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Outline

* Wednesday:

— Lecture |: Intro to top physics and its jargon.
* Historic perspective

* Experimental aspects

* Thursday:

— Lecture 2: SM top physics and the top mass
* Friday:
— Lecture 3: SM and top physics, the portal to physics searches
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The building blocks of matter

mass - =2.3 MeV/c*

charge - 2/3 .
\
spin - || 1/2

QUARKS

electron _ tau
neutrino neutrino neutrino W boson

GAUGE BOSONS

LEPTONS

¥ Vrije Universiteit Brussel
Freya Blekman (IIHE-VUB)



LEPTONS

Charge
0 Electron neutrino Muon neutrino Tau neutrino
Mass: >0 Mass: >0 Mass: >0 \
Lepton and
& quark sizes
1 - °t " T represent
ectron uon au .
Mass: 0.511 Mass: 105.7 Mass: 1,777 proportional
QUARKS s
Top quark is
® — h "
Charge x Top eavy!!!
- Mass: 175,000
2/3 Up Charm
Mass: 5 Mass: 1,500
< <
-113 Down Strange Bottom
Mass: 8 Mass: 160 Mass: 4,250

Masses are in millions of Electron Volts [MeV/c?]
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History of the top quark

250 - v v
. 1989: Indirect constraints on : ' ' '
top from precision 00 | ]
LEP ' sl ;
measurements at — Iy Iﬁ.i@ -
b 150 [ -
_ > i i
4 b O, [ i
W O w' - 100 ]
t 50 F :
. 1995: Observation of Top- 0 . 1 | |
1988 1990 1992 1994 1996 1998
quark at the TeVatron collider onr
VALUE (GeV) DOCUMENT ID TECN COMMENT
at Fe rmli Iab 173.07+ 0.52+ 0.72 OUR EVALUATION See comments in the header above.
1745 + 0.6 £ 2.3 L AAD 120 ATLS (+Fp+ > 4jets (> 1 b), MT
. . . 172.85+ 0.71+ 085  2AALTONEN 12a1 CDF  (+Fp+ > 4 (0,1,2b) template
. Historic PerSPECtIVG 172.7 £ 9.3 + 3.7 3 AALTONEN  12AL CDF 73, + Ep +4j (> 1b)
1725 + 1.4 + 15 gAALTONEN 126 CDF  6-8 jetswith > 1 b
1 1 - 1 1739 + 1.9 + 1.6 ABAZOV 12AB DO U+Er+ > 2] (VWT+MWT)
|nd|rect > dll"eCt 1725 + 04 £ 15 6 CHATRCHYAN 128A CMS £€+E;+22j (> 1b), AMWT
. . 173.49+ 043+ 098 ! CHATRCHYAN128P CMS  (+E -+ > 4j ( > 2b)
measurements -> preC|5|on 1723 + 2.4 + 1.0 8 AALTONEN ~ 11AKCDF  Jp + > 4 jets ( > 1 b-tag)
1721 + 1.1 + 0.9 9 AALTONEN  11E CDF £ + jets and dilepton
174.94+ 083+ 1.24 10aABAZOV 11P DO £+ Bp + 4 jets (> 1 b-tag)
173.0 + 1.2 11 AALTONEN ~ 10AE CDF £ + B + 4 jets ( > 1 b-tag),

ME method
170.7 + 6.3 + 2.6 __ 2AALTONEN 100 CDF £ + Ep + 4 jets (b-tag)
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B PRL 74, 2632 (1995) N
discovery| eru 74, 2626 (1995) precision
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6 T ~ Top Quark Mass Uncertainty
17 events DS today B R
8 s~ A Combined DO
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= ‘_'_A Projected future uncertainty range
10000s of events {1\
CMS 2011, 5.0 fb at Vs =7 TeV 2 3l N\ Tevatron
) - g |
° 1600 + Data I
= 1400F . £ 2
> 1200 = tt signal 8 L] e s Wt
‘51 - = tf background g Ne—a_
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s ; ' ] . 800 = Drell-Yan L 16m’
600 = Diboson ?o" 1 10 o
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> 200 w
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Sl e B top quark
1995, CDF and D@ factory P %

experiments, Fermilab
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Top quark — special?

* Many models predict that

top is special in order to Tt
explain large mass —
8'\}; 32::-: e :
* Or top quark has special Tt
role because of its large 2 <t
mass P = \V
. Jm
— some more in lecture 3 e
¥ Vrije Universiteit Brusse l
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Top pair production at hadron colliders

10*  10° 102 10™ 1

MSTWO8:Eur.Phys.J.C63:189-285
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* Electroweak production

! i of top quarks
: b W
w b
b t
g - ’ ]
b tW-channel
t-channel h W

e Dominant channels at

q t
>,\“,""\+,< ’ LHC @ 8 TeV:
o g . t  — t-channel: 87 pb
s-channel — tW channel: 22 pb
— s-channel: 5.6 pb
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"alljets" 44%
= SiX jets

ttjets 15%

B-quark identification
used to reduce background

i 0
\x*\ﬁ, . 20(% ) utjets 15%
Poxe

et+jets 15% _
“dileptons™” "lepton+jets™

= two jets, two leptons, MET = four jets, lepton, MET
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Top physics: decay channel choice

