607 08 09 1
— ~10-15% for mistags y b-jet efficiency
— ~5% for efficiencies g tapT T
E
 Impact on top: amount and g
. . ,g
uncertainty of light flavor 8
. 0.8 ® Data/MC
background for all tagged analysis .- . - | . w
T w0 20 s a0 s0 p:)[lGelv/c]
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Measurements

e Measurement of the cross section
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Interesting physics with top quarks

* Cross section
 Mass

« Kinematical properties
—Is there a X—ttbar?
— W polarization
— Spin correlations

* Rare decays
 Single top
* Top quark is unusually heavy: maybe is it different?
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Top quark decays

Top quarks (mostly) produced in pairs ™ Top Pair Branching Fractions

-l

N\ / | 46%

t+jets 15%

u+ets 15%

Whe |
LWN® ¢ e+lets 15%
- "dileptons” "lepton+jets”

* Dilepton (ee, uu, ew):

— BR~5%, 2 leptons+2 b-jets+2 neutrlnc sk

Displaced tracks

* Lepton (e or u) + jets

— BR~30%, one lepton+4jets (2 from b)- e ey~ Psccondary verte

neutrlno Primary vertex 4 //

 All hadronic A © | b-jets always present

— BR~44%, 6 jets (2 from b), no neutrinc b-jet reconstruction plays important role
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Top quark events

[
-
c
0
>
w

CDF Run Il Preliminary L = 4.1 fb!

: |+jets (after b-tag) Bow
. . i \ Itf+f1j1(ss.5zb)
* cross section ~20 times larger at LHC@7TeV oo B
N W +HF
« goal of the LHC is searching for New Physics R

Wz+jets
Di-boson

select ttbar events at LHC: 0l
—understand/calibrate detector _
—Measure SM quantities

. . 1 Jet 2 Jet 3 Jet 4 Jet 25 Jet
event selection includes SM control events o T
g_dileptons ;»:; g?(t:diwuncertainty_g
: [ Jtt(c=74pb) ]
0 wwiwzizz

g

« ttbar final state is complex (i.e. not a mass
peak) 7
« Top quarks and new physics:

— ttbar sample may contain new physics

— look at jet multiplicity bins (since ttbar is background
e.g. for SUSY), or other variables

g

’\llll|8||
|

PREIEIER

Djet 1jet >2jet HT>200+OS
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Theory cross sections: TeV vs LHC

Collider Tt [PD] scales [pb] PDF [pb]
Tevateon Tee  CHRER ge
LHC 7 TeV 172.0 PP it
LHC 8 TeV 245.8 A% P
LHC 14 TeV 953.6 AT 3o

Including NNLO+NNLL approximations
PRL 110, 252004 (2013) (M. Czakon et al.)

Michele Gallinaro - "The top quark" - March 31, 2014

63



Top cross section at 7/8 vs 14 TeV

Fermilab SSC
CERN i LHCl
’

I I I I 1
» LHC collisions started at 7/8 TeV L vas 4
« LHC design is at 14 TeV 1 mb- L o
« Top cross section drops faster than = " oS "o
background processes at lower sqrt{s} *§ mb: w;
» Top cross section drops by factor of ~5: o Ef;t>§ 8 %
— Cacciari,Frixione, Mangano, Nason, Ridolfi - ‘3 i _ N
arXiv:0804.2800 Sl T E
—Top o(14TeV)=950 pb LR 2
—Top o(7TeV)=172 pb L &
« Background is more “flat” 1pbl-  m 1 Tev—_
l |

0.001 0.01 0.1 1.0 10 100
VS TeV
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A word about QCD background

* QCD may still be large Slide by Michelangelo Mangano

background in Top events

oxB(W—ev)[pb]|N jet=1|N jet=2|N jet=3|N jet=4|N jet=5|N jet=6

e From Tevatron to LHC LHC 3400 | 1130 | 340 | 100

28 7

— of(ttbar) increases by 100 ST 230 | 37 57 | o7s

0.08 0.009

- G(W) increases by 10 Er(jets) > 20 GeV , |n|<2.5,AR>0.7

...however...

* o(W+4 jets) increases 100 times

. . c(2)cr(l) 0(30'(2) 0'(4)0'(3) o(5)/o(4) o(6)/a(5)
=\W+jet background is large

B LHC B Tev

Michele Gallinaro - "The top quark" - March 31, 2014

® Ratios almost constant
over a large range of
multiplicities

® O(a) at Tevatron, but
much bigger at LHC

29
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Cross section measurement

_ Nbs _Nbgd

0

‘o gti-ILdt

o)

v testing non-SM top production mechanisms
v’ top sample may contain an admixture of exotic processes

Michele Gallinaro - "The top quark" - March 31, 2014 66



Dilepton channel

Branching Ratio (BR) ~5%
background: small

»>two leptons + 22 jets + E/T
»more kinematical variables

CDF Run Il Preliminary (5.1 fb™)
1 ]

| |
............................................................................. - ta_:
< Bkgd £ 16 uncertainty_:
g (6 =7.4 pb) E
[ Fake . E
W .
et .
s 7
Q .
T PSSO ]

1099:0.0.0.0.0.0.°.

