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Important: Registration for Exams

The time & date for the exam is flexible
(the one given in TUMONnline is a dummy date) - Directly ask me after the
lecture or send me an email to fix onel
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“SUISSE ____—
ZFFRANCE

Zeitraum: Mittwoch 9. Marz, 7 Uhr bis Freitag 11. Marz, 22 Uhr

Kosten: nur Verpflegung
Reise und Unterbringung werden von der TUM ubernommen

Teilnehmer: max. 50 Platze (Losverfahren, evtl. Warteliste)

Anmeldung, Kontakt und weitere Information unter:
http://www.universe-cluster.de/ CERN-Exkursion-2016

Anmeldeschluss: 15. Februar 2016
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Overview

* |Introduction: The Top quark in the Standard Model

* Production and decay

* Pair production and single top production
e Classification of decay modes
* Experimental signatures

* Top production
 Measurement of the pair production cross section

e First measurements of single top at LHC

* Top properties: Mass
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Introduction:
The Top Quark in the Standard Model
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* The Top quark has a special role in the Standard Model

* |t is the heaviest particle, and by far the heaviest Fermion

e |ts mass is comparable to the electroweak scale - The top quark could be a
window to new physics!

e |ts life time is shorter than the hadronization time - it does not form bound states

The Questions:
i M b * How are top quarks
: Q é produced?
s 057 77 « How do they decay?

QUARKS

- both compared to the SM
expectation
 What is the mass of the top

quark?

i
”w
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Historical Perspective: Prediction of the Top

10 J/p ¥ (29)

10
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o After the discovery of the T a third quark family was basically obvious
(it was already predicted based on the observation of CP violation at a time when only
three quarks were known):

* Renormalizability of the SM requires equal number of lepton and quark families

JIb | (28)
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Historical Perspective: Prediction of the Top

o After the discovery of the T a third quark family was basically obvious
(it was already predicted based on the observation of CP violation at a time when only
three quarks were known):

* Renormalizability of the SM requires equal number of lepton and quark families
* The discovery of the b quark in 1977 directly implied the existence of the t quark

since no flavor-changing neutral currents were observed (in the SM: Due to
cancellations of t and b contributions) (analogous to the GIM mechanism, which
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Historical Perspective: Prediction of the Top

o After the discovery of the T a third quark family was basically obvious
(it was already predicted based on the observation of CP violation at a time when only

three quarks were known):

* Renormalizability of the SM requires equal number of lepton and quark families

* The discovery of the b quark in 1977 directly implied the existence of the t quark
since no flavor-changing neutral currents were observed (in the SM: Due to
cancellations of t and b contributions) (analogous to the GIM mechanism, which

predicted the ¢ quark) \ . |
3 i

. = J/ t =
« The precise measurement  '° | V| |w@s) P
of the cross-section in N | :
.. 10 " \ =
e*e” - Kollisionen above - J1° o\ 1
the b threshold gives LI } ! n\*
10 ? T , W =
the charge of the b: -1/3 - JA | 0| ettt i
=>The top has to be + 2/3 / W
- o .
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Prediction of the Top Mass

* Quarks have an influence on the mass of the gauge bosons via loops
e Corrections typically increase with the mass of the particle in the loop

» Precise measurements of W and Z masses provide information on the top mass
(precision depends on the number of orders in the calculation)

¢ {
W W Z 7
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Prediction of the Top Mass

* Quarks have an influence on the mass of the gauge bosons via loops
e Corrections typically increase with the mass of the particle in the loop

» Precise measurements of W and Z masses provide information on the top mass
(precision depends on the number of orders in the calculation)

¢ {
1% W Z Z
b t
In the Standard Model (see lecture 07):
T 1 _ m? .
miy, = — with —VQV =1 — sin“Oy
V2G r sin?bw (1 — Ar) ms,
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Prediction of the Top Mass

* Quarks have an influence on the mass of the gauge bosons via loops
e Corrections typically increase with the mass of the particle in the loop

» Precise measurements of W and Z masses provide information on the top mass
(precision depends on the number of orders in the calculation)

¢ {
W W Z Z
b t
In the Standard Model (see lecture 07):
2 T 1 _ m%v 4 2
miyy = 3G 5in0u (1= Ar) with m—QZ =1 —sin“Ow

The influence of single top loops:

3v2G rcot? Oy
ArtoP = — > m? for My > My
167
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Connections to the Higgs Mass

_ _—_—

* Loop corrections also depend on the Higgs:

