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Atomic Nucleus & Elementary Particle Scale

Atomic Nucleus-Scale
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Standard Model of Elementeray Particles
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Top-Quark Mass

The top quark is the heaviest known Mass in GeV/c
elementary particle, myp, ~ 173 GeV

. _ _ 1 GeVic*=1.8+ 10?7 kg
It is outperforming the Higgs mass by

~ 40%

But also for comparison: charm

Mw = 80.425 4+ 0.038 GeV up

M o = 91.1876 £ 0.0021 GeV ¢ 0.005 ‘« 1.5

Mg =0 ¢ 0.01 0 0.15

M, ~0i.e. 6 x 1020 down  gtrange o 5.0

bottom

e It has a mass comparable to the
mass of a gold atom
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Top quark proprieties

e The top quark has charge Q = +2/3¢ and weak
isospin T3 = +1/2

e The top -quark is the partner of the bottom quark
in the third generation quark doublet
e Yukawa coupling Y ~ 1
e It decays before hadronizing
% Hadronization timescale: 7i,q ~ x1023 s
+ Top quark lifetime: 7o) ~ 5 x 10722 s
x Bottom quark lifetime: mouom ~ X 1012 s

e Due to its short lifetime, it offers the unique
opportunity to study the properties of a “bare” E
quark which are transferred to its decay products,

e.g. its spin information
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Top quark production

e Main top decay: t — Wb (> 99.8%)

e The Ws and Wd decays suppressed relatively to
Wb by the square of the CKM matrix elements Vg

and th

e Leading tt-production process final states divided

in three classes:
x All-jets (46.2%):

tt — WTbW~b — qq’bq’q”’b
x Lepton+jets (43.5%):

tt — WTbW—b — qq’bl~ yb
% Dilepton (10.3%):

tt — WTbW—b — ¢+ uv,bl~ ;b

Top Quark Physics
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History of particles discovery

Quarks Up/Down 1964/68 SLAC 1980 Nobel Prize
Strange 1964/68 SLAC 1990 Nobel Prize
Charm 1974 SLAC/BNL 1976 Nobel Prize
Bottom 1977 Fermilab
Top 1995 Fermilab
Leptons Electron 1897 Thomson 1906 Nobel Prize
e-Neutrino 1956 Reactor 1995 Nobel Prize
Muon 1937 Cosmic Rays
Mu-Neutrino 1962 BNL 1988 Nobel Prize
Tau 1976 SLAC 1995 Nobel Prize
Tau-Neutrino 2000 Fermilab first direct evidence
Bosons Photon 1905 Planck/Einstein 1918/1921 Nobel Prize
Gluon 1979 DESY 1995 EPS Prize
W/Z 1983 CERN 1984 Nobel Prize
2012 CERN 2013 Nobel Prize

e In 2008 Makoto Kobayashi, and Toshihide Maskawa got the Nobel Prize for “the
discovery of the origin of the broken symmetry which predicts the existence of at least
three families of quarks in nature”, postulated in 1973
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Top Quark Discovery, February 24th, 1995

e February 24th, 1995: Simultaneous submission of
“top-quark discovery” papers by CDF and DO @
Tevavtron, Fermilab

* Luminosity collected at DO 50 pb~ 1

* Mp = 199 + 30 GeV

x 0z =6.4+22pb

* Background-only hypothesis rejected at 4.6 o

* Luminosity collected at CDF 67 pb™* S
* Myp = 176 + 13 GeV A B g o e e
x oF = 6.8f§f pb N EE T ——

*

Fitted Muass  (GeVZa?)
S T T T T
19 events

Events/(10GeV/e?)