— selection of top quark events inversely
proportional to the complexity of the mass

reconstruction

Isolation signal

Reconstruction

Di-lepton Relatively easy Two neutrinos, ambiguities

Lepton+jets Reasonable One neutrino, use missing
transverse energy

All-hadronic Very difficult Possibility to observe top as

Freya Blekman (IIHE-VUB)

‘peak’ in invariant mass
spectrum, no energetic
neutrinos

I



SINGLE TOP PRODUCTION

Observation of single top production: s-channel t-channel Wt-channel
@ cross section x V2

W

q' q 5
@ study top-polarization and EWK top q t : H
interaction Uy w :
b t b w
q' b i
? b I

Test of non-SM phenomena:

@ 4th generation

@ FCNC couplings

oW’ H* Main backgrounds:

@ anomalous W, couplings @ s-channel: Top pair, W + (HF) jets, QCD
e t-channel: Top pair, W + (HF) jets, QCD
o Wit-channel: Top pair, Z + (HF) jets, QCD

t

Signal — background discrimination:
@ Tevatron: multivariate methods (neural networks, boosted
decision trees, matrix element method)

@ LHC: cut-based or multivariate method

Collider s-channel: o, t-channel: o, Wt-channel: o,

. LHC: pp (7 TeV) 4.6 pb 66 pb 15.7 pb

<7 12
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How to find top quarks?
TR QATLAS

EXPERIMENT

l’"

R Freya Blekman (IHE-VUB)
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Top quark physics — benchmark physics

* To find and reconstruct
top quarks, a fully
operational and hermetic
General Purpose
Detector is needed

* This is why top quarks
were used to confirm
and check calibrations
and detector

performance at the start
of the LHC runs at 7 and

8 TeV

Leptons

Freya Blekman (IIHE-VUB)
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Detector characteristics

Muon Detectors Electromagnetic Calorimeters ,_] Width: 44m
- Diameter: 22m
- Weight: 7000t

Solenoid CERN AC - ATLAS V1997
Forward Calorimeters

End Cap Toroid

Bi—==¢=-<
&

IM?’// = e
' ¢ :.

.‘ A

o *
e — i
J,» ; I — N7 A

— (=

i\

Ir ( Wfﬁj—;{

i Inner Detector ieldi
Barrel Toraid Hadronic Calorimeters Shielding
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Compact Muon Solenoid

SILICON TRACKER
Pixels {100 x 150 um?)
~1m? 66M channels

Microstrips {50-100um)

Pix I ~210m? 9".’,6M channels

- S‘/ CRYSTAL ELECTROMAGNETIC
Tracker v~ CALORIMETER (ECAL)
ECAL / scintillating , cryst
HCALy

Solenoid v~
Steel Yoke /

Muons v /
-’//

PRESHOWER
~~ Silicon strips
~16m2 137k channels

sty
STEEL RETURN YOKE
~13000 tonnes
SUPERCONDUCTING
SOLENOID ¥ &
Niobium-titanium coll Fas , : / ¥
carrying ~18000 A -1 a FORWARD
1. 5% S CALORIMETER
;.;;,/ » Steel + quantz fibres
HADRON CALORIMETER (HCAL
Total weight : 14000 tonnes Brass + plastic scintillator ¢ ) MUON CHAMBERS
Overall diameter :15.0m Barrel: 250 Drift Tube & 500 Resistive Plate Chambers
Overall length :28.7m Endcaps: 450 Cathode Strip & 400 Resistive Plate Chambers

Magnetic field :38T
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n=0
Lo /n=0.88
0=45°
om10e—1=2.44
9=0°—)n=°0 Z
y Vrije Universiteit Brussel

PTO NIVEAU -B1.2m
4.3m OEPUIS SOL LA 15
CENTRE B

CENTRE
TUNNEL

X XYZ Right handed coordinate system | ~a
with z in beam direction

+ cylindrical coordinates around Z axis

Typical inputs of 4-vector:
pT, phi, eta, E

17
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LHC performance

CMS Integrated Luminosity, pp

25

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

20
15

10

Total Integrated Luminosity (fb™')

= 2010, 7 TeV, 44.2 pb '  ==== 2011, 7 TeV, 6.1 fb '

=— 2012, 8 TeV, 23.3 b *

\'\\)‘\ N 909

* ATLAS and CMS: outstanding performance during LHC

Run |

* Detector performance consistent during full run,
sometimes even improved from between-fill repairs

¥ Vrije Universiteit Brusse! l

Date (UTC)
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25

120

115

110

18



Luminosity comes at a price:Pileup
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* OQOutstanding LHC
performance comes at

>

ice: £ 89F a1LAS Online Luminosity =
price: S 0 _1 :

Py - @ Vs=8TeV,[Ldt=6.30", qu>=19.5

* 20 I I . 2 60;_ [0 Vs=7TeV,fLdt=521" qu>= 9.1
= = =

* RunA:5PU 3 E

* RunB:8PU g -

* 2012: < E
* Average: 21 PU |

Mean Number of Interactions per Crossing

%0 Vrije Universiteit Brusse l Freya Blekman (IIHE-VUB)