H ' '

‘ ’

W, ZNNANANNANWY, Z + W, ZNNNKANNIY, 7
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Connections to the Higgs Mass

e

* Loop corrections also depend on the Higgs:

H
I, s\
= L
W, ZANANANNIY, Z + . ZNAANERANNIY, 7

* analogous to the corrections induced by the top there are also corrections
originating from the Higgs

for mg > mwy

ATHiggs _ BﬁGFmIz/V (hl m%{ 5)

1672
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Connections to the Higgs Mass

* Loop corrections also depend on the Higgs:

H
' g s\
H A
W, ZNANAANNANY, Z + T, ZNAANSANNIY, Z

* analogous to the corrections induced by the top there are also corrections
originating from the Higgs

. 3v2G pmy o5

B 1672

» With a precise knowledge of the top mass the Higgs mass can be constrained

e But: only logarithmic dependence on my ( quadratic in mr)
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Predicting the Top Quark Mass
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arXiv:0810.5226 [hep-ex] ‘

e Improvement of electroweak precision measurements led to a constant improvement of
the prediction of the top quark mass -> early on it was clear the top is heavy!
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Predicting the Top Quark Mass
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arXiv:0810.5226 [hep-ex] ‘

the prediction of the top quark mass -> early on it was clear the top is heavy!

< Discovery of the top quark in 1995 at the Tevatron, 18 years after the b
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Production and Decay
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Top Pair Production

* Two important production mechanisms via the strong interaction
q t

Quark-AntiQuark annihilation:

Gluon-Gluon fusion:

g g t g {
g
t + t £y
g i g t g t

.

Teilchenphysik mit h6chstenergetischen Beschleunigern:

WS 15/16, 12: Top Physics Frank Simon (fsimon@mpp.mpg.de)

12



s-channel production via W exchange

t-channel production

associated production of
W and t quark

b
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B(t — Wb) H/;fb|2

Qg R = —
, A Bt —Wgq) |Vip|? + [Vis|? + | Vig|?

o W Currently (assuming 3 generations and unitarity):

[Vial = 0.008747 0037

Vis| = 0.00407 4 0.0010

Vip| = 0.99913370-000044
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Top Quark Decay

* Decay via the weak interaction:

B(t — Wb)

Vio|?

Qg R = —
t A Bt — Wq) |Vil]?2+ |Vis|? + | Via|?

*
*
*
-, WH
’0
*
*
*
*

Currently (assuming 3 generations and unitarity):

= 0.00407 = 0.0010

— 0.009133 0900

— 0.00874 0028

<~ Top quarks decay almost exclusively into a W boson and a b quark
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Top Quark: Width / Lifetime

e e —

* |In the Standard Modell the width of the top is given by:

2 -

o Gpm? m; méy, 20, (272 5

e = Vi L= M) (o™i [y - 20 (27D
87V 2 m; m; 37 3 2

arXiv:0810.5226 [hep-ex]

= ———— = = = —_——— -
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Top Quark: Width / Lifetime

* |In the Standard Modell the width of the top is given by:

Y ¢ ) 2 5 ‘ ‘ o _
T — Va2 Gp m3 1 _ mi, LAY 2o (272 5
= Vol ——= 2 T2 5 | 9
872 m; mj 37 3 2

* For a mass of ~ 170 GeV this gives a width of ~ 1.3 GeV

» Corresponds to a lifetime of ~5x 10%° s

» Much shorter than the hadronization time:

Thad = AEQ}JD ~ (0.2GeV) ' =3 x 1075

arXiv:0810.5226 [hep-ex]
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Top Quark: Width / Lifetime

* |In the Standard Modell the width of the top is given by:

Gr m3 ma2, m 200, [(27% 5
[y = |Vie|? — t<1— ‘;) (1+) ”)[1— ~_< —3>]
8m/2 m; my 37 3 2

* For a mass of ~ 170 GeV this gives a width of ~ 1.3 GeV

» Corresponds to a lifetime of ~5x 10%° s

2

» Much shorter than the hadronization time:

Thad = AQ};D (0. 2GeV) ~3x107%s

<~ Top quarks do not form bound states, they decay as free quarks

(Still there are influences from the strong interaction, for example via the interaction of the
t quarks with the proton remnants in hadron collisions (effects increase with energy),
interactions of the decay products from the two quarks in pair production, ...)

arXiv:0810.5226 [hep-ex]
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* W decay via the weak interaction:
“Universality” of the weak interaction, maximal parity violation
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Top Decay: The Decay of the Ws

* W decay via the weak interaction:
“Universality” of the weak interaction, maximal parity violation

» couples to left-handed fermions, right-handed anti-fermions, always
with the same strength

» Quarks have a three-fold weight: 3 colors!