80 120 160 200 240 280
Reconstructed Mass  (GeV/od)

1995, CDF and DG
experiments, Fermilab
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History of the Top Quark Discovery

Table 2. History of the search for the top quark at ¢ e and at hadron colliders. The quoted un-
certaintics for the top quark mass from the 1995 discovery publications arc statistical and systematic
uncertainties, respectively

Year Collider Particles References Limit on my
1979-84 PETRA (DESY) ete [50]-[63] = 23.3GeV/c?
1987-90 TRISTAN (KEK) ete [64][68] = 30.2 GeV /2
1989-90 SLC (SLAC), LEP (CERN) ete [69]-[72] = 45.8 GeV /2
1984 SppS (CERN) o [75] = 45.0 GeV /c?
1990 SppS (CERN) Pp [76,77 > 69 GeV/c?
1991 TEVATRON (FNAL) pb [78]-[80] > 77 GV /c?
1992 TEVATRON (FNAL) pp [81,82] > 91 GeV/c?
1994 TEVATRON (FNAL) pp [84, 85] > 131 GeV/c?
1995 TEVATRON (FNAL) op [42] = 174+ 107]3 Gev /c?
[43] = 199757 £ 22 GeV /c?

Spinger Nature,2007, Vol. 28 ISBN : 978-3-540-71059-2
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Figure 1: Indirect determinations of the top-quark mass from fits to elec-
troweak observables (open circles) and 95% confidence-level lower bounds on
the top-quark mass inferred from direct searches in e*e  annihilations (solid
line) and in pp collisions, assuming that standard decay modes dominate
(broken line). An indirect lower bound, derived from the W-boson width
inferred from pp — (W or Z) + anything, is shown as the dot-dashed line.
Direct measurements of m; by the CDI' (triangles) and D@ (inverted trian-
gles) Collaborations are shown at the time of initial evidence, discovery claim,
and today. The current world average from direct observations is shown as
the crossed box. For sources of data, see Ref. [J]. Inset: Electroweak theory
predictions for the width of the Z° boson as a function of the top-quark mass,
compared with the width measured in LEP experiments (Ref. []).

arXiv:hep-ph/9704332v1
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From Tevatron to LHC

 LHC-B CERN

“=57 ATLAS ALICE
11 Point g Point 2
Wi T
1]

e Location: Fermilab, USA CERN, Geneva, CH
e Collider name: Tevatron Large Hadron Collider (LHC) and

High Lumi. Large Hadron Collider (HL-LHC)
e Start-end: 1987 - 2011 2008 (restart 2010) - ~ 2035
e Collisions: protons and antiprotons (pp) protons-protons (pp)
e /s:1.8GeV — 1.96GeV 14 TeV (7 TeV - 8TeV Runi1, 13 TeV Run2)
e Top quark experiments: CDF, DO ATLAS, CMS
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ATLAS Detector at LHC

» A Toroidal LHC ApparatuS (ATLAS), at the (LHC): layout and detectors

25m

Tile calerimeters

: LAr hadronic end-cap and
forward calorimeters
Pixel detector \

Toroid magnets LAr electiromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor fracker

Overall weight 7000 Tonnes

40 Countries + CERN, 180 Institutions

About 2700 scientific authors

~ 1200 PhD students and ~ 520 Master / Diploma students

vyvyyYyy
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CMS Detector at LHC

» Compact Muon Solenoid (CMS), at the (LHC): layout and detectors

vacuum chamber

electromagnetic
calorimeter

hadronic
calorimeter

I

‘ 1
L —— central detector

\

| l ’/ ‘ \

—s |

A
\
\

a muo

Detector characteristics

Width: 22m
Diameter: 15m
Weight:  14'500t

» 50 Countries + CERN, 200 Institutions
» About 5000 particle physicists, engineers, technicians, students and support staff
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Top quark @ LHC

e LHC (and the HL-LHC) is a top quark factory

e Total cross section for tt-production is about a factor of 100 larger at LHC than at
Tevatron (figure down-left)

e 0;(14.0TeV) = 800 pb: 2tt events per second

o Perfect place for m,, precision measurements

e Huge additional potential still to come

proton - (anti)proton cross sections
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Top quark production @ LHC

e Production mechanisms at LHC

x Top quarks produced in pairs (tt)
through the strong interaction:
gluon-gluon fusion dominant tt
production process at LHC q t
(~ 85%) and quark-anti quark
annihilation (~ 15%). See
top-right Feynman diagrams @ LO