Djet 1 jet >2jet HT>200+0S
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Dilepton channel

* Cleanest signature and lowest BR TOP-11-005

. eIt F T T ]
* Main backgrounds § _ E CMS preliminary, 1.14 b gl
—Drell-Yan (veto Z window in ee/uu, and " 10 = ©€, 1L, e channels =§’," oI (le) 3
rescale DY contribution from data) 10° E gﬂe; =
— Single top and VV (from MC) 10° |- Qs
— Fake leptons (fake rate/efficiency) 10° ,Ef i
10°
CMS: dilepton trigger 102 |
* Isolated lepton p>20 GeV, |n|<2.4 10k

ATLAS single lepton trigger ’
* Isolated electron/muon p>25(20)GeV ;-
* Require two leptons with opposite charge o 50 100 150 200

» Reject b-quark production & low mass M,(GeV/c?)
Drell-Yan resonances production

« Z veto and suppress Z+jet backgrounds
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Dilepton channel

- Signal visible w/without b-tagging, ____ arXiv:1202.4892 JHEPT1(2012)067
. M t . :% - ATLAS non-b-tag All channels _8 3500 eu' CMS|2-3fb at s-7|Tev
easure cross section: S laann o Eo o ]
— Profile likelihood 10005 L ] B SR
L I Other EW ] - [ non-prompt lepton i
— Cut and count soo:— 77, Uncertainty | 1500 W tsgnal
: 1000F
* Main systematics: jet energy 600 S00;
scale, pileup, signal modeling 400~ i ‘
200F 4 " 1 2 >3
Om b-tagged jet multiplicity

0 1 2 3 >4
Number of jets

O1f = 176 + 5(stat.)T17(syst.) £ 8(lum.) pb  ATLAS
0z = 161.3 + 2.5 (stat.) 123 (syst.) & 3.6 (lumi.) pb, CMS
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Tau dilepton channel

T D 020 12) 112007
§ “CMS {s=7 TeV, 2.1 fb'  —— data
* Selection: & 60 Wl £ pe
— one isolated lepton (e/u) & E :::;rt;i
— OS tau @
— at least two jets (one b-tagged) g 40 [ single t
w | | DY+Diboson

— MET>30 (45) GeV

 Determine t fakes from data

— Expected to be dominated by light flavor 20
jet contribution

llllllllllllllll[[lllllIIIlIIIl

IIIIIIIIIIIIIIIIIIIIIIIIIIIII

— In W+jets gluon contribution canceled by 10
0OS-SS

— Conservative approach: average W+jets 500 eoo_
and QCD My, [GeV/c?]

o; = 186 + 13 (stat.) + 20 (syst.) + 7(lumi.) pb, ATLAS
¢ = 143 + 14(stat.) 4+ 22(syst.) = 3(lumi.)pb CMS
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CDF RUN 1l Preliminary(695pb'1)

2 1200:— —e—Data
o - [ 1tt (8.2pb)
) [ Non-W QCD
5 1000 [ ]Diboson
5 = [ Single Top
- I Wce
'g 800 B Woe
= [ Wbb
600— [ Mistag
~ O <]
BR ~30% 400 AN Signal region
background: moderate -
200
»one lepton + =3 jets + ET R “ __
>may require b-tag Wit R et Muttphaity
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Single lepton channel

* Include both muon and electron channels (untagged)

» Use kinematical differences between ttbar and W+jets
CONI':-2011—12‘1

.(e T .' X T T ! (/)] 2400 ! ! I ! N ! I ' ! ! | ! ! ! I ! ! | ! !
S ATLAS Preliminary 4 |5 3Jets ATLAS Preliminary -+ Data 2011, Vs =7 TeV
t A o 1 > 2000 [Ldt=0.70 fo W i B QCD Multijet
10° _[Ldt =0.70 fb' = | L O W+Jets W Other EW
— 3 O ' ] 1600
t o ]
10° H+Jels —. 1900 y + Jets ' s jets € +dets
| 4Jets | =5Jets | , 4Jets | =25Jets
800 | | | | |
104 I I 1 I I
400 | | | | |
P ) | |
3 i
10 3 15F +
o a8 1.0 E"“""”‘““‘+P**«%“"f+’*+*’”+1++j+++ﬁ+“f*?¢tﬁf*’~“"“"'€’f+1#;’***“m‘*#ﬂt }H; iy
1 o) -
= 05k - - - s -
5 T 0 20 40 60 80 100
Niets Likelihood Discriminant

o = 179.0+3.9 (stat)£9.0 (syst)£6.6 (lumi) pb
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Events/0.5 GeV