» Example W+:

Wt — etve:puty, 7Ty, cud : cF

1 : 1 : 1 : 3 : 3

* The types of the W decay determine the different top decay signatures
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* Classified according to W decay (since basically 100% t — bW)

IJ. n
Top Pair Decay Channels
W+
proton f
t
g 9 ) . P
b R KA %)
, . ' @
antiproton , C |+
- q =
w 21518
Top Pair Branching Fractions q l"g % N
"alljets™ 46%
(= 1T - tautjets
tHets 15% =1 - muon+jets
o electron+jets
1+t A
+| - —
1‘(.\:: u+jets 15% ﬁ@g’b‘* e+ l’l’+ T+ Ud CS
v “ e+jets 15%
"dileptons™ "lepton+jets”
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Detection of Top Events

* Classification of the events based on their characteristic signatures, then a
specialized analysis for each decay mode
* Di-Lepton Events: Two isolated, highly energetic leptons (e, y) from W decay

 Lepton + Jets: One isolated lepton (e, y) from W decay,
jets from W decay and from b quarks

* All-Hadronic: Jets from both Ws, jets from b quarks: o/
Tagging crucial - quite difficult at hadron colliders
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Detection of Top Events

* Classification of the events based on their characteristic signatures, then a
specialized analysis for each decay mode
* Di-Lepton Events: Two isolated, highly energetic leptons (e, y) from W decay

 Lepton + Jets: One isolated lepton (e, y) from W decay,
jets from W decay and from b quarks

» All-Hadronic: Jets from both WSs, jets from b quarks: "‘9/
Tagging crucial - quite difficult at hadron colliders

‘ jet VIV
Reminder: b quark identification . |

« Relatively long life time of mesons containing .
b quarks (ct (B® ~ 460 pm, ct (B*) ~ 490 pm) "
» ldentification of a displaced secondary vertex
In a jet

» Jet is “tagged” as a b jet ‘ jet

Antiproton

-t
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The Challenge: Background

* Top production is only a very small 0%
part of the total pp cross section 7
» High background, in particular for .
hadronic decays of the W 105
» all-hadronic: QCD multi-jet
background (very high!) 10°

10 ¢m s

» lepton+jets: W + jets and QCD multi-

jet background (ok) 2 w >

» di-lepton: Z + jets and di-boson . . 'f

background (low) % :
107

Gy
el
O.(E" > Vs/4)

1073 oH,ggs(MH = 150 GeV)

Origas(Myy = 500 GeV)

10'7 aaaal A Lt aaaal
0.1 |
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antiproton
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e*  |CMS Experiment at LHC, CERN
| Data recorded: Sun Jul 18 11:
/\ Run/Event: 140379 / 1366

D10 CEST

V 7 | Lumi section: 160

BFr=57 GeV/c, 9 =2.2
.

b-tagged jet
pr=45GeV/c, n=-1L.2, ¢ = 0.9

missing information from pr= 56 GeV/c, N = 0.7, = 0.0
two (undetected) neutrin0s - pr=57 Gev/c, n = -1.4, @ = -2.1 I I i

l \ M pr=27GeV/c, n=-2.0,0=-1.9
Dimuon mass 26 GeV/c
I

A\

Clear, clean signature

small branching ratio, low
statistics

Background: mainly W + X

Frank Simon (fsimon@mpp.mpg.de) 20



Experimental Detection: Lepton + Jets

pu
w+ \
proton
t
q g b
4 . b
q t
antiproton
P W- q
q

Relatively clean due to the
leptonic decay of one W
e Signature: Isolated lepton,

highly energetic jets and
missing energy

missing information from
neutrino

 high statistics (BR 30%)
* Background: Mainly

W + jets
— Run Number: 158975, Event Number: 21437359
Date: 2010-07-12 07:04:37 CEST
Teilchenphysik mit h6chstenergetischen Beschleunigern: . .
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Top Pairs and Single Top:
Cross Section
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Top Quark Pair Produ
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Top Quark Pair Produ

* |n the parton-parton frame the center-of-mass energy has to be at least 2 m

§=xoxp5 > (2my)?