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

50 , T . T . -

40

Recorded Luminosity (pb '/0.04)

8 % 40 N 20 of) 20 2 M) 0
Mean number of interactions per crossing

¥ Vrije Universiteit Brusse l

* In-time pile-up:

— Multiple interactions from

a single LHC bunch
crossing

* Out-of-time pile-up:

— Particles from previous
bunch — 50 ns bunch
spacing

— But detectors can have
much longer response
time so there might still
be some ‘remaining’ signal
from previous collision

Freya Blekman (IIHE-VUB)
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ldentify pile-up

¥ Vrije Universiteit Brussel

Tracking and identification of
primary vertices used to identify
which particle belongs to which
collision

Evident for charged particles but
more difficult for neutral
hadrons...

ATLAS uses fraction of tracks in
jet associated with hard scatter
interaction

22
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Particle flow

Charged
hadron
HCAL \ " Muon
deposit \
/"”/'
ECAL | : 1
deposit s )

Photon

Neutral
hadron

Freya Blekman (IIHE-VUB) -




Particle flow in practice

|

* Particle Flow

A

neutral
hadron

PF combines information from all

subdetectors in a global event

description

— reconstruct ‘particles’ such as charged/neutral

hadrons, photons, muons, electrons

These particles are used to construct

composite objects such as jets, taus, missing

transverse energy

— Reject tracks from non-leading collisions
before creating composite objects

— And make assumptions for background from
neutral particles

Widely used in CMS, LHCb

— CMS: big improvements in energy
resolution jets, MET, tau identification,

24
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Object reconstruction

Background from long Good enough
lived non-b jets? | resolution to see
Increased track multiplicity ) Jets W mass peak?
from pile-up degrades jey | .
performance!? b-jets P

Pile-up affects
reconstruction!?
Jets where only  Leptons
lepton seen?

Actual fakes!?

~ From pile-up?
. Electronics/
detector noise!

Affected by pile-up?
Electronics/detector noise!?

¥ Vrije Universiteit Brusse l 2
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Leptons — trigger

 Different triggers used for different
channels

* Most important:

trigger and get the

events on tape

= Jr IR I I R
© 1 wmE = e
et | DD -
o} i 0w i
ke - o .
= 0.8 * —
i w ATLAS Preliminary ]
R S i
0.6l Data 2011 f Ldt=206 pb’! ]
- ¥ e20_medium trigger .
0.4 o L1 (E>14GeV) —
i o L2(E>19GeV) i
0.21- v s EF (E>20 GeV) o
» 43 ok i
MJ I Ll Ll Ll L I Ll L I Ll Ll I Ll Ll I Ll I Ll Ll I Ll I_

% 15 20 25 30 35 40 45 50 55 60
electron E; (GeV)
¥ Vrije Universiteit Brussel

ATLAS: extremely good one-lepton
triggers

* pI thresholds of 20 GeV or lower
CMS: strong at lepton+jets triggers

* pT thresholds of 24-27 GeV for single
leptons

* Lower lepton pT thresholds using
lepton+jets requirements

Di-lepton triggers have low thresholds
and high priority

Multijet triggers need very stringent
requirements and tuning to keep rate
low

26
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ATLAS

| MDT | |M
T
RPC 1
TGCEI
[ J/ NMDT 2/
[/
[ B2
Tile Calorimeter TGS Fi
/ i
D
/, :

—

—0Z

MUons
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0 5 10
2 F T IR ERAR RN
RS esoososian ]
E S e x
2 3 ° Sl ¢ *3
[11] = 4
0.9 7
0.8 -
C ATLAS Preliminary 7
0.7 C chain 2; AllYear; 1>=8.7
C —e— Data, CB+ST muons
0 6—_ 1 —&— MC, CB+ST muons
L | Ldt=4739 pb 80 —¥— Data, calomuons
C —— MC, calomuons
0 I N NS ER T T R e P T
'-%.5 2 15 -1 05 0 05 1 15 2 25

e Muons combine inner
e tracking and outer muon
system information in
low p_ tl"aCk ﬁt
_'4_
)
high p_
:§1-00£_.—_'—0—-=0=|-.—_._—0—'—0—-$
50.98;— ;—
&0.96} ]
0.94; é
s G B
0.90- o CI\.‘I‘SPr?Iimin‘ary,\/‘E=ﬂT=V ;

-2.0-1.5-1.0-0.50.0 0.5 1.0

()
=

27

Freya Blekman (IIHE-VUB)



electrons

* Both ATLAS and CMS
combine info from
tracking and (em) shower
shape calorimeter in
multivariate technique

ECAL
surface

Extrapolated

BremCluster ! track tangents

¥ Vrije Universiteit Brussel

Electron identification efficiency [%]