Single lepton channel

@ 2400 g7 .
& o0 2 FLS TN aet ' weeomme s Main backgrounds:
1600 )+ et e o E — Hadronic multijet: rejected by
1222 : 4 Jets : 25 Jets i : 4 Jets : zSJetsE mT’MET, controlled from
400 ; ; ; ; 2 sidebands
.- ) s, o — WH+jets (heavy flavor)
S 1.0 ety bttt bt L st i Sttt . .
S gob e Use kinematics to select ttbar
o 0 20 40 60 80 100
Likelihood Discriminant — Mass of sec. vertex
CMS \s=7TeV 2.3 fb" of Muon Data _ topology
10° 2, 2, 2, 2, .
e e e e Categorize events and extract
3 3 3 3 oy from fit
10% £
. ATLAS
179.0+£3.9 (stat)£9.0 (syst)+6.6 (lumi) pb
0 Boveie [wiree Mo Do | | 158.1 +2.1 (stat.) + 10.2 (syst.) & 3.5 (lum.) pb.
0 50 50 50 5 CMS arXiv:1212.6682
Secondary Vertex Mass (GeV)
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All hadronic

CDF: arXiv:0706.3790

o
- Background
600_ === Back.+ tt (8.3 pb)
500C
BR ~44Y% w0
~ 3 i
0 300" [
background: large ;
. . . . 2001
»26 jets + kinematical selection . . |
- 6 7 8
»optimize S/\B N,
J

»require b-tag
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All hadronic

CMS, 354 fb'at s=7TeV

ietlfdi(zr; — ;;;e;;ti Fraction gfot; :';:350-_ * CMS data: 3136 events
east 6 jets . 0" .
 Large BR, but large bkg | 45 oo bings 21783 o1s |8 F f componert
. Kinematic fit 3136 0.41 E SR multijet QCD background
» Select at least 6 jets 3,0k combinod f and GCD
: : : g
— b-tagging reduces combinatorics W ook | fug = 0351= 0.025 |

* Top cross section from unbinned maximum 15 arXiv:1302.0508
likelihood to the reconstructed top mass 00 . ’
« Multijet QCD is main background (modeled o ¢ -
from data) 150 200 250 300 450 500 50
H H 32 :""I"".I""'I""I""I"":
— Use e\{ents with 4-5 jets | 5 500[ ATLAS Prliminary, o\ = o014 40
— Re-weigh mass spectrum from anti-tagged sample Yoo JLdt=1.02fb" + \§=7TeV 2011 Data ]
400F —F?tfotD.ata h
Fit x2or top mass A " e sasrans
 Results: (signal from generator, 3001
background data-driven) -
ATLAS 200

o(pp — tt) = 167 £ 18 (stat.) =78 (syst.) +6 (lum.) pb

139 4+ 10 (stat.) £ 26 (syst.) + 3 (lum.) pb_ :
CMS B

100F

Mass y2
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Cross section at the Tevatron

« (Good agreement with

Tevatron Run Il Preliminary *=preliminary eX pe Ct at| O n S
CDF dileptons * i@y 7.47+0.50+0.70 pb 8.8fb"
+ 0.86 pb .
- E h I K f
CDF ANN l+jets H=e—#  7.82:0.38+0.40pb 4.61b" ve ryt N g e|lse we Know O
+ 0.55 pb .
CDF SVX l+jets  F==o=i={ 7.32:0.36: 0.61 pb 4.6 ttba r ag rees W|th S M
+0.71 pb
CDF all-jets  bj—@ufumeei  7.21:0.50+1.08 pb 2.9fb"
+1.19pb 10 =
CDE bined * » C CDF Run | CDF Run Il Preliminary
combine W' ioaiporh ek 9E m=175 GeVic? with 0.1 fb'  m,=172.5 GeV/c? with 4.6 fb"
DO dilepton [ — 7.36 = 0.85 pb 5.4 b 8;— ZL:LZLZL:LILZLI;QZLILILZLZLIQZL —;
DO I+jets b——e—i 7.90:0.74 pb 5.6 fb" y S
S 6:_ LARR R AR RRRRRERE] RERRRRRRRRRNNNY) _:
D@ combined F—+ot—  7.56:0.20:0.56pb 5.61b" N ]
+ 0.59 pb " 5F + E
Tevatron combined * ke 7.65+ 0.20+ 0.36 pb upto 8.8 fb” I 4F - -
September 2012 + 0.42 pb [« B = L m=170 GeVic® MRST 2002 SETERE m=170 GeVic? MRST2006nnlo =
for m, = 172.5 GeV ‘6’ 3 —
| EPEPEPEP P T | E | ssesss m=170 Gevic? CTEQEM seannn m=170 GeVic? CTEQB.5 =
6 7 8 9 - 3
pp — tt cross section (pb) at\'s=1.96 TeV 21| m=175 GeVic? MRST2002 | | o m=175 GeVic MRST2006nnlo |~
1 E_ — =175 GeVic’ CTEQEM — =175 GeVic CTEQB.5 =
E Cacciari et al. JHEP 0404 (2004) 068 Cacciari et al. arXiv:0804.2800 (2008) E
0
1800 1960
\s (GeV)
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Top cross sections at 7 TeV