Q|
=~

* Single top production possible by
virtue of the electroweak ' q G,
interaction, with a smaller : , K QH,
production cross-section; t-channel >‘”1~< : b .,
and tW production processes ‘ 5 Z i
dominant at the LHC. See ey g t

bOttom-rIg ht Feyn man d Iag rams @ Figure 1 — Feynman diagrams of single top quark production for s-channel (left), ¢-channel (center) and tW
L O production (right) respectively
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Top quark physics

e Top proprieties
* Mass, width, charge, spin, ...

e Top production
% tt cross-section, production dynamics, spin polarization

e Top decay
x Vip, brancing ratios, rare decays, W helicity
I*, g
W+ q'
{ v, q
[ )
—
b

e Top quark allows tests of the participating forces

e Top quark plays an important role in the search for new physics beyond the
SM (BSM) (new particles decaying to top quark)

e Top quark events are background to many physics processes

T. Barillari Top Quark Physics
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Top quark reconstruction

e A tt events contains:
* At least 2 b-quark jets

e and
% Either 2 charged lepton and missing transverse energy (E%iss) (neutrinos)
* Or 1 charged lepton, ET™* and at least 2 more jets
*x Or at least 4 more jets
e All detector components used to identify the above leptons (mostly electrons and
muons), jets, b-quark jets, EXss
e Top quarks events can be used to understand the performance of the detector
e Reconstruct tt events in data and Monte Carlo (MC) events using e.g. kinematics fits

o

T. Barillari Top Quark Physics 17



A tt candidate event at 13 TeV in ATLAS @ LHC

ATLAS

EXPERIMENT

Pun: 267638
Evaent: 193690558
2015=-06=13 23:52:26 CEST
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Top quark cross-section

e Cross-section measurements conceptually ATLAS+GIS Prliminary o oummay, (- 127eY. Sopambor
simple to measure, though the devil isinthe |- may = 1725 Gel, 00, 178,001
d t 'I :22:2 U(Bn:’e[;::al(;t)(lxs uncertainty o, t (stat) £ (syst) % (lumi)
etlalls ?J&?’( gzligg: e o 826+ 4+ 12+ 16 pb
L Nmeas—kag /:LTBLQ?Z 2|0+2j;t?35797, . |_.H 830+ 0.4+ 36 + 14 pb
o —
LAe Sx?;ed(ig?é)o:5§o%2 L =43pb™,50 740758 53 36 pb
CMS, dilepton e + 2+ 925+
o Where: Nyeas number of measured events, Ny, | serewom  mootan 5 B08 2205208
] CMS, dilepton T+e/u . ——i 781+ 7 + 62420 pb
number of background events from data driven IHEP 02 2020) 191, L, - 3591 505
H i’!ga;"'ﬁﬁ 051, L =2.2fo",25ns H_| 888+ 2:£26+20 pb
methods or MC, £ measured integrated R B
gl\';g-SF:AaS""}JCe):’iB-Om L =253fb",25ns 834+25:118+23 pb
luminosity, A and ¢ are the detector acceptance ows s | | -
obtained with MC and the trigger efficiency | NNPDFS.0 hep o4 aorsy o0
< prolminary | | ZI_:\_/:I:{TM EPJC 75 (2015) 5
) PRD 93 (2016) 033006
e Measured cross sections are compared with the N2 i o ot osuzs
i |
predictions, to test models, e.g. the SM T T T S Fr P

o, [Pb]
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Top quark cross-section @ Tevatron and LHC

