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Before the top

Kobayashi and Maskawa in 1973 (Nobel 2008) pointed
out that CP violation can not occur if the flavor-
changing weak interaction occurs between 2 quark
generations but is possible with 3 generations
(extension of Cabibbo theory)
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Complete 3 quark generation also needed for
cancellation of triangular anomalies (divergences)

* The discovery of the charm quark in 1974 closed the
2nd quark generation - m_~1.5 GeV

* The discovery of the bottom quark in 1977 proved
that 2 generations are not enough - m,~5.0 GeV

Everybody convinced that a positively charged of the
bottom quark should exist!
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Time machine! Back to the 80’s =
JACKPOT

Make your bet!
What is the right m,, range?

<5 GeV 5-50 GeV 50 - 100 GeV > 100 GeV
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Time machine! Back to the 80’s M
JACKPOT

Make your bet!
What is the right m,, range?

<5 GeV 5-50 GeV 50 - 100 GeV > 100 GeV

Time to wake up!
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Time machine! Back to the 80’s

JACKPOT

Make your bet!
What is the right m,, range?

<5 GeV 5-50 GeV 50 - 100 GeV > 100 GeV

Fair bet.
Turn on your
e*e collider
to get the prize...

Time to wake up!
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Time machine! Back to the 80’s

JACKPOT

Make your bet!
What is the right m,, range?

<5 GeV 5-50 GeV 50 - 100 GeV > 100 GeV
Fair bet. Let’s risk more
Turn on your

and build
a hadron collider!

: |
Time to wake up! e*e collider

to get the prize...

B ;



. nel ’
Time machine! Back to the 80's _
JACKPOT ]

Make your bet!
What is the right m,, range?

<5 GeV 5-50 GeV 50 - 100 GeV > 100 GeV

Fair bet. L et’'s risk more
Turn on your ) INSIDER TRADING!
and build

e'e collld_er 2 hadron collider! (or “informed guess”)
to get the prize...

Time to wake up!
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Chasing for a top quark

What to look for:

1.27 GeV/c
%
&

charm

- ttresonances g
* the decay. W+t b (+ charge conj.) spin—
possible if m+m,<m,, name—
e the decay: t- W+ Db (+ c.c.) if my+m,<m,
Increasing limits at e+e- colliders: £
« PETRA (DESY): m>23 GeV (1984) 3

104 Mev/c*
Y4

Ya
strange

. TRISTAN (KEK): m>30 GeV (late 80's)

Searches pass to hadron colliders.
 SppS (CERN): m>70 GeV (1989)
« Tevatron (FNAL): m>130 GeV (1993)
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Indirect estimates of m_

The collider energy may not be sufficient to produce the top quark if its
mass is too large

However the top quark (and the Higgs boson) will play a role in SM
observables enterlng In loop diagrams
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CDF and DO experiments at the Tevatron

. Hadron Calorimeter
Mucon Chamber
g =
= L
=

5000 tons

Central Tracking

EM Calorimeter
Calorimeter

;// <
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b — '; " .. =
ST g ;s .
B__» ¥ ﬁ‘\\ | . Muoh Tracking
Salencid ' ﬁ
Tracking Chamber Interaction Point
Silicon Detector 0" 507

m>m, +m_ - tt events contain 2 b-jets and may have large jet multiplicity
(depending on the decay channel)
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Discovery of the top quark - 1995
Evidence of top quark by CDF and DO with ~70 pb-1 of Runl data
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This implies that it decays
very quickly to Wh!

LO calculation |n the SM:

m

f
~5.10% s

[(t>d W)=

this means T_
P

Hadronization takes place on

the timescale ~1//\QCD
T .~ 10%s

It's heavy!

History of the Top Quark Mass Measurements
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The top quark decays before to hadronize
(no “toponium™, no top hadrons)

It gives the unique opportunity to study a “bare” quark!
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The top quark: ID card

- Y

Birth: 1995, Fermilab
Mass: 172.5 GeV
Charge: +2/3 |e|

| Spin: 1/2
e Witdh: 1.3 GeV
n.;h;ﬂ - \\ B
QUARK
o
£ _—

B .



Why to study the top quark?

 The most massive quark (as heavy

as tungsten nucleus)

» Strongly coupled to the higgs boson : °
(special role in EW symmetry o o
breaking?)

. »

* It decays before to hadronize: only M3 e
possibility to study a bare quark . Q

e Some new physics scenarios
strongly coupled to 3™ generation
guarks

(@]
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From Tevatron to LHC: a top factory

* Tevatron operations ended in 2011
- Runl: L, ~125 pbt
- Run2: L,,~10 fb-1
0&28 pb
The only place where to study the
top quark until the LHC turned on

 LHC: pp collisions starting in 2011
- Runl: L, ~25 fb1 at Vs=7,8 TeV
- Run2: L,~140 fbt at Vs=13 TeV
0,~=250 pb (8 TeV)
0:,~=830 pb (13 TeV)

LHC is a top factory!
Huge tt production due to large L,

and oy
INFN
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How to detect top quarks
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The ATLAS and CMS detectors

