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Plan for the Lectures

" |ntroduction, top quark production and mass:
Efe Yazgan

" Top quark properties: Maria Moreno-Llacer

Example results/plots taken from top quark public pages of Tevatron and
LHC experiments:

ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
CMS: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
CDF: http://www-cdf.fnal.gov/physics/new/top/top.html

DO: http://www-d0.fnal.gov/Run2Physics/top/top public web pages/




The Top Quark

* The most massive particle known to date (m,~173 GeV).

LEPTONS
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Quadt, EPJC 48, 835 (2006)



The Top Quark

* Very short lifetime (a M,?) < hadronization time scale ~ 1/Aq,

o /\QCD
* typical scale for which a, becomes very strong

 ~1fm ~ typical scale of a hadron (proton radius).
— No hadronic bound states.
— Quark properties are “directly” accessible.

- The largest Yukawa couplings among the fermions.
- Top quark might have a natural relation to EWSB.

The only elementary high mass particle that has color > EWK, QCD and flavor physics.




Quantum Fluctuations Predicting the
Existence of Top and Higgs

» Heisenberg uncertainty principle = Particles can be created from nothing (for a very
short period of time) w/o the necessary energy supply (virtual or off-mass-shell particle).

 Top quark and the Higgs boson modify tree level SM processes through radiative

corrections.
* Indirect effect of the top quark (and Higgs) observable even if the collider energy is not
sufficient to create the real particle.

HW: Read the
Nobel lectures of
‘t Hooft and
Veltman (1999)

e.g.

Ap=(p-1)ocm, Ap o In(m,,)

Propagator for fermions a 1/q Propagator for boson o 1/g?
(Dirac equation) (Klein-Gordon equation)

2
2 tree—level _ Veltman,
M, = p(Miz =) w p=1+4p,+8p,
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LEP (1995) vs SM predictions
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= Zboson line shape and asymmetries compared to SM measurements vs top mass.

" LEP1 prediction m, =173 + 13 -10 GeV



— 200 — o
? _ 1 =
G - 1 8
o 190 l::
a 190 — — 7
£ - 1 1o
o - 1 K
o 180 — — ™

- N $ _

[ ! _

170 |- I |

B ! _

. ' -

160 ' —

- ! Measurements Results of the EW fit -

- ! ¢ Tevatron ~ LEPEWWG -

150 — ll ¢ Tevatron + LHC == Gfitter, incl. M,,  —

- I (searches or meas.)

B : |

140 B | | " | | | | I 1 1 | | | | | 1 1 I | | | | | i

1 9.95 2000 2005 2010 2015

f Year

= Quantum fluctuations showed the existence of the top
quark and predicted its mass precisely before it was
discovered. = Triumph of the SM.
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The Discovery of the Top Quark

CDF, PRL 74, 2626 (1995)
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Discovery at the Tevatron
with O(10) events.

Signal consistent with
tt = W'bW™b
and inconsistent w/ the
background prediction.

o’ = 6.83:2 pb

rt

0”’ =64+22pb

1t

m ™" =176 £8(stat.) = 10(syst.) GeV
m™ =199") (stat.) = 22(syst.) GeV



M,, [GeV]

Electroweak fit before

The Top Quark Mass

mH = 9432 G€V consistent with measured m, within 1.30.

Higgs discovery:
The Gfitter Group, M. Baak et al., EPJC 72, 2205 (2012) http://project-gfitter.web.cern.ch/project-gfitter/History/
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Quantum fluctuations showed the existence of the Higgs boson and predicted its
mass precisely before it was discovered. = One of the most critical tests of the
standard model!



Top Quark Decays

Only quark with m > m,,, and - Edecay channels are
decays exclusively to Wb pairs. Categorized by the W boson
decay modes.
W+
t Top Pair Branching Fractions
b “alljets™ 46%

Top Pair Decay Channels
t+jets 15%

w |2
S lo &
= %)
1
et ar
il I u+jets 15%
: Wi
"o = tau+jets exv o+ets 15%
5 muon+jets "dileptons” "lepton+jets™
o | © electron+jets
“200@ e'lu Tt ud cS
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Top Quark Signatures and Backgrounds

ey " Lepton+jets channel
¢ A high p; lepton

¢ 2 4 high p; jets (2 of which
are jets from b-decays)

+ Missing transverse energy

" Main backgrounds:
o tt other, Single top, W+jets
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Top Quark Signatures and Backgrounds

" Main backgrounds:
o tt other
+ Single top
o W/Z+jets

= Dilepton channel

+ Two high p; leptons

¢ 2 2 high p; jets (2 of which
are from b-decays)

+ Missing transverse energy

- Fever number of events
—But purer
—Best channel: ep
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Top Quark Signatures and Backgrounds

" Main backgrounds:
+ QCD multijets

= All-hadronic channel

¢ 2 6 high p; jets (2 of which
are from b-decays)

- Possible to fully reconstruct
the event (i.e. no neutrinos)
— But larger uncertainties
compared to other channels
due to multiple jets
— Jet energy scale and b-

tagging.
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Top Quark Pair Production

= tt pair production through QCD interactions: Dominant mechanism
at hadron colliders.
qq annihilation
q t ~15% (LHC)

>®< ~85% (Tevatron)
q t
9 oooo—— t 9 t 9 L Gluon fusion
)\ ~ 85% (LHC)
i g I g F ~15% (Tevatron)

At LO QCD - 0(a2)




Single Top Quark Production

u(d) da) 0 ¢ u t
b t g W d b
t-channel

(dominant process) tW associated production s-channel

Single top quarks are produced through the electroweak interaction.

First observed in 2009 by both Tevatron experiments (PRL 103 092002, PRL103
092001) using multivariate techniques.