CMS Preliminary, \s=7 TeV

HI 20 Dec 2012
ATLAS Prellmmary ,,,,,,,,,,,,, Theory (approx. NNLO)
form, =172.5 GeV
Data 2011, \/s = 7 TeV —— stat. uncertainty ;
—— total uncertainty CMS e/uﬂfzts 164 Ii; 131+i 1t2+|i- 7 pb
Channel & Lumi. o +(stat) 2(syst) £(lumi) TOP-11-003 (L=0.8-1.1/fb) (val. £ stat. £ syst. % lumi.)
Single lepton  0.70 fb™! —C— 179+ 4+ 9+ 7pb
Dilepton 070fb" e 173+ 6 "1 “*2pb CMS t+jets 156+ 12+ 33 £3 pb
TOP-11-004 (L=3.9/fb) (val. * stat.+ syst.+ lumi.)
All hadronic 167 £18 £ 78 + 6 pb
1.02 o™
Combination — — 177+ 3 "5+ 7pb CMS dilepton (ee,u,ep) 162+ 2+ 5+4pb
TOP-11-005 final (L=2.3/fb) (val. + stat. £ syst. % lumi.)
Single lepton b —» Xuv —— 165+ 2+17 %+ 3 pb
466" .
p CMS dilepton (et,u1) 143+14+22+3pb
Thaa * jets 1.67 fb ° 194 +18 + 46 pb arXiv:1203.6810 (L=2.2/fb) (val.£ stat.£ syst.£ lumi.)
Thag +lepton  2.05 fo™! _— 186 +13+20+ 7 pb
All hadronic 168 +12 *%+ 6pb K
471" | | | i CMS all-hadronic 136 + 20 + 40 + 8 pb
TOP-11-007 (L=1.1/fb) (val. £ stat.+ syst.+ lumi.)
50 100 150 200 250 300 350
G - [pb] [ Approx. NNLO QCD, Aliev et al., Comput.Phys.Commun. 182 (2011) 1034
tt m Approx. NNLO QCD, Kidonakis, Phys Rev.D 82 (2010) 114030
=] Approx. NNLO QCD, Ahrens et aI JHEP 1009 (2010) 097
I:I NLlOQ D ‘ | ‘ |

Good agreement between o 50 100 150 200 250 300
measurements and predictions () (pb)
for all decay modes

Michele Gallinaro - "The top quark" - March 31, 2014 77



7))
e
C
)
-
)
-
D)
/p)
©
)
&
C
O
e
@
)
7
p)
/)
O
-
O

Ns=7 TeV

iminary

CMS Prel

166 2+ 11+ 8
(val. = stat. + syst. = lumi.)

164+ 3+ 12+ 7

(val. + stat. + syst. + lumi.)

170+ 4+ 16 + 8

(val. + stat. + syst. = lum)

136 20 40 + 8
(val. + stat. + syst. + lumi.)

149 £+ 24 + 26+ 9
(val. = stat. + syst. + lumi.)
Comput.Phys.Commun. 182 (2011) 1034

Fhys.Rev.D 82 (2010) 114030

. JHEP 1009 (2010) 097
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Current status

T -1 . . ]
rrasammont mormt " ATLAS+CMS Preliminary — Feb2014 -
CMS dilepton L = 2.3 fo''

ATLAS lepton+jets* L = 0.7 fb TO PLH CWG
CMS lepton+jets L = 2.3 fb” —
TOPLHCWG combination* L = 1.1 fb™
ATLAS dilepton* L = 20.3 fb™
CMS dilepton L = 5.3 fb
ATLAS lepton+jets* L = 5.8 fb”
CMS lepton+jets* L = 2.8 fb’

[ * Preliminary

—
o
N

é)lo olo x»é IIEIIII)AJ_

250

Inclusive tt cross section [pb]

200F -

—k
o

s NNLO+NNLL (pp) 150k | i

NNLO+NNLL (pp) 7 8
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
My = 172.5 GeV, PDF ® a4 uncertainties according to PDF4LHC

Ito
N N N N N I N A I TN (N N TN N I TN N T T I N N TN S N A N A |

2 3 4 5 6 7/ 8 9
\'s [TeV]
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Differential cross section

- Measure differential cross section CMS-TOP-12-028

— Test perturbative QCD 1 do tt
— Test BSM scenarios (Z' decays, etc) with narrow resonance o dX

» Reconstruct event kinematic properties
 Cross sections measured as a function of py, n, invariant mass of the
final state leptons, the top quarks, and the ttbar system

» Good agreement found in dilepton and lepton+jet channels
— NNLO approx better describes data

, CMS Preliminary, 12.2 f5'at (s = 8 TeV CMS Preliminary, 12.2 f5'at /s = 8 TeV

, CMS Preliminary, 12.2 fs"' at /s = 8 TeV

1
—_ 25x'|1o||||||||[||||||1||||||1[|||| 1ox103 rvl_—i 25>< llllll L L L L L L
z g . 1 = . L B > :DileptonCombined e Data
3 | Dilepton Combined e Data > of Dllepton Combined e Data i g L MadGraph
O] - — MadGraph ] 9: o — MadGraph ] : C — MadGrap i
----- MCeNLO - 8 sf s=MceNo 4 85 2 %=:MC@NLO -
-- POWHEG ™ - POWHEG 1 =« [ --- POWHEG
Eo~ Approx. NNLO 7 -
— 6 : (arXiv:1210.7813) - —
5F =
- 4 = —
" 1 A S S .
- ) ]
quark pair pr 1 .-/ top quar E lepton p; -
15 = E ]
0-||1||111|| lllllll D e e S . 0_ lllllll [N NN NN RN 0|||||| i T nnlnnnAlnun.l....—
0 50 100 1 50 200 250 300 0 50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
pu [GeV] p [GeV] p,_ «d1 [GeV]
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Differential cross section