* Optimal: xa ~ Xb, Which gives the required parton x:
~ 0.192 Tevatron Run | (1.8 TeV)

(x) = \/g - — ~ 0.176 Tevatron Run Il (1.96 TeV)
s Vs ~ 0.025 LHC (14 TeV)
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Top Quark Pair Produ
* |n the parton-parton frame the center-of-mass energy has to be at least 2 m

§=xoxp5 > (2my)?

* Optimal: xa ~ Xb, Which gives the required parton x:
~ 0.192 Tevatron Run | (1.8 TeV)

_ ]S _ 2 ~ 0.176 Tevatron Run Il (1.96 TeV)
(@) N
5 5 ~ 0.025 LHC (14 TeV)

H1 and ZEUS Combined PDF Fit
ot 1 ] I
b IQ’: 10 Gév?

1 2009

Apri

» Mix of the production processes is energy o  NERAPDFOZGM) !

- exp. uncert. : :

dependence: modeluncert, 1 :
U parametrization :mccn. e 3

0.6 1

» Tevatron: high x, dominated by valence quarks:
Big advantage of proton - anti-proton collisions

Working Grou

04
xg (x 0.05)

» LHC: lower x, dominated by gluons

0.2
xS (x 0.05)

HERA Structure Functions

10 10" 107 10"

0.025 0.19 x
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* Production mechanisms: Quark - anti-quark vs gluon-gluon

S, 9/p ——
‘00000 —<—
Y F99—u

fy/l' -

Tors—
Hadron Collider Processes o [pb) Group
Tevatron Run I 90% qq — tf  5.197) 22 Cacciari et al. [117]
(pp, V/s=18TeV) 10% gg — tt 5.24+0.31 Kidonakis et al. [119
Tevatron Run II 85% qf — tt  6.7010i% Cacciari et al. [117]
(pp, Vs =1.96TeV) 15% gg— tt 6.77+0.42 Kidonakis et al. [119]
LHC 10% qq — tf 833732 Bonciani et al. [118]
(pp, Vs=14TeV)  90% gg — tt 87372 Kidonakis et al. [120]

arXiv:0810.5226 [hep-eX]

LHC: Gluon dominated, Tevatron: quark dominated

WS 15/16, 1

2: Top Physics

NLO QCD calculations
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Measuring Cross-Sections

* Important for the measurement: event selection, understanding of background

 Choose decay channels that can be selected with high purity
Initially: Leptonic decays of W bosons (downside: small BR)
Meanwhile also Lepton + Jets and all-hadronic decays: large BRs

* Event selection: High-energy leptons, jets from b quarks, missing energy
(neutrino!)
* Determining the cross section based on:

Dp — 1) — N-b N: Number of selected events
Ae [ Ldt B: Estimation of background events

o

A: acceptance correction: kinematic and geometric acceptance of the detector
e: event selection efficiency

Teilchenphysik mit h6chstenergetischen Beschleunigern:
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Example: ATLAS Di-Leptons

* B-Tagging important: A real top pair event contains two b quarks

. pe - channel .
(2 T 1 L L R L L L L
CIC) — ° | ATLAS o D_ala 2011 _ M . f
3 6000— | (s=7TeV 46f" [ 0 tPowheg+PY — ost Important sources o
. WY _ .y
B Z+jet . uncertainties:
N; & -
El Mis-ID lepton -
4000 I, — : .
. Polvheg+PY 7 B tagging - How well is it
" MG@NLO+HW -
3000 N5 Algen+Hw  — understood?
2 .
2000 | ® —
E : : ] Jet energy scale: influences
1000 ! | B energy cuts
[,
S 15F ' | | ' =
S - ' ' .
5 1:_ TR TRV PP PPV PP PO PRV OF T PRI RTPIT TR ITITIPITes J a
S n N ]
0.5 I 1 from =]
0 I 1 2 [ =3
I I Nb-tag
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ATIAS Di- Leptons Mlssmg Energy

* Missing energy and jets in addition to leptons
= 1600 ' 1 1 T 1 = 1200 | 1 1
@ - ATLAS ~ 3 - ATLAS .
(31400—_ _[Ldt—46fb OS en 7 o . det—46fb OS en ]
— — —e— Data Vs = 7 TeV (2011) . — 1000— —e— Data Vs =7 TeV (2011)  —
; L N Stat. @ syst. uncertainty | w — AN Stat. @ syst. uncertainty
£ 1200 o —] = - Ot .
— —] q_) — N —]
q>) 0 Z—tt — = 800 — S B Z—ott |
Y 4000 c ww ] t _ RN @3 ww -
[ Prompt bkgd. — — SRy [ Prompt bkgd. -
B Fake or non-prompt bkgd. ]} — $- B Fake or non-prompt bkgd. —
800 - 600(— | o -
_ B S ]
600 — > SN N > 1 _
400 S .
B o ]etS — .
400 - R —
200 e ]
200 B — |
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Leptons + Jets