All production modes established now.

q' q (forward jet)
W { » t-channel
" t \ + Main backgrounds: W+jets, tt,
b QCD multijet
g9 b
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Top Quark Event Modeling

decay (of unstable

\ T :
N »“particles).
‘.l.lo'*' ‘o
4 (.,0
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gxi.’;ﬁ‘_ e P /. //’ ) \ P e .,.' :"
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Proton

Recall Elin Bergeaas Kuutmann’s &
Antonio Sidoti’s lectures.
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Top Quark Event Modeling

Proton/ Colliding Stable Measured
(anti-)proton partons Final state particles event
Lepton Lepton
Processes . .
neutrino Hadronizats Neutrino
—_ adronization detector
t b A Gen-J.et
b showering Gen-jet
u Gen-Jet
d Gen-jet
AN ——
| |
— pdf 2 pdf 2\ A A
O'pp—>t7 (S’mt) - 2 fdxl def; (xl’luf)f‘j ('XZ’Auf)O'ij%tT (S’mt’luf’lur’as (lur))
i,j=partons
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Top Quark Event Modeling
Ty (851, = E [ o, ey £ (o603 ) 7 (0005 ) G (om0, (1)

@ showering/
& hadronization

i
i
i
Non-perturbativej Perturbative in o,

factorization=>» PDFs(x,M;) @ 6(§’mt7luf’ur’as (Mr ))

t
prar on < IJ-F prartOn > }J-F

Recall Elin Bergeaas Kuutmann’s & Mf - Q - \/? ~ /xlsz (Q: energy scale of the hard process)

Antonio Sidoti’s lectures.

Sept. 2013
o ( ) v T decays (N3LO)

S Q ® Lattice QCD (NNLO)
a DIS jets (NLO)

03+ \ 0 Heavy Quarkonia (NLO) _
o e*e jets & shapes (res. NNLO)
\ ® 7 pole fit (N3LO)

v pp—> jets (NLO)

- inputs: m,, a,
and PDFs

02}

0.1}t

= QCD 04(M,) = 0.1185 + 0.0006

10 Q [GeV] 100 1000
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Nucleon Structure

=  Hadron collider = parton collider

= f.(x,Q?) probability to find a parton to carry the fraction x of
the longitudinal hadron momentum at the energy scale Q2.

+ Intrinsic property of the nucleon = process independent.
o Parametrized by PDF sets.

Q?=10000 GeV? |

xf

| S0
PDF sets. @

- MSTWO08 68% CL

0.8

The quark sea: 7
Valence quarks emit gluons 0.6
that in turn split into quark- 7
antiquark pairs.

B creossmesucL  xu,

determine the quantum

g (x 0.01) | numbers of the hadron.

04
N L

gl// & 0.2

10" 1

Valence quarks
> dominate.

sea quarks
dominate.

o
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Hard Process

= Calculation in perturbative QCD
+ LO - LO ME + Radiation from parton shower.

+ Multi-leg LO = LO + Additional partons in the hard process but
no loops + radiation from parton shower.

+ NLO = LO + Additional partons in the hard process including
loops (+ parton shower).

NLO and multi-leg LO neex matching/merging to the
parton shower.

20



Cross section Extraction

Total Inclusive cross section
— count signal events:

/

N ops = Ny

0= (Axe)xBxL

A: Acceptance (depends on PDF, and other modeling
uncertainties, e.g. renormalization and factorization

scales)

€: Selection efficiency for events in acceptance
(affected by the errors in triggers and reconstruction)

L: Integrated luminosity
B: Branching ratio

Differential cross sections:

“Unfolded” to correct for detector
effects (bin-to-bin migration) and
acceptance

- To particle or parton level

=2 In full or fiducial phase space

Response matrix

-

idO 1 E ObSJ bkg,j]
odX o Al. (Axe).

Bin width
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Top Quark Production — Current Status

Inclusive tt cross section [pb]

Total inclusive cross-section [pb]
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Tevatron combined* 1.96 TeV (L=8.8 fi')
ATLAS dilepton 7 TeV (L=4.6 fis")

CMS dilepton 7 TeV (L=2.3 fis")

ATLAS l+jets* 7 TeV (L=0.7 ft5")

CMS I+jets 7 TeV (L=2.3 1b")

ATLAS dilepton 8 TeV (L=20.3 fb")

CMS dilepton 8 TeV (L=5.3 ft)

LHC combined e* 8 TeV (L=5.3-20.3 fb)
O ATLAS l+jets* 8 TeV (L=5.8 fb")
O CMS l+jets* 8 TeV (L=2.8 fb)

* Preliminary

L L

ATLAS+CMS Preliminary sep2014 3
TOPLHCWG =

250F

200r

=¥

== NNLO+NNLL (pp)
= NNLO+NNLL (g)

150F +ﬁg

el

7

8

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

toj
c e e by B e P

m =|17245 GeV, PDF® 0 uncertainties according to PDF4LHC

2 3 4 5 6 7 8
\S

9
[TeV]

[
™ ATLAS + CMS Preliminary TOPLHCWG ™ #355chanme;
| Single top-quark production Jan 2015

CMS t-channel
JHEP12(2012) 035, JHEP06(2014) 090
ATLAS Wt production

CMS Wt production

LHC combination, Wt production

ATLAS s-channel, 95%C.