Efficiency

105 T T
100E. ATLAS Preliminary Data 2011 f Ldt=47f" 3
E g B 8 8 8 8 5 ° o [ ] ® § E
95E © % 5 4 o $ E
905— A a2 3 3 2 2 : : Vo i + _E
85 A, -
= - L I T 8 4 =
80" "0 oo g, Y ¥ I
75 e 5
70 E— Loose++ Medium++ —E
655— ® 2012 selection A 2012 selection ® 2012 selection _E
E o 2011 selection A 2011 selection o 2011 selection 3
60_ Lo b by by b by by oy by by
0 2 4 6 8 10 12 14 16 18 20
Number of reconstructed primary vertices
CMS Preliminary 2012 {s=8TeV, L= 19.6 fb™
T | L | T L | LI | L | L | LI | T | T
1 [ —e— 4 P B
0B —
Efficiency is stable in a ]
06— . . . L —]
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04 —
i Probe in barrel: 0 <hn | <1479 ]
0'2_ L] Data
: Simulation
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200
180
160
140
120
100

80

Events /1 GeV

Events /1 GeV

electrons
Both ATLAS and CMS use

Z bosons to check

performance for muons

and electrons

x10°

e L L L L BN AL I BN p
= ATLAS Preliminary =
3 Data 2011, \s=7 TeV, f Ldt=461" 3
E 0,,,=1.76+0.01 GeV _
E Oye =1.59 = 0.01 GeV i<2.47 E
i —e—Data E
- — Fit result =
= Oz—seeMC —

200 x10°
L L L L L L L L L L B
180 ATLAS Preliminary
oof- Data 2011, \'s=7 TeV,det=4.6fb'1
140 C o,,,=1.76+0.01 GeV
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o - Data

100 - — Fit result
80— ] Z—=eeMC
60

40

20—

% 75 80 8 90 95 100 105

Mo [Ge

< 105 g
& ATLAS Preliminary Data 2011 f Ldt~47f" 3
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° —
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e 7 Loose++ Medium++ —
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60 oo b by b by oy by oy by oy by oy | I
0 2 4 6 8 10 12 14 16 20
3
T T T > 200X'1'0"I""I""I""I""I""I"'I"I,
rgfminary 8 180 ATLAS Preliminary =
ata 2011, \'s=7 TeV,det =467 Data 2011, \'s=7 TeV,det =46f" 3
01 GeV % 140 Oyuo=1.76 = 0.01 GeV E
v ﬂ ml<2.4' @ 120F- Ouc =1:59 = 0.01 GeV l<2.47 E
5 - Data =
x10 — Fit result ]
> 2007 LI BN L =
8 1gob. ATLAS Preliminary = L1 Z-eeMC —
Ny - Data 2011, \'s=7 TeV, f Ldt=46fo" =
P 160; = =
£ 1400 Ouma=1760.01 GeV = E
o 120E- e =1.59 = 0.01 GeV l<2.47 = B
- B L1, e o -
100 - Data = )0 95 100 105 110
- — Fit result B m.. [GeV
80— Cz—seeMC — ee [ ]
ool 4 = ]
; ; Ll | Ll | Ll | L1l
40F E 35 40 45 50
20— = # vertices
% 75 80 8 90 95 100 105 110 29
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Leptons and pileup

CMS Preliminary 2012 Vs=8TeV,L=19.6 fb"
< B RN AR AR R AR
c —— —— ¢ y —_
s [ i ‘ ’ ]
3=
L = |
CMS preliminary RN2012 W8TV OB
UJ 1_2_| T T T T |_ | —]
o . | Electron efficiency :
: 1 o6} : -
frraeseeeeeee-a 1 | Stable vs # vertices :
0.9 :_ ............. ' . . T _: 04 __ __
- Muo.n Identlﬁcatlon. . i Probe in barrel: 0 <y | <1.479 ]
0.8 efficiency vs # vertices . i ’ |
- I e * Dot
0.75 P, > 20 GeV +Data AAAAA E : Simulation
B . c ] a i
0-6_ |T|u)|<21 _+_M ..... __ 0 I | I | | | I| | | ] | |I | | | | | | | || | ] | | || | ] | | | | | || L1 1 1 || L1l
- +-DataMC ] 0 5 10 15 20 25 30 35 40 45 50
O'5_| L1 1 L1 11 | | L1 11 L1 11 I L1 11 I L1 1 I_ #Vertices
0 5 10 15 20 25 30_ 35
Number of vertices  Substantial effort necessary
to achieve this stability
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Isolation

* Since hard processes produce large angles between the final state partons and
the beam remnant jets stay close to the beam line, the objects we are
interested in for our studies are usually well separated or “isolated” from other
objects in the event

* lIsolation is applied by drawing a cone around the object of interest in n-¢
space; adding up the extra E; in the cone (exclusive of the E; of the candidate);
and rejecting the object if the “extra E;” is more than a certain fraction of the
E; of the candidate

* Example of isolation: discriminating an isolated muon from a W from a muon
coming from the semileptonic decay inside a b-jet

Isolated Non-lsolated muon
Muon from semi-leptonic

\ \ decay inside a b-jet

Freya Blekman (IIHE-VUB)
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For most analyses, CMS and ATLAS
use anti-k; jets with a distance

parameter d
— ATLAS : d=0.4
— CMS: d=0.5

ATLAS relies on outstanding quality
of calorimeter to get good jet

performances

CMS Particle flow algorithm allows
very good agreement between data

Jets

and MC with small uncertainties and

good resolution

Both experiments carefully correct

for pile-up vertices

y Vrije Universiteit Brussel
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B, [GeV) anti-h, R=1 |
s
20
.