* More events, but also much more background: Jets from QCD processes
and associated production of bosons

* Event selection via high-energy leptons, jet multiplicity (4 jets from ttbar),
b tagging and missing energy (neutrino!)

| I 7] N I

"9 i | . l - -— : ! ] | ! ]
GC) 50000 ATLAS Preliminary ® \|s=7TeVdata — GC) 45000F ATLAS Preliminary ® |s=7 TeV data =
> - 1 [ Jthm op=172.5 GeV ] > = 1 [ Jthm =172.5 GeV -
- J Ldt=4.7 fb B smgle top . 400002— I Ldt=4.7 fb e smgle top -
_ - W . A NNNNT S S S i -
40000 7000 J.rjets . 35000~~~ mmw J.rJetS =
Yo dIH Z +jets - Z +jets ]
Z ] Y :
i WW/WZ/ZZ - 3000077777~ WWWz/zz
30000_— B QCD multijet 25000E- s B QCD multijet 3
B Uncertainty ] - :f//// %//f//f/f// / Uncertainty =
| | 20000 :_ S S S S S S S S _:
20000} - - -
- - 15000 —
- VLSS S S S S S S S S S S S S S - - .
10000k 7 10000 E
] 5000 =
0  — 0 | L]
4 3} 6 >7 1 2 3 4
number of jets number of b-tags
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Leptons + Jets

* More events, but also much more background: Jets from QCD processes
and associated production of bosons

* Event selection via high-energy leptons, jet multiplicity (4 jets from ttbar),
b tagging and missing energy (neutrino!)

| I 7] N I
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00000 s — P 350000 s o
7 Z +jets . e Z +jets ]
"%j//;%j/%j WW/WZ/Z2Z i 30000777777~ WW/WZ/ZZ =
30000_— B QCD multijet ] 55000 s B QCD multijet 3
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100005 . 10000 E
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number of jets number of b-tags
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ATLAS l+jets* 7 TeV (L=0.7 fb”)

CMS l+jets 7 TeV (L=2.3 fb’)
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LHC combined eu* 8 TeV (L=5.3-20.3 fb'1)
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200F
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Top Cross Section at LHC

= — S — = —
ATLAS+CMS Preliminary o, summary, {s =7 TeV TOPLHCWG Sep 2014 ATLAS+CMS Preliminary o,z summary, \s=8TeV TOPLHCWG Sep 2014
"""" NNLO+NNLL (Top++ 2.0), PDF4LHC, M= 172.5 GeV — stat. uncertainty
I scale uncertainty === == = f{otaluncertainty | | " rI\TIINch-':lI\#:LsL ((3-20\[; ++2.0), PDFALHC — stat. uncertainty
scale ® PDF @ a4 uncertainty o, =(stat) =(syst) =(lumi) o sct;Te unce'rtainty = =— — total uncertainty
, - =(stat) =(syst) =(lumi
scale ® PDF @ a4 uncertainty O +(stat) =(syst) =( )
ATLAS, I+jets 179+4+9=7pb L,,=0.7 fb!
ATLAS, dilepton (*) 17326 1% S pb L,=0.7 b
ATLAS, all jets (*) | 1 167+ 18x78x6pb  L,=1.01" ATLAS prel., e/u+jets ———o 241+ 2+ 31+ 9pb
-1
ATLAS combined 177+ 3 f: =7 pb L,,=0.7-1.0 fb" ATLAS-CONF-2012-149, L;,=5.8 fb
CMS, l+jets (*) 164+ 3+12+7pb Ly=0.8-1.1 fb
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prel., e/u+] F—i—e— 228+ 9122+ 10 pb
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: . v Ling= 19
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ATLAS, all jets — 168+ 12" 30+ 7pb L=4.7 1o JHEP 02 (2014) 024, L, ,=5.3 fo"'
CMS, I+jets 158+ 2+ 10+ 4 pb L,=2.2-2.3 fb"
CMS, dilepton 161.9+ 2521+ 36pb 23" .
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CMS, v, .+ iy 143+ 14+ 22+ 3 pb Ly=2.2 b CMS-PAS TOP-14-016
CMS, 'Ehad+jets i . 152+ 12+ 32+ 3 pb L=3.9 fo! ATLAS'CONF'201 4-054
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Effect of LHC beam energy uncertainty: 3.3 pb Effect of LHC beam energy uncertainty: 4.2 pb
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Single Top Production

* Production of single top quarks via weak interaction - expectation:
o(single top) ~ 0.4 x o(top pair)

» Direct access to Wtb - vertex of the weak interaction!