- Measure differential cross section CMS-TOP-12-028

— Test perturbative QCD 1 datf
— Test BSM scenarios (Z' decays, etc) with narrow resonance o dX

» Reconstruct event kinematic properties

 Cross sections measured as a function of py, n, invariant mass of the
final state leptons, the top quarks, and the tt system

» Good agreement found in dilepton and lepton+jet channels

CMS Preliminary, 12.2 fb'at /s = 8 TeV 3 CMS Preliminary, 12.1 fis' at /s = 8 TeV
f'.__\ 1IIII|IIIIIIIIIIIIIII|Ill ':‘ 10?!1I0IIIIIIIIIIIIIIIIIIIIIII|III[IIIII||||
E | Dilepton Combined e Data . > oF &/ +Jets Combined e Data
= 102k — MadGraph  _ 8 : —— MadGraph
E = MC@NLO = 8 #== MC@NLO -
- POWHEG ] 88 4 - POWHEG ]
T b F sy e Approx. NNLO ]
. ] - (arXiv:1205.3453) .
top quark pair : E
invariant mass 1 S
] W
ne | i
2f
10°F = 1
E I 1 1 1 | 1 1 1 | 1 1 1 1 1 1 1 1 1 1 E 1
400 600 800 1000 1200 140_0 1600 00 50 100 150 200 250 300 350 400
m" [GeV] _ | pt (GeV]
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Top quark mass
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Top quark mass and constraints

] 6 M = 1' 63 GeV
* Top quark mass is a fundamental parameter | cry L
of the SM 57 \ i —0.02758:0.00035 .
. 1 % % - 0.0274920.00012

— Known with good accuracy from the Tevatron: 4 Wi ncowctoaa 7 1
173.2+0.9 GeV (arXiv:1107.5255) N 4. )

— Indirect constraint on the Higgs boson mass <
via EW corrections 2- T
= my =923 GeV or <161 GeV 14 |
H 0 | Excluded \ .,..5;'.'1" Preli{ninary_

WO w 30 100 300
m' ' y ‘“' w\ \ ' \ 80 5 July 2011 ml—l I-GeV]
. — L’EP2 ’and 'Irevatlron | | |
| - LEP1 and SLD

2
oMy, cm; om,yxlog my, 68% CL

*Top is the only fermion with the mass of the
order of EWSB scale

*Measuring precisely m, and my,,
— Test consistency of SM
— Search for new Physics 80.31
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Top quark mass and constraints

. 6 March 2009 : mUmi: =1:63 GeV
* Top quark mass is a fundamental parameter | cry L
of the SM S —0.02758-0.00035 7
i % % - 0.02749+0.00012
— Known with good accuracy from the Tevatron: 44 WiiviclowQfama 7 -
173.2+£0.9 GeV (arXiv:1107.5255) S 4
— Indirect constraint on the Higgs boson mass <
via EW corrections 2 T
= my=922 GeV or <161 GeV 1 . |
t H 0 | Equudgd' . '\ 1.,..;'Z'-':'. Prelifninary_
W W W SRTY 30 100 300
a - : \ -
Val Yt u GeV
¢ FUULIIRORR, “VOR JFORR . MGV o
- O LEpEwva o) 6% CL ikt b8 deoe Himoinior) g |
6m ocm2 6m oclo m :.68%CL(byarea)Mw(2012),rnwp v -
W w09 My S 80451 Nﬁﬂ -
() B 4 ]
*Top is the only fermion with the mass of theS il l E
order of EWSB scale g Tt ;
Measuring precisely m,, and my,, = sk & 2
— Test consistency of SM - &
. 80.3 — —
— Search for new Physics " Ay
155 160 165 170 175 180 185 190 195

Top Mass (GeV)
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Jet reconstruction in Top events

CMS preliminary, L 1.6 fb‘ /s = 8 TeV

R

. i i g = Total uncertamty
Top mass measurement needs parton information, but = e
We measure Jets 5 ~ oo

» Use calorimeter information to correct jets to particle § - Pile-up, NPV=12 E
level t y T | b} 5 - Time stability

- = o ) - 'l E
o | z B 0 Anti-k, R=05 PF -
/ et £ | / - mjet|=0 E
ey "‘q TN
{ o e~ M ST = ]
‘,/" '@x 3 | 100 200 1000
b 3. ““““““ :":“","1 ““““““ . 1UCMS prelimmary L= 16fb1 P (GeV) '
/m‘ - “x & X l '@ Total uncertainty
I\ § PP > 9F Absolute scale
h : < gt ~+ Relative scale

. ibuti i T F o Extrapolati
Contribution of uncertainty sources depend on p+, 1 £ 5 « Pile-up, NPV=12