A 08T T T T 1T 1T
2 0 7;ATLAS Preliminary  Anti-k, R=0.4 EM+JES ]
pa = > 25 GeV, Il <2.55
v Ns=7TeV, [[Lat=210" Pr >25GeV, il <2573
0.6 =
0.55 1 Jircamcn e
F —— Data2011 (lIVFI >0.75) B
0.4 Z ALPGEN MC10 (IJVFI > 0.75) —
= P 3
0.3 —
electronic == s —
noise 0.2 3
0.15 i
O: \ \ \ \ \ \ \ \ \ L
1 2 3 4 5 6 7 8 9 10>10
Number of primary vertices

main pile-up
vertex vertex
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Jets - CMS

CMS preliminary, L=1.6fb" {s=8TeV

* CMS has need for very detailed

c
o
5 0.9 ‘ : :
S s understanding of fraction of different
> o N o o
2 07 particles per jet and fraction of pile-up
% 0.6
w05 particles in jet as these are subtracted by
04 . .
03 the particle flow algorithm
0.2
0.1
30 100 200 1000
p, (GeV)
Before corrections PU corrections PU-+MC truth
g of¥Seeiminany  MecAlV  , pfMSersimineny | dacemev  , ofMSprlminay fecfTev
2 QCD Monte Carlo 2 | QCD Monte Carlo 18 QCD Monte Carlo !
g%_ 1.8;—. ﬁnﬂ-k':'nlﬁ:f:..f;, PFlow n % 1.8_— ﬂml-k{]lﬁ:t:.;, PFlow - ;:. 1.8_— An‘li-k‘ll'qIH:l:..E:; PFlow -
T 16l Tence 1C 16l Teiwco 1C 16f Teoncn
s L +10<N, <15 1 D - +10=<N, <15 1 D r ~+-10<N,, <15 -
1‘4__'. ..O. +15<N"-=2‘ﬂ . @ 14__ _+_15<N"-=2D - g 14__ _+_15-=Nw~:2ll __
Lo .._:. +20<N, <25 ] & L +20<N, <25 ] o i 420N, <25 ]
1‘2;_..’.-:_.::::.. +4-25<N, <30 _: (g- 12:_ ~+-25<N, <30 _: (:_Ii 1.2:_ 425N, <30 _:
ST 12 13 ¢ ]
Tpes "'"'“'::3"ii!i"“""lllllll?"l_! E 1'_‘ -"-o‘uGtll-uli-linli"llli;“'i U? 1_1""'.'“""'""""“""""“;"‘f
L ] gade® ] L
0.8f 4 osf 4 osfF .
BT — "';n'ir'f BT — "';n'{c'ﬁ BT ";n'{éﬂ
P (GeV) Pl (GeV) pe" (GeV)
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b-quark jets

Discriminants of b jets from light quark or

gluon jets based on e Methods for discrimination
= Long lifetime of b-hadrons in them — Impact parameter based
= t=1512x 1025, ct = 455.4 um * Track counting high efficiency
= High masses * Track counting high purity
= High fraction of semi-leptonic decays * Jet probability
= ~|0% e, u (and from charm) * Jet B probability
= Hard fragmentation — Secondary vertices

 Soft muon by IP signficance

6~ 1 / * Simple secondary vertex
L=<vCtT> Y * Combined secondary vertex
= OLN]‘/ — Lepton based algorithms
e * Soft muon by PTrel

| * Soft electron
mpact
parameter — Combined algorithm

e Combined MVA

L/o, ~ independent of p of B
Impact parameter ~1/2nct independent of p

g Vrije Universiteit Brussel
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Jets with b-tagging

| CMSProlminary  11sflatfs-aTev " | ong lifetime of b-hadrons in
t b-jets

2. " t=1.512x 1025
= ¢t = 455.4 um

i Sonrmrrrr e Combination of lifetime
oo aoe. information in MVA

g [T acson wom 1 Efficiency measured in

> : | top and QCD events

R et W (data) using multiple

5w e mene W  aw o methods
e e 35
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Missing ET

[y 35_ T T T I T T T l T T T I T T T I T T T l T T T ] .
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) - o0® ]
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O ] .
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F © . o B
O — : : I : : : : : : : : : ' : I : : : l : : - é o, nl;::tg;iAZ 80 = 0.02 GeV ”R”:‘d:?;)lss 22 = 0.01 GeV
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Y E; (event) before pile-up suppression [GeV] ©2
- MC2011B
-« data2011B
20 o~ MC 2012A .
- data 2012A . o ¢ 2
15 ..'..'-i-°.
10, ° ' ’ —
o 1-1; . . | . | - L | 7
51-0- ..il......,‘ft
T o9k -

2 4 6 8 10 12 14 16 18
NVix
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PAS JME-10-013
* Once boost of top

o 35°5'Ta;;fa_'g,giag_ """" = T .
g ozt " quarks high enough
# = * Decay products become
200— .
g collimated