_ Detailed studies Observed Limit set
u(d) d(u) b t i

W+ > . > W

t-channel tW s-channel
- Only one t quark in the final state: Less
“spectacular” events than top pair
production: Separation from background ]
more difficult!
/; xg('}';?ghf;'ﬁ gg)itl; I;}j;l;ztenergetischen Beschleunigern: Frank Simon (fsimon@mpp.mpg.de) 30



Background in Single

w~ L \/ . :
multi-jet production t
q a b .
r < c (J@t)
b 7
g ) (,«(_'_' t mis-identified top pairs
e
jet
q o b YT Trrvse——
5 ~Allin all: Modern analysis
_ _ _ | techniques are needed to reduce the |
W + jets, mainly b-jets _ |
Ut al taqq background:
|t iSO Wrong tagaing * Neural networks
LA Ve ) | * Boosted decision trees

Teilchenphysik mit h6chstenergetischen Beschleunigern: . .
WS 15/16, 12: Top Physics Frank Simon (fsimon@mpp.mpg.de) 31



Single Top at the LHC

e A candidate from CMS

CMS Experment at LHC, CERN
Data recorded: Thu Oct 28 04:29:38 2010 CEST MET = 63.9 GeV
Run/Event: 149181 / 776938639

Lumi section: 02 SR

)-tagged jet
forward jet Ny e

PT = 37.6 GeV T_*
n=-3.76 n=0.99

Transverse W boson mass: 66.9 GeV

% Teilchenphysik mit h6chstenergetischen Beschleunigern:
Lpdyntt
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Slngle Top at the LHC

3

x10
o 400F — " ™
S i ATLAS Prellmlnary f Ld’[ 20 3 fb \@ 8 TeV
o - SR ¢ data )
C\D 300} [ ] t:channel _
2 i B t7, Wt s-channel
§ : [ WHjets
T 200F [ ] Z+jets, diboson _]

- Multijet
”Jt-ch.gen®nyinter. |

100

Data-Pred
Pred.
o o
N O N

NN output
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* One example - After all
selections in particular in the t
channel a strong signal
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Single Top at the LHC

- ICMSI Prelliminlary |

tw

s-channel

Approx. NNLO Kidonakis, PRD 83, 091503 (2011)
L] CMS, JHEP12{2012) 035

i CMS, JHEPOB(2014) 090

Approx. NNLO Kidonakis, PRD 82, 054018 (2010
0 CMS, Phys.Rev.Lett 110, 022003 (2013)

A CMS, Phys.Rev.Lett.112, 231802 (2014)

Approx. NNLO Kidonakis, PRD 81, 054028 {2010}
v CMS, PAS-TOP-13-008 (FC interval)

|

_—

I I I I I | | | | | | I
2 3 4 5 6 7 8 9 10 11 12 13 _14
Vs [TeV]
t T l T l . T . | T I T I T I T l T | T -
- ATLAS Preliminary July 2014 7
_single top-quark production t-channel

NLO+NNLL at m, = 172.5 GeV
"~ MSTW2008 NNLO PDF .
T stat. uncertainty

s-channel

#t-channel 4.59 fb™" arxiv:1406.7844
3t-channel 20.3 flo" ATLAS-CONF-2014-007
FWt2.05fb” pe 716 (2012) 142 N
ZWt20.3 fb™! ATLAS-CONF-2013-100 s
¥ s-chanhel 95% C.L. limit 0.7 fo™' ATLAS-CONF-2011-118 .
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* One example - After all
selections in particular in the t
channel a strong signal

* The cross section is
according to the expectation
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Single Top at the LHC

B ——

* One example - After all
selections in particular in the t
channel a strong signal

* The cross section is
according to the expectation

* The CKM-Element Vitb is
consistent with 1, uncertainties
on the 5-7% level

ATLAS: |V, | = 1.02 + 0.07
V| <1 = 0.88<|V,|<=1 @ 95% C.L.

CMS: |V, |=1.020 + 0.049
Vo] <1 = 0.92<|Vy|<=1 @ 95% C.L.