4 <4 * e 0

CMS s-channel, 95%C.L.
CMS-PAS-TOP-13-009

— NNLO arXiv:1404.7116
m, = 173.2GeV, MSTW2008nnlo

scale uncertainty

=== NLO+NNLL PRD83(2011)091503,

— PRD82(2010)054018, PRD 81{2010) 054028 —

m, = 172.5GeV, MSTW2008nnlo
Wi production: ff contribution removed
scale ® PDF @ a, uncertainty,

—— NLO arXiv:1007 3492, 1406 4403
M= 1725GeV, p = = My,
CT10nlo, MSTW2008nlo, NNPDF2.3nlo

PRD90(2014) 112006, ATLAS-CONF-2014-007

PLB716(2012) 142, ATLAS-CONF-2013-100 —
PRL110(2013)022003, PRL112(2014)231802  —]

ATLAS-CONF-2014-052, CMS-PAS-TOP-14-009 —|

L.
ATLAS-CONF-2011-118, arXiv:1410.0647

(PDF4LHC)™]
Wt production: p; veto for tf removal= 60GeV
and p, =65 GeV —
- - ————f - scale uncertainty
_ — A\ Y -
v scale ® PDF & o uncertainty
— —_— Allexp. results are w.rt. m = 172.5GeV -
1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1

= Top pair cross sections at

NNLO precision

vt =37% > 0, =3.5%

* Single top t-channel cross

section at NNLO precision
— theory uncertainty ~1%

— Measurement uncertainty ~10%
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Proton/
(anti-)proton

Colliding
partons

PDF
_

The goal is to compare to
theory predictions (at the
particle/parton level).

Commonly used
unfolding methods:
iterative D’Agostini, SVD

selection efficiency

Unfolding

b
u
| d |
R

CMS Simulation \
T T

bin of reconstructed Aly|

n " L 1 " L 1 PR L 1
2 -1 0 1 2
Al

selection efficiency
- diagonal matrix

Stable Measured
Final state particles event
Lepton Lepton
Processes . .
neutrino o Neutrino
_ adronization detector
tt b ) Gen J.et
showering Gen-jet

Gen-Jet

ANWA OO N®©

1 2 3 4 5 6 7 8 9 10 11 12

bin of generated Aly|

(non-diagonal)
bin migration matrix
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Top Pair Differential Cross Sections

Test various levels of pQCD approximations for top quark production in different
phase space regions.

Test and tune MC models
Test/improve PDF sets.
Differential distributions from data are described reasonably well except top p;.

For all distributions trend is the same for 7 & 8 TeV and in lepton+jets and dilepton
measurements.

)
CMS, 5.0/19.7 fb ™' at (s = 7/8 TeV 109 CMS, 19.7 fo" at (s = 8 TeV =
9 e
O 1.57\|\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\7 r| 8:_”|||||||||||||||||||||||||||||||||||||||||||||||_: S
'('% - Data or theory / MadGraph+Pythia6 . S F e/u+ Jets e Data 1 =
o 1.4 ® o/u+Jets (8 TeV) - 8 7F — MadGraph+Pythia6 U1
ol=  f A elu+Jets (7 TeV) . = ok ---MC@NLO+Herwigé 1 F
3| S 13F m Dilepton (8 TeV) = oo O o Egmggiﬁgm?& ] 2
~o - v Dilepton (7 TeV) ] Olo 5F | s Approx. NNLO g
1.2 ] —|o 4i-- (Phys.Part.Nucl. 45 (2014) 714) ] D
C ] g 1 0]
14F L i = 3k Lo ©
B 0 ) W< YN AR ISR — = 2
- | + it
09 T g E 10
0.8; L { > 1.4
- ] SIE 12
0.7F = = ]
L \ \ | \ | ] o
06— """50" 100 150 200 250 300 0 50 100 150 200 250 300 350 400 450 500

- p! [GeV]
p?- [GeV] T 24



Top Pair Differential Cross Sections

= M(tt) = resonances

arXiv:1505.04480

CMS, 19.7fb'at 1s =8 TeV

PRL 111 (2014) 211804
CMS, 19.7 fb, (s =8 TeV

|1__| r | T T T | T T T | T T T | T T T | T T T | T T T
3 10ef R e raphsPythias - 3104
3 — MadGra thia6 7 i
S -----glccc_aNLpoP:thmige z o | ' Standard
= --- Powhe thia6 ] O (3L i
8lE 1o " Powheg+Herwigs 210, X Wothers 3  Model
|0 o {?JIHLE?E)FQ[\(IJSI%)L()az) ﬂ - _Z 2 Tev :
o 102§
10k e E e ¢
: [
10_5 L --gw-?—gw—:
A | |
- Stat. .
> 14 . Stgt. @ Syst. PRI R
8 % 12 ;_ 'H.".HM,\'H\'.’L‘-'—".‘.".".".“.‘&?'.".’.‘.‘J ———————
= 1 ﬂrﬂl__.- __ T———— E
08 [ | | | . — 500 1000 1500 2000 2500 3000 3500
400 600 800 1000 1200 1400 1600
m; [GeV] Boosted topology:
Each top quark is highly lorentz boosted
—> Decay products collimated
Resolved topology: t yp
Each parton matched to
A single jet.
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Top Mass Measurements

= Basic methods r

o Full invariant mass \/

reconstruction = The most Fyt
powerful and standard ——

o Partial reconstruction using a t

variable correlated to top mass P .
- less powerful but different {
systematic uncertainties

+ Indirect measurement through b
tt and tt+jet cross sections, ...
— top quark pole mass

26



Full Mass Reconstruction

= General features: o+

+ Assign each jet to a top decay product
(constrained kinematic fits)

o Calibration of the method based on
m MC =m.meas
t t

o Determination of mM¢ (and JES
simultaneously) from data.

Main challenge: Jet reconstruction, Jet energy scale
uncertainties, modeling.

S mm°=160 GeV | ¢ 3
© mmM=170 GeV = <
E mM=180GeV | @ a4
N
("2} E '
()]
a-my+b .
0 4 ' J
mt thC mtextr thC
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Full Mass Reconstruction Methods
(Tevatron = LHC)

Template Method = Simple and relatively fast

o Compare data to MC distributions with different top mass
values.

Matrix element method = The most precise, but relatively

slow, and only at leading order.