— W->qq in one jet
— Or t->bqq in one jet

300 400 500 600 700 800 000 ° ¢ SPeCiaI reconStrUCtion
°t (GeV/c) .
A ~ algorithms needed
Top jet .
........ » w
................. —.
e ' Type | Type 2

¥ Vrije Universiteit Brusse l
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ets with substructure

Jet3:
pt 47.8 GeV/c,
b-tag discriminant 4.2

Jet 2: Jet Pruning

pt 484.3 GeVi/c,

mass = 68.8 GeV/c2
Jet 2 + 3 : Mass = 167

Jet 1 : Top Tagging

pt 589.1 GeV/c,

3 subjets,

mass = 186.7 GeV/c2,
minMass = 87.2 GeV/c2

¥ Vrije Universiteit Brussel
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Jets with substructure
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CMS,L=5f"at Vs=7TeV CMS,L=5fb"at \s =7 TeV
o AL L I BN B R NLELELES NN BRI BLELR o L L A
o 180 — RY) C ]
> 160 = = >120 =
& F m@ATA= 83.0+ 0.7 GeV/c® 3 & F .
— — 1 | —
© 1;3; miC = 82.5:0.3 GeV/c® 3 o 00 -
L F e Data ' > 80 * Data
S 100 W . £ F B
> = tt 3 3 sol D W+dets
W 80f EWw+dets 3 ok CINon-W MJ
60 - [CJNon-W MJ3 a0k e
40 = — Data fit J C
- == MC fit o0 —
20 F — C
00 20 420 60 80 100 120 140 160 180 200 % 100 200 300 400 500 600
m(W-jet) (GeV/c?) m(W-+b) (GeV/c?)

* Algorithm validated using muon+jets selection

* Data shows that W boson and top quark (using di-jet

events) can be reconstructed this way and is
reasonably well modeled

§? Vrije Universiteit Brussel
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Jet:
pr=84.1 GeV/c
n=-2.24 Missing E;:

£ 22.3 GeV

Jet:
Jet: pr=85.3 GeV/c
p;=89.0 GeV/c n=2.02
n=2.14
Jet:
p;=90.5 GeV/c
n=-1.40
Muon:
p;=71.5GeV/c
CMS n=-0.82
Run: 163583 m(tf)=1.2 TeV/cZ

Event: 26579562

¥ Vrije Universiteit Brussel
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Important: parton density functions
determine all LHC cross sections!

Proton structure probe

Neutral current Deep Inelastic Scatter-
ing (DIS) cross section:

e(k)

d’o* 2na?Y,
= g. =
dxdQ? O*x 7
2na’Y, y? Y_
= Fa(x,0%) = —F1(x,0°) F —xF
0'x 2(x, O7) Y. L(XQ)+Y+X 3
— where factors Y. = 1 + (1 — y)* and
P N y* define polarisation of the exchanged

For most
processes, LHC
essentially is a gg

boson and y = Q?/(S x).
Kinematics is determined by Q? and Bjorken x.

H1 Collaboration
T T

At leading order: RO collider
F2 = 'x Z eq(Q(x) + q(x)) 06 !;’an?rgflrisaﬁonuna Xu\’
xF; = X2 2eqa,(q(x) — q(x))

oie ~  xX(u+co)+x(1 - y)?(d + s)
oee  ~ xu+c)+x(1-y?*d+s)

xg(x) — from F, scaling violation, jets and F',

42
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* Cross sections ~225 pb
* In combination with 20 /fb

.. \ datasets:
CMS Preliminary 28fb" at {s =8 TeV
900 __L 1T I T TTT | T 1T I T TT I 71T I T 1T I 1T TT I T 1T I T 1T I 1T Jt .
: T+ ow - — LHC is a top factory

> 800 E_ - tt signal _E
) 700 ;— I:I tt other —;
O ook =fv'"g,'e'T°° 3
o C v -
~ 5000 B 2o =
~ 400 E_ Luminosity+b tagging _E .
£ - — Very productive program
S 300F =
2 2000 3 of Standard Model

100 = precision top physics
O 14f T T prispesatetetatatefetpietef®
‘Eg 1'21 I++ i 14 T+
X os S SNARIIE S o LIS SN R R NES s dEIRE = HNE:

0-6|1||I||||I||||I||||I||||I||||I|| f 1'11: LIl

0 50 100 150 200 250 300 350 400 450 500
M,, (GeV)
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Top pair production
Production cross section overview

CMS Preliminary

= [ 228 9 £11 £10 pb
O ’ .
~ - ®CMScombined 7 TeV (1.1 fb7) _(ICHEP’12 prelim)
= . ® CMS combined 8 TeV (2.8 fb')
© o5 7 TeV dominated by
e \ 162 +2 +5 +4 pb
- (JHEP 11 (2012) 067)
— Approx. NNLO QCD (pp)
Scale uncertainty
10 — I Scale ® PDF uncertainty
- o e Approx. NNLO QCD (pp)
B Scale uncertainty
B P Scale ® PDF uncertainty
B Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
— MSTW 2008 NNLO PDF, 90% C.L. uncertainty
| I I | | I I | | I I | | I I | | | I | | I I | | | I |
1 2 3 4 5 6 7 8 9
Vs (TeV)
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Top cross sections