)
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Top Quark Properties:
Mass
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* Precise determination of the top mass provides information on the Higgs!

» Already before the discovery in 2012 it was known that the (SM) Higgs has to
be light (< ~ 160 GeV)
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Top mass M, in GeV

The Top Quark and the Fate of the Universe

o ————

200 | 2 i 16 . 3B
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Ay r " . - . _ ‘
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~ ? - : OIS . - ]
100 Stability = f L ' ]
| >3 = L
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5(0) Z = el SURIETE
_ L | Stability
| - -
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* Top mass, together with Higgs mass and strong coupling, provides key
information on the stability of the SM vacuum at higher scales
e Possible validity of the SM up to the Planck scale?

e |Impact on evolution of the early universe (Higgs inflation models, ...) & physics
beyond the SM

s! |

| Leading uncertainty:

i
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Measurement of the Mass: General Issues

— ——————— —— =
——— e === = - = e ——

* The mass of the top quark is an important parameter of the standard model -
and as such very interesting

The problem: What is a quark mass? - Here the “standard” definitions of
theorists and experimentalists are not the same
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Measurement of the Mass: General Issues

* The mass of the top quark is an important parameter of the standard model -
and as such very interesting

The problem: What is a quark mass? - Here the “standard” definitions of
theorists and experimentalists are not the same

For theory: The mass has to be relevant for O_\
precision calculations 2" = 2®
T
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Measurement of the Mass: General Issues

* The mass of the top quark is an important parameter of the standard model -
and as such very interesting

The problem: What is a quark mass? - Here the “standard” definitions of
theorists and experimentalists are not the same

For theory:

The mass has to be relevant for O_\
precision calculations 2° s 2.°

Defining the mass of the top is not trivial - it is influenced by QCD
corrections at higher orders

: @_

,’“‘fo& -+ 5 a7 t

Several definitions exist in theory, depending on the need of the
calculations - They can typically be converted with high precision
with higher order calculations - Uncertainties on the 100 MeV level
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Measurement of the

For experiment:

The standard technigue to measure a
mass is to reconstruct the “invariant
mass” of the decay products
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Measurement of the Mass: General Issues

For experiment:

The standard technigue to measure a
mass is to reconstruct the “invariant
mass” of the decay products

— ___ I

~ The challenge: The connection between the experimentally measured

- “kinetic mass” and the theoretical definitions is unclear - non-perturbative

!

| corrections from the strong interaction

' Uncertainties on the GeV level - comparable to experimental precision of current

/ Teilchenphysik mit h6chstenergetischen Beschleunigern: . .
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Measurement of the Top Mass

_—— ===
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* Measurement in all final states of top pair events:
Di-Lepton, Lepton+dJets, All Hadronic

= S — ———
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Measurement of the Top Mass at LHC

* Measurement in all final states of top pair events:
Di-Lepton, Lepton+dJets, All Hadronic

* Different methods are used - (almost) all based on kinematic reconstruction:

 Template-Method: The measured distribution is compared with simulated
distributions using different generator top masses as input

o Matrix-Element-Method: For each event, a probability distribution of the true top

mass is calculated based on the reconstructed final state object, probability based
on LO matrix elements

e Combination with Templates: I[deogram - Method
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Measurement of the Top Mass at LHC

* Measurement in all final states of top pair events:
Di-Lepton, Lepton+dJets, All Hadronic

* Different methods are used - (almost) all based on kinematic reconstruction:

 Template-Method: The measured distribution is compared with simulated
distributions using different generator top masses as input

o Matrix-Element-Method: For each event, a probability distribution of the true top

mass is calculated based on the reconstructed final state object, probability based
on LO matrix elements

e Combination with Templates: I[deogram - Method

» Best accuracy achieved by multi-dimensional fits to reduce systematics
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Measurement of the Top Mass at LHC

* Measurement in all final states of top pair events:
Di-Lepton, Lepton+dJets, All Hadronic

* Different methods are used - (almost) all based on kinematic reconstruction:

 Template-Method: The measured distribution is compared with simulated
distributions using different generator top masses as input

o Matrix-Element-Method: For each event, a probability distribution of the true top

mass is calculated based on the reconstructed final state object, probability based
on LO matrix elements

e Combination with Templates: I[deogram - Method

» Best accuracy achieved by multi-dimensional fits to reduce systematics
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Measurement of the Top Mass at LHC

Measurement in all final states of top pair events:
Di-Lepton, Lepton+dJets, All Hadronic