° i i . © . =Jet fl
Jet energy corre_:.ctlo.n unc_e.rtalnty. S 6f - Time stability

— I;ook i\t quantities insensitive to JES (e.g. lepton py) Q 5k Antik e 5 PF
— "b-jet” tag helps reducing number of permutations 24 p,=100 GeV
« JES “in-situ” calibration in ttbar events Z
— Use W=jj constraint to measured W mass o
.
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Top as a calibration tool

W. 1tag

CDF Run Il Preliminary (3.2 fb™)
" —e— Data

[ bkgd+Pythia M, = 172 GeV

B okqd

|

* Top quarks can be used as calibration tool
— Top mass, W mass, b/q jets

« can determine:
— b-tagging efficiency
— jet energy scale

Entries/(3.2 GeV/c)

...or alternatively...
 use b-tag as a probe

— compare rates in different b-tag multiplicity bins
— is the signal, ttbar or not?

« BSM may appear in the sample and “distort” the distribution

% 70 80 90 100 110 120
Mass (GeV/c?)
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Jet energy correction from Top

estimate JES

» Use semi-leptonic events
—1 isol u (p;>30 GeV)+24 jets (40 GeV)

» Estimate jet energy corrections by
applying event-by-event kinematical fit
to W and Top masses

* Likelihood is used to assign jets

hadronic
side

° K|nemat|ca| flt returns P(XZ) ................................. e .
 Find best JES by minimizing x? *
b :: | 'CM simulatié)nr
150 7/ V
0 0 .410 o |epton|c side event selection
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Measuring the top mass

Challenging:

> Lepton+jets

 undetected neutrino
* P, and P, from E; conservation
* 2 solutions for P, from M,=M,,

* leading 4-jet combinatorics
» 12 possible jet-parton assignments
* 6 with 1 b-tag
« 2 with 2 b-tags

* ISR + FSR

» Dileptons
* (less statistics)
 two undetected neutrinos
* less combinatorics: 2 jets

Michele Gallinaro - "The top quark"

LO final state:

experiment sees:
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Lepton+jet channel

» Best channel (for now) to measure top quark mass

« Compromise between large branching ratio (BR=30%) and a good
background rejection

« Well defined final state (1 lepton, one neutrino, 2 b-jets, W—qq’ )

WATLAS

JLEXPERIMENT
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Lepton+jet channel

* in-situ calibration of the light quark JES from W— qq’

ATLAS: template fit as function CMS: kinematic fit + “ideogram” method

Of JES and top quark mass Combine event-pel’—event I|kel|h00d
CMS preliminary, 4.7 ftb™", \s=7 TeV

25

> I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T w
o 800F = 103
g - ATLAS Preliminary =
~— 700 - " .,.jets _: 20
P F : 1.02
£ 600F L dt =1.04 fb” = '
o -
> o ]
w500 — Pag+ Poe —
..... vy E 1.01 15
400 ® Data —
3 JSF = 0.986 1 0.006 E
300 My = (175.0209,,, ) GeV 10
200/ ... —
o[ T, = 0.99
100" T T : 5
o] = AU EP RN Bl Ml LT L 1
100 150 200 250 300 350 400 0.98

M [GeV]

170 172 174 176
m; [GeV]

=>M,,=174.4 + 0.6 (stat) + 2.3 (syst) GeV ATLAS CONF-2011-120
172.6 £ 0.6 (stat) £ 1.2 (syst) GeV CMS PAS-11-015
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Dilepton channel: challenges

« Combinatorics
— ldentify top quark decay products
— Ambiguity A
— ISR/FSR introduces further complexity for selection C”ﬁ
(~70% of the events have both b-jets reconstructed and selected)

» Missing transverse energy
— Constrains the contribution from undetected particles

-.ll

— In the dilepton channel: 2 neutrinos = E'T"‘Ss = pr + f;’?

- Jet energy scale
— my,, reconstruction requires measuring the parton energy
— parton—jet affected by resolution and absolute energy scale Different

L
hypothesis “--.\\JCT/MET
. Pile-up ‘resolution
effect

— Jet energy scale, MET measurement, extra jets/leptons

— Npieup™ 6 (21) for most of data collected in 2011 (2012)
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Reconstructed mass