* Good benchmark to explain basic strategies in
top physics and see main backgrounds

e Chosen

result: ATLAS CONF-2012-149

* This is an analysis that uses the kinematical
quantities of events with one lepton and (at

least) 3
derive t
the sam

jets, including one b-tagged jet, to

he total number of top quark events in

dle

— And from that the production cross section

g Vrije Universiteit Brussel

] Freya Blekman (IHE-VUB)
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Event quantities

. X0 . X0 . X0
§ 12;ATLAS Prelimina.ry J.Ldt:5.8 ! § 9?ATLAS Prelimina'ry ILdt:S.sfb'1 é 16;ATLAS Prelimina'ry J-Ldt:5.8 "
T | epaa ©*23/1s ) g _gTev T 8 eDaa 23061 ) g _gTev T 4l e Daa 2306t 1o _grey
o [ B z+Jets [ Single Top Dibosons o F M z+ets [l Single Top Dibosons @ 12 z+Jets [ Single Top Dibosons
8? % 6; 10i %
[ o :
8-
4 i
6%
3 L
2 4
i 2-
|
£ § 1.4} 5 14
g g 12, , g 12
i 8T 7 ' 8 2
s s T W/M%/ // R
a S 08 o S 0.8 ¢
0 40 80 120 160 200 0 40 80 120 160 200
ET'** [GeV] mY [GeV] electron E_ [GeV]
: : Expected from detailed MC simulation using full detector
e+>3 jets u+>3 jets
i 310007290 44000+4000 response (GEANT)
Wtjets 570042400 90004000 : .
Multijet 19002 900 11002 500 Events generated with full Standard Model matrix element
Zjets 1400+ 600 1200 500 at Next-to-leading order, and full modeling of
Single top 3260+ 160 4610+ 230 . .
Dibosons 1154 6 158 8 (/ hadronization of quarks/gluons
Eotal Expected 43038719‘:000 6102;’8*762000 Simulation takes much time (typical: few min/event at least)
ata

¥ Vrije Universiteit Brussel

Events scaled to NNLO theory cross section predictions
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EWK cross section overview

-8 - o CMS 19 pb 8 TeV a W ~
— O CMS, 36 pb™, 7 TeV W+

m 10f = COFRunil W- =

— a DO Run | -

X = . ]

o B UA1 B

B z _

1TE- 3

B ATLAS points B

1 0_1 | same as CMS —=

= Theory: NNLO, FEWZ and MSTW08 PDFs ~ —

5 7 10 20 |

Collider Energy [TeV

Questlon why at LHC W™ different than W-?
S{ Vrije Universiteit Brussel e
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‘Electron’s that are ‘QCD’  ‘Muons’ that are ‘QCD’

* Opverlap track w/ photon * Pions, kaons that decay in
* Photon conversions flight in tracking region
* b-quarks and c-quarks that * b-quarks and c-quarks
decay to leptons decaying to leptons
— Rest of decay missed? Real — rest of decay missed? Real
leptons leptons
* Jets with fluctuations in * Hadrons that did not shower
hadronization in calorimeter?
— Very few charged tracks * Punch-through hadrons

— Very small hadronic energy
fraction

Simulation of fake electrons and muons using simulated QCD events

is both unreliable and impractical

¥ Vrije Universiteit Brusse l
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Data-driven

Many methods, all rely on isolating a control

methods

ATLAS CONF-2012-056

. . . " ATLAS Prel Ldt=4.7fb =7 TeV
region enriched in fake leptons 8 1500[ ATLAS Preiminary | S
. . 53 ® data
* Select a sample of known lepton-like jets 5 . ]
(looser version of your sample) and ¢ 1000 e o
. L +]els, diboson
determine how often you see a muon or B et
electron 5001
— Derive shapes from this and normalise to
sideband (low Missing ET for example) 50 100
— Good at modeling bad hadronization ET*® [GeV]
. . == g
e Or determine a sample of ‘anti’ electrons/ ,, S 7Ty SRl o Hlecon b
= 0 —
muons by inverting one of the selection s | = ]
. . . . w = [ Single Top —
cuts (typically the isolation requirement) i Wb ]
B B 2y —Il -
. . B0 —]
— Very good at modeling complex variables : e :
— Good at modeling HF jets that fake isolated “F E
leptons e g
I:II:I- a0 3_III
GeV
arXiv:1108.3773 By (GeV)
¥ Vrije Universiteit Brussel 49
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Data-driven methods

Matrix method: Non-prompt background in CMS 7 TeV

dilepton cross section analysis derived this
Use two control regions with different, P 4

way
known, real/fake fraction and compare -\ CMS 2.3 o ats =7 Tev

— Or needs known efficiency and known

fake rate derived from other samples 1000

. ] - [ [ [ [ I .

them to derive both fake rate and o - el . Data ]
. . -|’= 6000__ i:l (b]l =
efficiency or vice versa 5 7 DY ]
o ) ) B000 ] twy -

— Involves matrix inversion of 2x2 matrix 7 ? 7 I v .
4000 I non-prompt leptan 3

— needs well-understood sample 2000 — . .
composition of loose and tight sample - .