+ Event likelihood calculated from tt matrix element integrated in

the full phase-space using the full event information.

ldeogram method (lepton+jets/all-hadronic channels)
- Very precise and fast

+ Combines the matrix element (in an approximate way) and
template approaches

+ Analytical event likelihoods based on templates from
simulation.

+ Dilepton Channel
« Solve the under-constrained tt system

28



Fractional JES uncertainty

Jet Energy Scale Uncertainties

0.06 ———— .
- Anti-k, R = 0.4, EM+JES +in situ correction  ATLAS Preliminaryz
0,051 Data 2011, \s =7 TeV, ILdt=4.7fb'1 E
[ n=05 [_] Total uncertainty _
C wer Zijet ]
0.04— Y+et —
- ==+ Multijet balance 2
C n-intercalibration 7]
0.03k =1+ Single particle —
0.021- -
0ot~  TRwye— —
L - Liaimimekipopmy iR ""nu:;::::ru--u"uf' ............ :
20 30 40 10 2x1o2 10° 2><10
P [GeV]
10EMS preliminary, L = 11 fb1 \E 8 TeV
m— [ T T T T TTT ‘
§ E —Total uncertalnty
> o9F — Absolute scale
s - .
£ 8k -+ Relative scale
© u - Extrapolation ]
o F = Pile-up, NPV=14
2 6E = Jet flavor ]
5 s -~ Time stability
O 5 =
L = Anti-k; R=0.5 PF
45
35
2
1
0 S e N ENEESS o ==
100 200 10002000

P, (GeV)

=>» JES calibration with duet aid v/Z+Jet events 2
~1-3% ,/
= <1% when comerémented with in-situ JES
calibration.  &°"
- 2D method (Tevatron, CMS): fit JES factor (JSF)
using W—2jj (remaining uncertainty from different
jet-flavors)
= 3D method (ATLAS): 2D + fit relative b-to-light-
jet scale (bJSF).
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Systematic Uncertainties

] omi?P (GeV) 6JSF | om;'P (GeV)

—%  Experimental uncertainties

Fit calibration 0.10 0.001 0.06

pr- and r7-dependent JES 0.18 0.007 1.17

Lepton energy scale 0.03 <0.001 0.03

MET 0.09 0.001 0.01

Jet energy resolution 0.26 0.004 0.07

b tagging 0.02 <0.001 0.01

Pileup 0.27 0.005 0.17

Non-tt background 0.11 0.001 0.01

Modeling of hadronization

Flavor-dependent JSF 0.41 0.004 0.32

b fragmentation 0.06 0.001 0.04

Semi-leptonic B hadron decays 0.16 <0.001 0.15

Modeling of the hard scattering process

PDF 0.09 0.001 0.05

Renormalization and 0.1240.13  0.00440.001 | 0.25+0.08

factorization scales

ME-PS matching threshold 0.15£0.13  0.003+0.001 | 0.07+0.08

ME generator 0.23+0.14  0.003+0.001 | 0.20+0.08

Modeling of non-perturbative QCD

Underlying event 0.14+0.17  0.002+0.002 | 0.06+0.10

Color reconnection modeling 0.08+0.15 0.002+0.001 | 0.07+0.09

Total | 0.75 0.012 | 1.29

CMS-PAS-TOP-14-001
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Template Method
T

..---------.-------
* 3D template method inthelepton | [ L L L
+Jetschanne| ..-----.---.-------

= Kinematic fit (for top reconstruction A A“A“A‘ :‘A‘A‘A‘A;A‘“‘“‘. ‘

and jet-parton combinations). @ OGGG0ccccccc.--.
cerrcscorcoo DD DD DD --

Simultaneously fit to the templates of

> o L S S . .l E

b b 8 0.04:_DJSF:0.95 ATLAS Preliminary

pThad + pTlep > oo035E ] s a0 Simulation, \s= 7 TeV 13

reco reco = ) C =" -

— C L .

mW ° Rgb Wjetl Wjetz ’ mt % 0_03;—DJ5F= 1.05 —;

pT + pT E 0.025F -

g o0.02F =

2 oo150 =

0.01F

overall jet scale B constrain overall relative 0.005F & :
factor (JSF) bjet to light jet scale factor O

(bJSF) m{5>° [GeV]
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Matrix Element Method

= The probability (or weight) of the observed event (x) to be produced
and observed following the hypothesis H:

(27) M)

P(X|H)= ffpdf (ql)fpdf (%)d% dq, W(x, v,k ) dD(y)
/ Oobs Q1QZS \
e.g. m, constrain'using my,
31.05,"“w"""‘w""l"‘__"_
F. Fiedler et al. / Nuclear Instruments and Methods in Physics Research A 624 (2010) 203-218 xﬂ - (a) L. DO 97fb ]
1 .04, |+jetS{
Parton i
Proton / Colliding Final Transfer  Measured -
Antiproton DE;:&;::::n Partons FINCosaes State y Function Event x 1-03:_ ~
- lepton lepton 1.02 ﬁ .
it trino PT ]
P > q W+jets neus Wi(x, y) jet k : 2]
- € 1.01- 7
feor ot > 'm,=174.98 = 0.58 GeV - - |
) > P multijet b jet -m, =174.98 = 0.
P a g jet Kies=1.028 £0.005 |
4 jot 172 173 174 175 176 177

m, [GeV]

m, = 174.9810.58(stat+JES)10.49(sys) GeV
m,=17498+0.76 GeV 32
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Permutations / 5 GeV

Data/MC

The Ideogram Method

- Template method with multiple permutations (correct, wrong, unmatched) per event.
- All different permutations taken into account with weights + include b-quark tagging.
- Kinematic fit 2 improve mass reconstruction.

Determine m, simultaneously with jet energy scale factor in a joint likelihood fit.