CMS-PAS-TOP-11-016

Process Pre-selection KIND =1b-tag > 2Db-tags
. - | | ||
Select events Di-bosons 73+14  55%10 | 1844 S
Single top 247 +92 182 + 68 88 = 33 76 =29
. s | | ||
Reconstruct mass Woets 22+ 10 16 + 8 8+ 6 i
Z/y* =¥ 1091 + 97 756 =71 238 + 29 47 =11
other tt 32+ 4 283 11+2 14 =2
tt dileptons 5057 + 463 4209 = 385 | 1379 + 127 2623 = 240
total expected 6522 +482 5246 1 398 | 1742 =134 2765 =+ 242
data 6358 5047 1692 2620
N S L U RS Si P T N = G400 T T T T T e T e 300 T T T A T A A e
S 700[— . _ - B R di —] L F ~ b e = % L f f I T T T &4 data T -
g [oMs pre'"‘"'nary’\g 7Tev’j Sl ::tg::fim"s ] 3 350 CMS preliminary, V=7 TeV, J L2210’ E tt dileptons - > | cMs preliminary,Vs=7 TeV,J. L=22 " Mt dileptons
& 600~ Events with ey Zly +ets— I g [ Eventswithup A T o 2501 i W@ othertt
= F B Wijets ] =300 - WIjejt . = I - Events with ee Zly +ets— I 7
% 500 B Single top £ F mm Single top e [ B W+jets ]
@ Di-bosons ] & 250[— Di-bosons g 200~ B Single top
400 3 F 3 o Di-bosons
F ] 200 E 150 =
300— —] 150:_ e C ]
200 e“’ E 1005_ MM E 100 ee -
100" E sof- = sof- -
o 200 300 400 500 600 700 800 QGOOW 12600 3 200 300 400 500 600 700 800 900 1000 : .
Myop [GeV/c?] M, [GeVIc] 0 100 200 300 400 500 600 700 tsgnoT ?Gogw 22(;00
op
g 2 T p R R A s ma A | i R s s IR S
O S oo Bt ] o i
05406206 306 400 500 606" 706 806 900" 00 O 0T T T R B4 O T T VR T T R I T T I
Myop [GeV/c?] Mrop [GeVic] 0400500 506 400 00" 600" 700800600 1000

Mo, [GeVic?]
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Signal and background

« Signal component in the mass » Background component in the
spectrum modelled: simulation mass spectrum modelled with

« Fit: Landau+Gaussian data+simulation

« Categories: =1 and =2 b-tags * Fit: Landau

CMS simulation

4500

Events

4000

3500

Events (A.U.)
o
o
S

My, =172.5 GeV/c?

3000
2500
2000
1500

1000

1IIII|IIIIIIIII|IIII|IIII|IIIIIIIIIIIIL

500

T
LI IIIIIIII|IIII|IIII|IIII|IIII|IIII|IIT

L |IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I_

III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I_

I 11 1 | 11 1 | 11 1 I 11 1 I 1 1 1 I 11 1
180 200 220 240 260 280 300
Reconstructed Mass [GeV/c?]

Lo o b b v v v v b b v by by T I 1 1 L
900 1200 140 160 180 200 220 240 260 280 300 900 120 140 160
Reconstructed Mass [GeV/c?]
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Reconstructed mass

@ [T T
S 120} CMS preliminary, f5=7 TeV.fL:Z.aﬂ::1 -
S [ |
w

-data ==signal - background

 Top quark mass is wf ot ooy b

= 2 btags (ee+u)
My, =173.47]

. [ m, =1 70.8;534 1ol N, =1008.9°%7 ]
recon Stru Cted N 8of- N,,.=533.457 N: - =84§“;
[ N:o:w:rcu'u:=261 '5-'221‘44 : a0 '_‘ e :

different categories
« Signal and “

background shapes “I
Y PETE FETE FETE PR FETE FRWE NUES PR N
Q00 120 140 160 180 200 220 240 260 280 300 %0 120 140 160 180 200 220 240 260 280 300
Reconstructed Mass [GeV/c?] Reconstructed Mass [GeV/c?]
w 120 I I I I I T Il | T ' v 200p T T T 1 T T I I I
€ € b
S S eof 2ba
W 00 1b-tag (ew) w r + =< blags (?':) 1
M, =174.677 ] 160 My=173.1,5
Nsrl'n_-l=777'0’;:: G? : a0 3 Nscral=1 461 .5-36.‘-%—-
80 Nurh‘h:u'-:=1 11 '9.':"'; 7] ; Nca:(:;n:q.rc=60'6-? B 5

60 100
aof
4 s
0 sof
aof
20 [
zof
o P PR PRRE PRTE PRTE DTN PN W FWw Fwe
Q00 120 140 160 180 200 220 240 260 280 300 %00 120 140 160 180 200 220 240 260 280 300

Reconstructed Mass [GeV/c?] Reconstructed Mass [GeV/c?]
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Correct for the bias

bias in the measurement —_ ¥
% 180
> -
Q N
O, 175
E 170}
? -
= i
- 1657

2

| I

« Check and correct for the 1851~ CMS simulation .

"

L — -1 T T Tl T

lllllllllllllllllllllllllll

Bias
N O N
g T

.
Y

. * . [ -
.