QCD calculation and NNLL resummation

e Figure shows LHC & Tevatron tt cross-section measurements compared to the NNLO

E‘ [ I I I I I I I I I I I I I I I I I I I I I I I I —
o [ v Tevatron combined 1.96 TeV (L < 8.8 b b =
e — m ATLAS dilepton* 5.02 TeV (L = 257 fo) ATLAS+CMS Preliminary May 2021 —
c [ @ CMS combined ey, |+jets* 5. 02 TeV (L = 27.4-304 pb™) LHCtop WG
@) ~ m ATLASeu7TeV (L =467 .
= | e CMSep7TeV(L=5fb" _
8 m ATLAS e 8TeV (L =202 b7
5 3| ® CMSeusTev(L=19.71"
10 —v LHC combined ep 8 TeV (L = 5 3-20.3fb ) LHCtop WG
8 C— m ATLASep13TeV(L=361fb Y
o — v CMSep13TeV (L =35.9fb?
= [+ CMS t+e/p 13 Tev (L =35.9 fb’)
& | O ATLAS I+jets 13 TeV (L = 139 fb ) i
= A CMS I+jets* 13 TeV (L = 137 b [ ]
O — O CMS all-jets* 13 TeV (L = 2.53 fb™) 900'_ d
> 2 * Preliminary i ]
7] 10 — [ —
= — 800 1 3
&) n - 1
c | i 1 4
= - 700F 714
Z=— NNLO+NNLL (pp) i ]
B NNLO+NNLL (pp) A
10 — Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs[Tev] |
= NNPDF3.0, mtop =172.5 GeV, O(S(MZ) =0.118 = 0.001 —
[ | I I I | I I I | I I I | I I I | I I L

|
2 4 6 8 10
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Top quark cross-section in ATLAS

e Figure shows top-quark cross-section measurements compared to theoretical.
expectation (NLO or higher)

Top Quark Production Cross Section Measurements Status: May 2021

o ATLAS Preliminary

— - Theory

b 10° Fpe Run 1,2 v5=5,7,8,13 TeV E
E LHC pp Vs =5 TeV 3

BBl Data 025710
-m-_o_ i-B
102 - . 1 LHCpp «/§=7TeV =

c L - o Bl Dpata 45-46" ]

LHC pp Vs =8 TeV

AR
Lo '-' BB Data 202-203fb"

—-— LHC pp V5 =13 TeV

BBl a2 32-1391!

2 o
i =

[ -
10—2 - -__
tt t tw t ttwWw ttZ ttH tty tZj 4t

t-chan s-chan fid. ¢+jets
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Top quark mass

e The top-quark mass, mp, is a fundamental parameter of the Standard Model (SM)
e Precise determinations of the SM parameters (m,,, my, my, ...) allow to challenge

T. Barillari

consistency tests of the SM and to look for signs of new physics beyond the SM (BSM)
Plots show: (left) Regions of absolute stability, meta-stability and instability of the SM

vacuum in the top-quark pole mass and the Higgs mass, m{’g’;"’ — my, plane; (right)

pole 11 plane confronted with the SM

ellipses for the 1 o uncertainties in the my

vacuum expectations;
arXiv:1205.6497v2 arXiv.1207.0980v3
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Electroweak fits

e Plot show: electroweak fits at NNLO: contours at 68% and 95% CL obtained from
scans of mass of the W, my, versus myqp

arXiv:1407.3792v1

; | | | | | | | | | | | | | | | | : FI | | | | | | | | I,
QO | 0 0 : ' m; world comb. + 10 |
& — 68% and 95% CL contours | m, = 173.34 GeV ]
— 80.5 — [ fitw/o M, and m measurements | ] -- 0=0.76 GeV ) —
E; u fit wio M,,, m and M, measurements | | —°~ 0.76 [ 0.50, . GeV d
[ direct M, and m, measurements ' i ]
80.45 — —

80.4 —~*
M, world comb. + 10 o 4
80.35 — m,, =80.385 + 0.015 GeV . /
B = _
80.3 — —
[ Qc,e _|
I ]
80.25 [ N —
o ~ [l ) AR R S N R R B R

140 150 160 170 180 190

m, [GeV]
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Top-quark mass measurements

Eur. Phys. J. C75 (2015) 330

e Direct my,, measurements:

* Reconstruct tt events in data and MC

*x Reduce backgrounds to obtain a
clean sample

* Reconstruct the final state

* Use sophisticated technique to
extract the m,, using e.g. a .
kKinematic fit 140 160