CMS Preliminary, 19.7 fb”, (s = 8 TeV, l+jets
250000 CMS Preliminary, 19.7 fo ‘,-s 8 TeV, l+jets I(-jL) — -
correc Zlets - s contour
- I o [ Wsets 1 21012 e S
-“ wrong [ single top - . © contou o
20000— D tt unmatched e Data | D 30 contour E
E ] 1.01 %
15000|- % ’ 5
- : E
- H 1 . 1.008 D
10000~ .
- 1 = 1.006
5000 -
- - 1.004
1.5 T T TR T %)
[ ] 2
1 — 1.002 g
' g
0.5ttt
0 50 100 150 200 250 300 171.5 172 1725
my = 172.04 % 0.19 (stat.+JSF) £ 0.75 (syst.) GeV,
JSF 1.007 £ 0.002 (stat.) = 0.012 (syst.).

- First single measurement with < 1 GeV precision.

12000

10000 —

8000

6000

4000

2000

1.5

0.5

CMS Preliminary, 19.7 fb" T os= 8 TeV, l+jets

— -tt'corréct Z+des i

B - tt wrong = :\i’;‘gjleetiop ]

L I] tt unmatched e Data —

+u+&_._ Mﬁ& &ﬂ%*;* 'J‘lm

U ML
T 30500

mit [GeV]

CMS-PAS-TOP-14-001
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Top Quark Mass — Direct Measurements Summary

ATLAS+CMS Preliminary my,, summary, s = 7-8 TeV TOPLHCWG
------- World Comb. Mar 2014, [7]
stat®JSFEbJSF — Stat®JSFebJSF
total uncertainty = = = {otal uncertainty
. My, = tot. (stat®JSFObJSF = syst) s Ref.
ATLAS, I+jets (*) — o =i 172.31+ 1.55 (0.75 = 1.35) 7 TeV [1]
ATLAS, dilepton (*) I—:ot—l 173.09 + 1.63 (0.64 = 1.50) 7Tev [2]
CMS, I+jets —» — 173.49 = 1.06 (0.43 = 0.97) 77Tev [3]
CMS, dilepton — . ——i 172.50 + 1.52 (0.43 = 1.46) 7Tev [4]
CMS, all jets — o — 173.49 = 1.41 (0.69 = 1.23) 7TeV [5]
LHC comb. (Sep 2013)  =tei—i 173.29 = 0.95 (0.35 + 0.88) 7 TeV [6]
World comb. (Mar 2014) e~ 173.34 = 0.76 (0.36 + 0.67) 1.96-7 TeV [7]
ATLAS, l+jets —e— = 172.33 £ 1.27 (0.75 = 1.02) 7 TeV [g]
ATLAS, dilepton —=:ei—i 173.79 = 1.41 (0.54 = 1.30) 7 Tev [8]
ATLAS, all jets —e—=1751x 1.8 (1.4 £ 1.2) 7 TeV [9]
ATLAS, single top ~ F——i—e—i=im— 172.2+ 2.1 (0.7 = 2.0) 8 TeV [10]
ATLAS comb. (212000)  1-esH 172.99 + 0.91 (0.48 = 0.78) 77Tev 5]
CMS, I+jets —o— : 172.04 = 0.75 (0.18 £ 0.74) 8 Tev [11]
CMS, dilepton I—o—-—| 172.47 £ 1.41 (0.17 = 1.40) 8 Tev [12]
CMS, all jets e 172.08 = 0.89 (0.37 = 0.80) 8 TeV [11]
CMS comb. (Sep 2014) e 172.38 + 0.65 (0.14 + 0.64) 748 Tev [11]
S [1] ATLAS-CONF-2013-046 [7] arXiv:1403.4427
May 2015 g ?;;A:-zc (02,\(‘;.:22)011035-077 E 2;?‘;;5:.?'257‘;2(72015) 158
(*) Superseded by results [4] Eur.Phys.J.C72 (2012) 2202 [10] ATLAS-CONF-2014-055
. [5] Eur.Phys.J.C74 (2014) 2758 [11] CMS PAS TOP-14-015
shown below the line E [6] ATLAS-CONF-2013-102 [12] CMS PAS TOP-14-010
N N N N TR T N A N T T N AN T O R N M
165 170 175 180 185

Miop [GeV]



Dependence of Top Mass on Event

Kinematics CMS-PAS-TOP-14-001

" |nterpretation of the top mass measurements is not straightforward for
om, ~< 1 GeV ~T..
=  Study model uncertainties.
+ some (non-)perturbative effects have different kinematic dependences.
+ Difficult to define a pole mass for an unstable and colored particle.

—— Color flow = Study variables sensitive to

go:or connection & color connection,
olor reconnection
¢ ISR/FSR,
& b-quark kinematics.

e Data @ 0 0--- MG, Pythia P11

; —— MG, Pythia Z2* --.-- MG, Pythia P11nOCE

[ — - Powheg, Pythia Z2* ----- MC@NLO, Herwig 6

- )
L A
R —

L/ (OSSN
Q\ ) LAANN
N
&)

m/P - <m/P> [GeV]

T &, P

S &

(.:x l_/ ™

~ e

/
MOI\)O)-ITI\‘)C‘DI\)ACD(D

i

|

i

§

i

i

i

(I

data - MG z2* [GeV]

No mis-modeling of data.



Alternative Top Quark Mass
Measurements (CMS)

* Measurements with different/independent systematic
uncertainties or with different m, definitions.
" Top mass from
+ B-hadron lifetime
+ b-jet kinematics from J/{
+ kinematic endpoints
o tt cross section
o tt+1 jet
o My,
+ Single top quark event in t-channel

* ...
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Top Quark Mass - Definitions

" Free quarks not observable (confining property of
QCD)

= All quarks except the top quark hadronize =2 Top
qguark mass theoretical framework dependent.