Different methods are used - (almost) all based on kinematic reconstruction:

 Template-Method: The measured distribution is compared with simulated
distributions using different generator top masses as input

o Matrix-Element-Method: For each event, a probability distribution of the true top

mass is calculated based on the reconstructed final state object, probability based
on LO matrix elements

e Combination with Templates: I[deogram - Method

Best accuracy achieved by multi-dimensional fits to reduce systematics

Most measurements are already limited by systematic uncertainties

e Important contribution: Jet Energy Scale
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Jet Energy Scale JES

‘ » The measurement of a jet:
* Energy in a cone with a certain radius (various
definitions in use) typically in the calorimeters (more

sophisticated approaches also use tracks)

jol J8jawiioled

* The physics observable:
* Energy of the original parton

» The energy scale corrects from the measured jet
energy to the energy of the parton

» Uncertainties from energy calibration, jet structure, ...
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One Example: Lepton + Jets in ATLAS

* 3D Template fit to extract mass, JES and specific b-Jet energy scale

3 :A'II'LASPI'I' | | : 3 0'045;IDIHHIHHIHAITII./I\SHPI;'I'””_‘ S 0'05__I147I'1_IAISIFI>I|'”'IIHHIHHIHH_
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— r m_=1725GeV - - =1 7 r =1.
S 0.025F op = 1725 Ge ] S 0.035F ) % 0.04[ bJSF = 1.00 ]
3 - \:’ m,,=177.5GeV 3 3 0.03E- |:| JSF=1.05 i C \:’ bJSF = 1.05
3 0.02F . o TUE g - -
8 : . N 0.025F = 0.03f
© C © = £ C
€ 0.015¢ € 0.02F 5 ¥
8 r 7 CC) = c 002_ ]
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2 ATLAS Preliminary . 527 TeV data 3D fitting substantially reduces systematics
S~ [ ]
2 500~ f Ldt=4.7 fb I Best Fitbackground - (-40% compared to previous technique!)
o — Best Fit
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+ 1 35(syst) GeV

« mtop = 172 31 +
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Mp SUMmMary, \s = 1.96-8 TeV  Oct. 2015

Top-Mass: Current Status (M

)

Contributions to o, _.:

CDF results == DO results tot-
=&= ATLAS results =@= CMS results MC and Det.Mod.
* = Preliminary <4 Mg ™ = 0, =@m combinations stat. theory JES @ others
$/ m__= B Ref. N o o o
fﬁ?ﬁ/ oo ® ot 1 Tl eevi ocevi iocev|i i gev
CDF, l+jets ///./ ”/v 172.85+1.11 196 Tev  [53] B o7i/M: os61|H: o55/] @ o022
DO, I+jets / //jH—-—H 174.98 + 0.76 1.96 Tev  [55] 2 oss(W : o3e|@ : o028l : 017
ATLAS, l+jets - 7, 172.33 = 1.27 7 Tev [57] | o7s(B : o548 : oss(: o066
CMS, l+jets 0=k 173.49 £ 1.07 7Tev 58] 8 : o043l o6s/MM: o067|1 : 030
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Top-Mass: Current Status (M

CDF results

== DO results

Contributions to Oyt

G. Cortiana, arXiv:1510.04483
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Connection to Theory

—_— =

* First attempts to measure theoretically well understood mass parameters:
Pole mass via the ttbar cross section
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Connection to Theory

* First attempts to measure theoretically well understood mass parameters:

Pole mass via the ttbar cross section
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Large Uncertainties:
Additional uncertainties from pdf
uncertainties

Results:
CMS: mP%® = 176.7"3%, 5 GeV

ATLAS: mPo® = 172.9%%, s GeV

Important contributions to the
understanding of the connection
between theory and experiment -
will never be competitive in total
uncertainty at the LHC
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Summary
 The Top quark was discovered in 1995, 20 years after the discovery of the b quark

e As the heaviest fermion (and the heaviest particle) in the Standard Model it takes a
special role :

* Provides sensitivity to the Higgs mass and (possibly) to physics beyond the SM
e Short life time: decays as a free quark

* New Results from LHC: Cross section 20 x - 100 x larger than at Tevatron
= “Top-Factory”:
Already now the mass measurements from LHC are competitive (2 years at
LHC vs 16 years at Tevatron) - and much more is to come:
e Higher precision on properties
e Direct measurement of the coupling to the Higgs
 Maybe, with a bit of luck: New Physics
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