70 175 180 185
Generated m,_ [GeV/c?]
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Do not forget the systematics

Source Ay, (GeV/c?)
« Jet energy scale (JES) is the largest unc. JES 3198
— JES is varied up and down and difference in m,,, flavor-JES ii:lg
is accounted for as systematics JER + 030
— Flavor (b) specific uncertainty added in LES +0.12
quadrature . —0.18
* Other systematics: U.ncluf;tere.d Er™ =045
— Difference with respect to reference sample used Fit calibration = 040
for signal DY normalization + 0.40
— MC: compare Alpgen and Powheg with Madgraph  Factorization scale + 041
— Vary factorization/matching scale, ISR/FSR Jet parton matching scale + 0.65
Pile-up +0.19
b-tagging uncertainty + 0.30
mis-tagging uncertainty =043
MC generator +0.14
PDF uncertainty = 0.39
Total f%g%
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Final fit

CMS preliminary, ys=7 Tev,j L=23fb"

Ax 5 : I I I I I 1 1 | I I I I I I 1 I I I I I 1 I :
o~ g T T T T T T T T T g - m.. =173.30*1%% GeV/c? n
“§7007 cus - data = 145 top -1.23 -
3 preliminary,\s=7 TeV, | L=2.3 fb™ = tt ::e:)ttons ] 3 ]
8600 ;Events withep 277 +r,etsa | S’ - X -

3 ¢ B Weiots - 8) 4 n === Combined
g 500 I Single top  —| QO - H
o Srgeto0 2 L F — - 1 botag (ee+in) :
4005_ E - —— > 2 b-tags (ee+pp) ]
o E 3t — - 1 betag (ep) E
200 — C ]
= ] 25K —— > 2 b-tags (ep) -
100[— — C\ -
- 3 2\ .
200 300 400 500 600 700 800 900 1000 C \ ]
my,, [GeVic?] - _
15 O E
. N \ ]

‘S 2""""""\“T"I""I""I"““""""" |

§ 15 P ’?‘.L 1 '+‘ > - \ /‘%
CIIPYC I ettt £ 1= \\ Py’
0506200300 ‘2106' 500" 600700 800" 800" 1000 - // // -
my,, [GeVic’] 0.5 - s —
S oy i ]
O C o L o R R B T

168 170 172 174 176 178 ,
Top Mass [GeV/c?]

Miop = 173.3 £ 1.2(stat.) t572 (syst.) GeV/c?| cus Top-11-016
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ummary of mass measurements

CMS Preliminary

ATLAS m ,, summary - July 2012, L =35 pb™"- 4.7 o' (*Preliminary)

ATLAS 2010, I+jets*
CONF-2011-033, L =35pb’

ATLAS 2011, |+jets
Eur. Phys. J. C72 (2012) 2046, L =1.041b"

ATLAS 2011, all jets*
CONF-2012-030, L =2.05{"

& — 169.3+4.0+4.9
—— 1745+06+2.3
———— 1749+21+3.8

ATLAS 2011, dilepton* ——@——i
CONF-2012-082, L =4.71b" 1752+1.6£3.0
+ (stat.) + (syst.)
Tevatron Average July 2011 HEH
173.2+ 0.6+ 0.8
ATLAS Preliminary
| | | | |
150 160 170 180 190

My, [GeV]

CMS 2010 dilepton
JHEP 07 (2011) (L=36 pb™)

CMS 2010 lepton+jets
PAS-TOP-10-009 (L=36 pb")

1755146+46

(val. + stat. + syst)

173121+ 27

(val. £ stat. + syst)
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CMS 2011 dilepton f - ' 1725+04+15
arXiv:1209.2393 (L=5.0/fb) (val. £ stat. + syst)
CMS 2011 lepton+jets — 173.5+04+1.0
arXiv:1209.2319 (L=5.0/fb) (val. £ stat. + syst.)
CMS 2011 all-jets ~ 1735+£0.7+1.3
PAS-TOP-11-017 (L=3.54/tb) (val. + stat. + syst)
CMS combination - 173.4+04+09
up to L=5.0/b (val. + stat. + syst)
Tevatron 2012 combination —— 173.2+06+0.8
arXiv:1207.1069v2 up to 5.8/fb (val. + stat. + syst)
| | | | | |
160 165 170 175 180 185
My [GEV]
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Mass difference measurement

: : : : . CMS TOP-12-028
« CPT invariance = mass of particle=mass of anti-particle

» Top quark decays before hadronizing = Am can be measured directly
» Use lepton+ijet final state

CMS Prellmlnary 19 fb” at vf§ 8 TeV | CMS Preliminary, 19 fbo™ at Vs =8 TeV [l

> 25000 F TR W yets > 25000 T T g Wt
3 ; T4jets B Z+jets 3 g - l+jets  |mZzijets
o 20000 - i i i i i _..| Single-Top p4 20000:_. e [ SiNGle-ToOP
Q : | Qco N : | |, Qco
~ ~ L i :
g 15000F +Dat§1 - ‘g 15000} : : : | -+ Data
o ] o [ ] H : .
2 10000F 1 2 10000 1 Dominant systematlcs.
; : 1 » b vs bbar jet response
5000F 5000 ] i )
| : | | * signal fraction
O 14 P A P L S T S B L P Q 14 P :
§ 1'21, {, ............... *oeen L 0.‘ + H”* *H*” § 1'21 ---------- retus seatttangt ‘.000“*4‘ H*H f* ¢ b VS bbar tagglng
© 08 : @ 0.8 } : :
D 0.6 AT A A N D A f“' PR Q 0.6 FRCUI S I I W S G "'l"."j". P WA L
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Fitted Top Mass (GeV) Fitted Top Mass (GeV)

Am, = m,h“d —~ mf_’“d =-272+196 (stat.)x121 (syst.) MeV
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