= Two common definitions:

+ Pole mass (See e.g. arXiv:9612329)
* Perturbatively defined
* Position of the pole in the renormalized quark propagator

* “intuitive mass”
» Suffers from ambiguities due to non-perturbative corrections.

+ “Running mass” (m,Vs) T

. . Ambiguity of O(A
* Renormalization scale dependent. guity of O(Aqco)

The two definitions can be related analytically:
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Top Quark Mass Definitions

¢ Monte Carlo Mass

* No straightforward definition in direct top mass measurements

* Direct top quark measurements rely on the complicated relation
between the experimental observable and m..

 MEs at fixed order (LO or NLO) QCD + higher orders by parton
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T I T T T T | T T T T | T T T T I T T T T I T T T T
. Top quark pole mass determinations
ATLAS Preliminary _
compared to direct measurement
5.9
DO approx NNLO: MSTWO8, 1.96 TeV 2009 169.17
52
DO approx NNLO: MSTWO08, 1.96 TeV 2011 167.5?47
+3.0
CMS NNLO+NNLL: NNPDF2.3, 7 TeV 2013 176.7 ae
ATLAS NNLO+NNLL: PDF4LHC, 7 TeV 2014 1714 £ 2.6
ATLAS NNLO+NNLL: PDF4LHC, 8 TeV 2014 1741 £ 2.6
2.5
ATLAS NNLO+NNLL: PDF4LHC, 7-8 TeV 2014 172.9_+2 .
- 2.3
ATLAS NLO: tt+1 jet, 7 TeV 2014* 173.7_+2 )
Direct reconstruction LHC+Tevatron 2014 173.3+ 0.8
1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 I 1 1 1 1
140 150 160 170 180 190

pole

m [GeV] 38



Fix o .(m,) and PDF = Determine mPo'

\s=7 TeV; Ots(mz) =

LS

) 2 T TP T T T i
° X —— CMS,L=23fb ]
s 220N\, B b e Top++ 2.0, ABM11 - o
’ N = - Top++ 2.0, CT10 1 Dependence due to efficiency and
200, . E L 2 Top++ 2.0, HERAPDF1.5 = acceptance depending on m.,.
180 —
] -N
2 _ b bk,
oS, ] Recall: 0=+—= .
160 = G, - (Axe)xBxL

140

-_Tevatron
2012

120
166170 It is harder to produce heavier
particles.
Oyt (sm) = Y [ dy £ (6,007 ) £77 (260167 ) Gy (81,000, (1))

i,j=partons

m’ =176.7%.GeV

PLB 728, 496 (2014) Also see
- Top mass at NNLO QCD. arXiv:1307.1907v3 ATLAS, EPJ-C74

(2014) 3109

Dominant systematic uncertainties:
measured tt cross-section and PDF. 39



|
£y

R(m

Top Quark Pole Mass Determination from tt+1 Jet Events

= tt+1 jet system = gluon radiation depends on the quark mass.
Pole mass at NLO from normalized cross section vs the invariant

R, ps) =

|
mass of the tt+1jet system.
where p; is defined as
Parton level

45¢ ——————— .
4f- ATLAS Preliminary =
35F \5=7 TeV, 4.6 b =
o b =
0.52— —i
% ¥ S T ¥ B
P [parton level]

4
r ATLAS Preliminary
F \s=7TeV, 461"

¢ Data

e it et, m°=170 GeV

P — i1t m™"=180 GeV

P P
0.2 0.4

PRI R
0.6

S
p, [parton level]

1 do-!i-f— l-jCl pole
_ d (m[ ’ pS)’
O i+ 1-jet Ps
2my
pS - ’
Sitj

mP®° = 173.7 123 GeV

No dependence on the input MC

Mass.

Main systematic uncertainty sources:
+ Jet energy scale, QCD scales, ISR/FSR.
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Pole top mass M, in GeV

The Top Quark Mass and Vacuum Stability
(Fate of the Universe)

" |nput to theoretical studies of electroweak vacuum stability.

EA

true false @

180 ==

175 ==

100

=== 1% |
-~ Meta=stability_ - -~ |

Stability

125 130 135
Higgs mass M}, in GeV

Degrassi, et. al. arXiv:1205.6497
JHEP 08 (2012) 098

Measured top and Higgs
masses
- SM valid up to the

Planck scale?
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Summary

Top quark plays an important role in testing and understanding QCD,
electro-weak, flavor and searches for new physics.

Precise inclusive and differential cross section predictions and
measurements.

Top quark mass < 1 GeV precision.

¢ Measurements pushing the limits of our understanding of the mass of the
heaviest colored elementary particle.

o Eventually (full LHC Run Il data or a future electron-positron collider) top quark
mass might tell us whether we are in a stable or a meta-stable universe.

Almost all LHC Run | measurements dominated by systematics
uncertainties.

¢ LHCRun Il focusing on

* reducing these uncertainties through new type of measurements, improving modeling
and theoretical calculations = better understand QCD and improve new physics
searches using top quarks.

* Single top and tt+X differential distributions.
* tails of differential distributions (esp. with boosted top quarks).
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Additional Slides

43



The Top Quark

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C38, 090001 (2014) (URL: http://pdg.Ibl.gov)

t I(4P) = 0(3™) —> First observed at Tevatron
Charge =5 Tor=+1 proton-antiproton collider
ass irect measurements) m = . . . e [a'b]
mass g:/ls from cross-sectio)n measttinfinfs)oril:ilg(g;:’GG\;V (4] RU N I ( 1992_ 1996) by C D F

Masi(P?Ie—frer 2crisso-s5ecc‘;ci<§r/1 m(easirtinr;nts) m= 176.7:3:2 GeV d DO .
;nuilwi:irl;F:é.Oid.SGeeV o an eXperImentS.
r(whe)/r(w =b,s d)) =091+ 0.04 . .

oot e = 2 ) —2>All properties obtained

Fo = 0.690 + 0.030 .