- S (i =750
0'03:_ Simulation, Vs= 7 TeV Myop = 167.5 GeV

My = 1725 GeV

[ Im,, =177.5 Gev

Normalised events / GeV

1;3’0 ZCIJO’ : 220
i Mgy [GeV]
e Indirect mi; - measurements
x Instead of fitting to MC distributions Eur. Phys. J. C74 (2014) 3109
“folded” with the detector response T T e ]
= 350,\ ATLAS —— — MSTW 2008 NNLO uncertainty |
unfold the data to e.g parton-level 5 \\ T ooy
= Caveat: Larger uncertainties on both 0 e e
theory and experiment S 250 |
* Measure cross section as function of ool
mfy* in LO, NLO and NNLO and :
. pole 150:
determlne mto ol b b b b b b L L]
p 164 166 168 170 172 174 176 178 180 182
mf"'e [GeV]
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Top quark mass summar

JHEP 09 (2017) 118

e Direct my,, measurements

800

S s o
* Most precise from LHC combinations PR — eackaroma i
&

* CMS: mtop — 172.44 :I: O.48t0t GeV 600
e Indirect mi,, measurements
* Most precise from CMS @ 13 TeV
* CMS: ™ — 170.9 + 0.8,y GeV O e e e o

X?ndf = 72.3/48 = 1.51

tOp -
12 Ry = my/m;
. __pole +1.
* ATLAS mtop —_— 1 7 1 . 2 1 O GeV ATLAS+CMS Preliminary My, summary, ¥s = 7-13 TeV  September 2021
— LHCtopWG
- Yot
"""" World comb. (Mar 2014) [2]
[ stat total stat
total uncertainty m,, £ total (stat £ syst) Vs Ref.
— - LHC comb. (Sep 2013) LHCtopwa 173.29 +0.95 (0.35 + 0.88) 7TeV [1]
ﬁ-ITCI?tI).\SV\-IFGCMS Preliminary Myop from cross-section measurements World comb. (Mar 2014) 173.34 £ 0.76 (0.36 +0.67) 1967 TeV [2]
P May 2021 ATLAS, I+jets 17233+ 1.27 (0.75 % 1.02) 7TeV [3]
i My * tot (stat + syst + theo) Ref. ATLAS, dilepton 173.79 £1.41 (0.54 £1.30) 7TeV [3]
total stat ATLAS, all jets 1751+ 1.8 (1.4£1.2) 7TeV [4]
o(tf) inclusive, NNLO+NNLL ATLAS, single top 172221 07220 ooV
+2.5 ATLAS, dilepton 172.99 +0.85 (0.41+ 0.74) 8TeV [6]
ATLAS, 7+8 TeV 1729 55 [1] ATLAS, all jets 173.72 £ 1.15 (0.55 + 1.01) 8TeV [7]
CMS, 7+8 TeV 173.8 44 2 ATLAS, I+jets 172.08 +0.91 (0.39 £ 0.82) 8TeV [g]
1.9 12 ATLAS comb. (Oct 2018) 172,69 +0.48 (0.25 + 0.41) 7+8 TeV [8]
CMS, 13 TeV s 169.9 271 (0.1£1.5 55) 3] ATLAS, leptonic invariant mass (*) 174.48 + 0.78 (0.40 £ 0.67) 13TeV [9]
ATLAS, 13 TeV 173.1 f22-10 4] CMS, l+jets 173.49 +1.06 (0.43 £ 0.97) 7TeV [10]
LAS, 13 . . CMS, dilepton 172.50 + 1.52 (0.43 + 1.46) 7TeV [11]
o(tt+1j) differential, NLO 2s o CMS, all jets 173.49 +1.41 (0.69 £ 1.23) 7TeV [12]
ATLAS, 7 TeV 173.7 57 (1.5+1.4 %5 5 CMS, I+jets 172.35+051 (0.16  0.48) 8TeV [13]
[5]
+4.5 +2.5 +3.6 CMS, dilepton 172.82£1.23 (0.19 £ 1.22) 8TeV [13]
CMS, 8 TeV 169.9 37 (1.1 37 5%) [6] CMS, all jets 172.32 + 0.64 (0.25 + 0.59) 8TeV [13]
ATLAS, 8 TeV 171.1 %£(0.4+0.9 9) 7 CMS, single top 172.95 +1.22 (0.77 £ 0.95) 8Tev [14]
= - - CMS comb. (Sep 2015) 172.44 +0.48 (0.13 +0.47) 7+8 TeV [13]
o(tt) n-differential, NLO CMS, I+jets 172.25 + 0.63 (0.08 £ 0.62) 13TeV [15]
ATLAS, n=1,8 TeV 1732+1.6(0.9£0.8+1.2) g CMS, dilepton 172.33£0.70 (0.14 £ 0.69) 13TeV [16]
CMS, all jets 172.34 +0.73 (0.20 + 0.70) 13 TeV [17]
= +
CMS, n=3, 13 TeV o 170.9+0.8 9] CMS, single top 172.13 +0.77 (0.32 £ 0.70) 13TeV [18]
Miop from top quark decay [1] EPJC 74 (2014) 3109 [5] JHEP 10 (2015) 121 [9] EPJC 80 (2020) 658 ;;ATXLA?A((:?O':::MS " }niﬁf,:" é::; 222 {:i; EES’J%‘?SJ?L,“Z?Z’“
[2] JHEP 08 (2016) 029  [6] CMS-PAS-TOP-13-006  [10] PRD 93 (2016) 072004 * Preliminal [B1EPUC 75 (2015) 330 IS]ATLAS.CONF2019-046 [15] EPJG 78 (2018) 891
CMS, 7+8 TeV comb. [10] [3] EPJC 79 (2019) 368  [7] JHEP 11 (2019) 150 [11] EPJC 79 (2019) 290 &4 et P e e aore s
ATLAS, 7+8 TeV comb. [11] [4] EPJC 80 (2020) 528  [8] EPJC 77 (2017) 804 (61PLB 761 (2016) 350 Hrepic s rs] anX2108.10407
A N S B S I P R S I SR T L1
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Single top production summary