2000 =

such as multijet and Z->Il resonance £14
) wl ] s
* Advantage: can completely determine Egé : :

. e . au. i | i i i
composition of samples and with small 0 1 2 3 =4
uncertainties Jet multiplicity

- B}:‘t Ili complicated and involves many cross  Also commonly used in determination b-tag
checis efficiency and fake rate from b-bbar events
¥ Vrije Universiteit Brussel 50
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Back to ATLAS’ cross section measurement

Events / 0.25

Data / Expectation

| T—

x1 0’

- ATLAS Prelimi i
7 S Pre m:na.ry I Ldt=5.8fb"

- e Data n+23 jets s =8TeV

:—I:] it W-+Jets B Multijet

Z+Jets [ Single Top

Dibosons

Vrije Universiteit Brussel

* Muon multijet contribution
derived with matrix method
— Used high MET (>100) region
(few fakes) and low MET (<20)
region to determine fake rate.

— Low MET region of course
contained W and Z bosons so
those were subtracted using
simulated contributions

* Electron multijet
contribution derived from

jet-enriched sample

Freya Blekman (IIHE-VUB)
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Combined in likelyhood

* Likelihood in this case means single number per event

S16000- ATLAS Preliminary

L > I
14000 * Data e+23 jets

C D t W+Jets
~ [ z+Jets [l Single Top

Events

12000
10000f
aooof
eooof
40005

2000f

J

Ldt=5.8fb"
\s =8 TeV

Il Multijet
Dibosons

Data / Expectation

¥ Vrije Universiteit Brussel
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Likelihood

quantifying how top-like the event is

14000/~ ¥ Z+Jets [l Single Top
- %

12000

10000
80001

6000

2000

Data / Expectation
—
()

4000

pi F _
:@wm}AnAspﬁﬁggL fLo|t=5.8fb‘1
§16000:— ® Data ) \'s = 8 TeV
u [ WJets Il Multijet
Dibosons

Freya Blekman (IIHE-VUB)
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Likelihood

Statistical fit that
varies backgrounds
within their
uncertainties used
to determine
remaining number
of ttbar events,
which is then used:
Nii

Ti T TS BRX Esig
Efficiencies:
determined from
simulation with
corrections from
data
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Systematic uncertainties

Source e+ >3 jets u+ > 3jets combined
Jet/MET reconstruction, calibration 6.7, -6.3 54, -4.6 5.9,-5.2
Lepton trigger, identification and reconstruction | 2.4, -2.7 4.7,-4.2 2.7,-2.8
Background normalization and composition 1.9, -2.2 1.6, -1.5 1.8,-1.9
b-tagging efficiency 1.7,-1.3 1.9,-1.1 1.8,-1.2
MC modelling of the signal +12 +11 +11
Total +14 +13 +13

* Each of these numbers involves rerunning the analysis taking into
account known uncertainties on the lepton reconstruction, etc.

* Some, like the ‘MC modelling’ uncertainty, contain many effects

such as ISR/FSR model uncertainty, parton density functions,
parton shower models, uncertainties of the event generator used

for the simulation

* More examples of systematic studies/uncertainties in next lectures

g Vrije Universiteit Brussel
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Final cross section

* Final cross sections traditionally (in top physics)
have several uncertainties:

o7 =241 + 2 (stat.) + 31 (syst.) = 9 (lumi.) pb.
* The analysis determined the cross section at 8
TeV, which of course also has theory predictions.

Some examples:

— (approximate) Next-to-next-to-leading order assuming
QCD production of generic heavy quarks: 238+ 10% pb
(HATHOR, arXiv:1007:1327)

— Full next-to-next-to-leading order: 246+3%12.6 pb

(arXiv:1303.6254)
S{ Vrije Universiteit Brussel - 54



And in the end...

E _lllllllll'llllllllllllll'llllllllllll_
o — ---NLO QCD (pp) # Single Lepton (8 TeV) 241+ 32 pb -
=

©

¥ Single Lepton (7 TeV) 179+ 12 pb
— —Approx. NNLO
Shep (Pp) A Dilepton 173 "' pb

O All-hadronic 167 = 81 pb

— ---NLO QCD (pp)

102 ___APPfOX- NNLO (pp) @ Combined 177 ‘! pb _
- mCDF _ :

— 4 DO :

10 = :

7 8
2 1 l | I I | I | I I I Ll l | I I — | I | I I Ll l Ll

1 2 3 4 5 6 7 8
Vs [TeV]
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End of lecture one — questions!?




CTEQG6L1: gg
10° | |
10° e
104 o
'_g 108 =
> 102 =
§ 10° - 0.9 TeV
= 0 ] . e
e 10 2 TeV
= 6 TeV
% 10 = 7 Tev
o 103 n 10 TeV
104 14 TeV
107 £
10°© '
1072 1071 100 10’
V3 [TeV]
http://lutece.fnal.gov/PartonLum/
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