= 0314 £ 0.025 from colliders.
F, =0.008 + 0.016
Fyoa < 0.29, CL = 95%

p

t DECAY MODES Fraction (I;/T) Confidence level (MeV/c) o .
PP — t - Top-Z boson coupling established.
Wb - “Hi : ’
& anything ul oairne - T(.Jp Higgs boson coupling hasn’t been
vq(q=u.c) [ <59  x1073 5% - directly observed yet.
AT = 1 weak neutral current (T1) modes
Z q(gq=u,c) T1  [fl<21 x 103 95% -

44



Constraints on the gluon PDF from Top
Pair Production  |Cakonetal

arXiv:1303.7215

Ratio to NNPDF2.1 NNLO HERA-only, ag=0.118 NNPDF2.3 NNLO + TeV,LHC Top Quark Data

I e e e T 0T

1.6 - HERA-only - .
© B X o5 Q*=100 GeV?
= NN < r :
« 1.4 o P -
O : ;;;;; L<I|-) - e i
3 I~ (@] C ; . ]
~ 1.2_ E: 15__ :- ““ -
o T 5 b ]
~ C H “
— = £ 10 : ]
= 1 S Tt B
e I 3 I
— I
o, 0.8— -
O_ B 0-‘.‘7“‘\HH\HH\HH\HH\HH\H‘
x B 0.1 0.2 0.3 0.4 0.5 0.6
N . X
(@] L

A B Relative reduction of error due to
0-1 0-2 03, 04 0-5 06 the inclusion of top data in the PDF fit.

" LHC top quark production cross section data already providing
significant constraints on gluon PDF at large x.

= Significant impact on predictions for the scalar boson, and BSM
predictions (dominated by gg processes).
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Top Pair Differential Distributions - Systematic Uncertainties

Table 1: Breakdown of typical systematic uncertainties for the normalized differential cross
sections. The uncertainty on the jet-parton matching threshold is indicated as “ME-PS thresh-
old”. The medians of the distribution of uncertainties over all bins of the measurement are
quoted. For the /+jets channels, the background from Z+jets is negligible and included in the
“Background (all other)” category.

Relative systematic uncertainty (%)

Source Lepton and b jet observables | Top quark and tt observables
L+jets dileptons L+jets dileptons
Trigger eff. & lepton selec. | 0.1 0.1 0.1 0.1
Jet energy scale 2.3 0.4 1.6 0.8
Jet energy resolution 0.4 0.2 0.5 0.3
Background (Z+jets) —_ 0.2 —_ 0.1
Background (all other) 0.9 0.4 0.7 0.4
b tagging 0.7 0.1 0.6 0.2
Kinematic reconstruction _— <0.1 — <0.1

Pileup 0.2 0.1 0.3 0.1
Fact./renorm. scale 1.1 0.7 1.8 1.2
ME-PS threshold 0.8 0.5 1.3 0.8
Hadronization 2.7 1.4 1.9 1.1
Top quark mass 1.5 0.6 1.0 0.7
PDF choice 0.1 0.2 0.1 0.5

arXiv:1505.04480




tt + jets
= At the LHC, tt events are usually accompanied by additional hard jets from
initial or final state QCD radiation (ISR/FSR).

¢ Test higher-order QCD calculations (ISR parameters, QCD scales, ..)
+ Improve model choices and uncertainties for coming measurements.

l -
1 g t 1 = tt+1and2jetcalculations are
3 g available at NLO.
a § ; 7 ; = {t+ jets: background to H>bb, ....

arXiv:1404.3171, CMS-PAS-TOP-12-041

- Ao e
CMS Preliminary, 19.6 fb'at {s = 8 TeV CMS Preliminary, 19.6 fb” at {5=8 TeV

-
o
o

o

E 1 T T c A I IR B ] .
%ﬁ - Dilepton Combined ijt> %0 tGeV ; % £ ilepton Combined T u ”Ga p fra ctio n” .
- - e Data 1 = s BT 3 .
® 1ok MadGraph+Pythia 4 2 g5F ™ E fraction of events
2 MC@NLO+Herwig o F aal ™ E . )
; - POWHEG+Pythia | @ 0o = w/o additional jets
1 = = o E
5 : oss B E above a threshold.
|t : 0.8F o [ Syst+Stat error E .
10 1 b — VadormpnPyna 3 o Alternative way to
- 3 TTER e MadGraph 4* 3 . . .
aclll ] 0.7E MadGraph Q24 E Investigate jet
10%¢ = = c= -- MadGraph matching up 3 s 0
¥ 0.65% MadGraph matching down —; aCtIVIty from QCD
b | | S 06, S radiation.
o MF : E T 105 3
2 1 [ —— e ]
8 foo-----4 £ 0.95F E
05 E = g 092 . . . . . .
. - - - s 2 50 100 150 200_ 250 300 350 400
Jets = 1" additional jet P, [GeV]

47



Differential Measurements in the single
top t-channel

Different implementations for b-quark modeling in the initial state for NLO generators.

CompHep: combination of 222 and 2> 3 processes based on the p; spectrum of the
second b quark (as an NLO approximation).

Data distributions (corrected to parton level) are described well by both NLO and LO MCs +
Pythia6.