e Cross-section similar or much smaller than the one for the top-quark pairs (tt
cross-section), much more difficult to distinguish from the background

e It needs sophisticated analysis, e.g. boosted decision trees
e Can be used to measure |Vy,|

* Example: [Vy| = \/
x |Vip| = 1.02 4 0.4(meas.) 4= 0.02(theo.) , see JHEP 05 (2019) 088.
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Inclusive cross-section [pb]

102

10

O meas

O theo. (th =1 )

E

LHCIopWG

~ ATLAS+CMS Preliminary i

Single top-quark production
November 2020

:

=t

L-1I. s-channel
=

t-channel

B ATLAS PRD90(2014)112006, EPIC 77 (2017)531, JHEP 04(2017) 086
® CMS JHEP12(2012)035, JHEP 06(2014)090, PLB 8OO (2019) 135042

4+ ATLAS+CMS sHeros(2019)088
tw

B ATLAS PLB716(2012)142, JHEP 01(2016)064, JHEP 01(2018) 063
® CMS PRL110(2013)022003, PRL 112 (2014)231802, JHEP 10(2018) 117

+ ATLAS+CMS jHeP05(2019)088

s-channel
B ATLAS PLB756(2016)228
® CMS HEP09(2016)027
4+ ATLAS+CMS jHepos(2019)088

= == NNLO PLB 736(2014) 58
scale uncertainty
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Conclusions

Top quark predicted for long time and discovered at the Fermilab Tevatron

Top quark has a large mass, after Higgs discovery test consistency, can be a link to
physics BSM

Since the discovery with few events, top quark physics evolved into precision physics @
LHC

Direct m,, measurements reached O (0.5 GeV) precision

Indirect m{”;’;e measurements reached O (0.8 GeV) precision

So far no tension between the results

Many analyses using data at 13 TeV @ LHC in preparation, using different and
alternative reconstruction methods

Huge additional potential still to come
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