CMS Preliminary 19.7 fb™ (8 TeV) CMS Preliminary 19.7 fb™ (8 TeV)
- _I LI | TTT | TTT | TTTTTTT T TTT T T T T T T TT T T TTTTT I TTT | T I_ gy :I T | TTT | TTT | rTTT T TT T T T T T T T T T T TTT | 1T | TTT | I:
g t . Data 1  Sosst . Data =
S 050 —— POWHEG (5FS) + Pythia6 ] 8 . —— POWHEG (5FS) + Pythiaé ]
o — aMC@NLO (4FS) + Pythia8 X 03 e aMC@NLO (4FS) + Pythia8
© L i © E —
= L CompHEP + Pythia6 n = o CompHEP + Pythia6
0.4 - 025~ _ -
0.3F - 020 | E
C 0.15F =
0.2F - - £
L I — .
: Ml I
0.1 0.05 E
0:| L qu | | | | 3
c 1_5_' c FrrrTrTTTd T T T T T T T TTT
%% L %%1%W s é
=S £°0.8F E
»nl 0.5 D Ev v v b b b b b e e b by L =
0 20 40 60 80 100 120 140 160 180 200 220 240 0 02 04 06 08 1 12 14 16 18 2
top p__[GeV] top |y|
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- Template method with multiple permutations (correct, wrong, unmatched) per event.
- All different permutations taken into account with weights + include b-quark tagging.

The Ideogram Method

- Kinematic fit 2 improve mass reconstruction.
e.g., correct permutations:

CMS n, F 7TeVp jels CMS F 7'rev jus CMS s = 7 TeV, u+fets

T T T T T - T T T T ]

2 v m,.-1665GeV | @ v JES=096 2018 v JES =096
(30.25- —e— My, = 172.5 GeV ] (“5)025_ —e— JES =1.00 ] ((30_15— —e— JES =1.00 3

- M, =1785GeV | T «— JES=1.04 g + JES=1.04
@ ook . JES =1.00 1@ i . My, =1725 GeV n0.14f ' My gon -172560V‘
29 144 1 € o2f 4 41 2 : 3
c 1 € 3
) : 1o b E
5019 { '©60.15- . ]
c 1 ¢ =
K] 1.8 3
B 0 18 o1 . E
© g 1
w L r .
0.05} 1 0.05F- . 3
. CORTIRETAA . L i ¢ !
POO 120 140 160 180 200'\220 240 ‘?00 120 140 160 180 200 220 240 %0 70 80 90 Loog 110
mit, [GeV] & (G eV] mGs [GeV]
. ~ J

Pcp (mfit|m,, JES) Pcp (mige°|JES)

Maximize L(mt,JES|sample HL event

events 3

CMS-PAS-TOP-14-001

= Fits to analytical
expressions

=  Parameters of the
fitted functions

parameterized linearly
in m,, JES, and mxJES.

JES

1

)
e

038 : 0.8F

350
m, [GeV]

(event likelihoods)

m,

%00 350 °'?oo 50200 250 300 350

[GeV]

(sample likelihood)
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<mBl>NLO [ GeV }

Top quark mass from lepton-bjet Invariant Mass

= M, reconstructed and fitted to theory from MC simulation
sf ' ' i and fixed order QCD prediction = unambiguously defined
2T ] pole mass.
80 . . .
ol = eu channel for high precision.
= Select the permutation that minimizes the mlb in each

CMS-PAS-TOP-14-014

76 | ,
ol Biswas et al. t
- ] event. - - - -
o JHEP 1008 (2010) 048 ] Fitted m; [GeV]
L | L | 1 | L | 1 .
170 172 174 176 178 180 Prediction Fit method  from mjp™
my [ GeV] MADGRAPH+PYTHIA shape+rate 173.1 19
MADGRAPH+PYTHIA rate 173.7 733
2 — m% — m%v (1 ~ cosf ) MADGRAPH+PYTHIA shape 172.3 113
b = ) Ib MCEM (LO) shape 1715 111

MCEM (NLO) shape 171.4 119

max(my,) & |/ m? — m?,

Endpoint at
—_—> . .
Main uncertainty sources:

renorm. x factor. scales and b-fragmentation.

19.7 fb” (8 TeV) 19.7 fb” (8 TeV)
> 0.016F > 0.016-
2 - CMS 3 - CMS il §
- i - imi 600F
\E, 0.014 = Preliminary \ \gm 0.014 = Preliminary goot
Z 0.012f ] Z o0.012f 200k
23 - b Z§ - 200f
0.01 0.01F 100f
= - L =R VR G1é§)/ = C ON&s— 70 T/5 180
0.008|~ o daa Y 0.008f- o ga
0.006 Madgraph+Pythia + BG 0.006 - MCFM + BG
- m,=178.5 GeV - \ T mz=178.5 GeV
0.004— ____ Madgraph+Pythia + BG 0.004F . MCFM + BG
- | .\ m=172.5 GeV o ) D m=172.5 GeV
0.002 # o\ Madgraph+Pythia + BG 0.002F ¢ MCFM + BG
C . N m,=166.5 GeV - " m,=166.5 GeV
plef Lol L Thred. e QLo Lol vu | "0 L g |
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
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Higgs quartic coupling A
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004 f
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0.00 |
-0.02
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The Top Quark Mass and Vacuum Stability

(Fate of the Universe)

T T T T T I T T T

Degrassi, et. al. arXiv:1205.6497
JHEP 08 (2012) 098

T T T I T T
@ NNLO -
30 bands in i u
M, =173.3 + 0.8 GeV (gray)

a3(My) =0.1184 + 0.0007(red)
M, =125.1 £ 0.2 GeV (blue)

coupling)
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| 1 | 1 | 1
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-3 meta-stability
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RGE scale y in GeV

10'¢ 10'® ,10%

1 1 I

Planck scale

Measured top and Higgs masses
— SM valid up to the Planck scale?

Measured m, = A (the quartic scalar

Ve & —=m?(1)6 (1) + A(p) 6% (1) ~ A(w)o* (u)

for

¢(M) >>V

v: electroweak minimum
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