25m

Tile calorimeters
STEEL RETURN YOKE

LAr hadronic end-cap and 12,500 tonnes SILICON TRACKERS

Pixel (100x150 pym) ~16m* ~66M channels

it Microstrips (80x180 um) ~200m?* ~9.6M channels
SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

Semiconductor fracker

PRESHOWER
Silicon strips ~16m?* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

I N F N HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels

18



A slice of CMS

om im 2m im 4m 5m &m im

Key:

Muon
Electron
== Charged Hadron (e.g.Pion)
— = = - Neutral Hadron (e.g. Neutron)
= = = = = Photon

Tracker

& A

_ Electromagnetic I

]m]l Calorimeter T i

11§

Superconducting L]

Calorimeter Solenoid g

Iron return yoke interspersed 1l * 1

Transverse slice with Muon chambers 1l i
through CMS 1
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Integrated luminosity

Excellent performance of the LHC!
Peak luminosity: 2x1034 cm-2s-1
Collected ~150 fb-1 of pp collision data at 13 TeV

ATLAS Online Luminosity
2011 pp {s=7TeV
—— 2012pp {s=8TeV
—— 2015pp (s=13TeV
—— 2016 pp (s=13TeV
— 2017 pp (s=13TeV
— 2018 pp s =13 TeV
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Experimental signatures of tt events

\
Lepton ,4

JE miss >Lepton|c
Y T

top
W)
W

Branching fractions for tt events

di-lepton
(10%)sTtjets
full (15%)

Jet (b-tag) h?jé%’c
etjets
J (15%)

Jet (b-tag)

/@

i (Different signatures based on:\

 Number of leptons and jets
Hadronic o [_miss
> top !

* b-tagged jets
% gged | Y,

INFN 21




Experimental signatures of tt events

E miss

T

Momentum unbalance
(need complete coverage)

J

et (b-tag) _

Jet

B



tt channels: the “clean’...

Events

MC/Data

e

Events / 20 GeV

Example plots for the ey channel
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Lepton+tjets

v Clean channel because of
the presence of the lepton
v “fair” branching ratio

BUT
v kinematical fit to reconstruct

the leptonic top because of
the neutrino

Main backgrounds

v WH+jets
v multijet QCD
v single top

B

Events

Data/Pred.

Events / GeV

Data/Pred.

...the “fair”...
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B

...and the “dirty”

Entries / 3 GeV
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R Stat.® Syst. Uncertainty
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> “v“v;'i P X
¢ T

Large QCD multi-jet background

200 250 300, 350 400
p. (1st Leading Jet) [GeV]

Obtained from data using control regions close to
the signal region (invert some of the selection

requirements)
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Dilepton tt event display

Run: 267638
Event: 193690558
2015-06-13 23:52:26 CEST




INFN

I+jets tt event display

CMS Experiment at LHC, CERN

Data recorded: Thu Jul 9 01:29:29 2015 CEST
Run/Event: 251252 / 85041479

Lumi sectig

CMS Experiment at LHC, CERN
Data recorded: Thu Jul 9 01:29:29 2015 CEST
Run/Event: 261252 / 85041479
Lumi section: 140
Orbit/Crossing: 36595725 f 2078

27



Recap

e Can you explain why the top quark gives us the unique opportunity
to study a “bare” quark? What is the difference with respect to other

guarks?

 Can you tell the advantages and disadvantages of the three tt
reconstruction channels (dilepton, lepton+jets, all-hadronic)?

 What are the detector components used in top quark physics?

?



B

Production cross sections

tt cross section
differential cross sections
single top cross section

29



Cross section calculation

LHC is pp collider. Top quarks are produced by the interaction of
partons composing the protons. A
;_NNPDF3.1 (NNLO)

0'9; xf(x42=10 GeV?)

gtt(ﬁa mtl = Z fd:ﬂi d:I:j fa‘,(:ﬂig #2) . fj(m_f, }J,2) .G (p, m?, O (#2), ,u,g)
Y e )\ U\ W,
Cross section hd e Y
Sum over all parton PDF Partonic cross

INFN type and momenta section 20



. qa annihilation dominates at the Tevatron

Production: tt pair

* Gluon fusion dominates at the LHC

<t
f
WO &

[
Tevatron

qq 85%
gg 15%

’
N\

LHC 14 TeV
10%
90%

t

ﬁl

260

240

220

O gy [P5]

f&0

fan

130

120

Scale variatian — arxjy:1305.3892

200

Lol

hES NNLO

} NN
hrhrrj f " f. Ii\hrrj . _
NLL )

L

NLOH rey w————

‘ Fived Orcder v—te—
NN rey v—— ]

LHC & TeV; my, =173.3 GeV: A=0)
MSTW2008 LO: NLO: NNLO

Calculations available at the NNLO+NNLL
— Such calculations are tough!
Milestone in top quark physics.

Comparing the theory and the calculation
represent a stringent test of the SM
Sensitive to the gluon PDF

31



tt production cross section measurement

tt production cross section is one of the “basic” quantities in top physics

N s = N g e : efficiency, including
Ot = acceptance and BR
€L L : integrated luminosity

Basically count events (N,,.), but...

 need precision estimates of the background contributions (N,,,)
- from MC generators
- measured from data

* need to precisely determine the efficiency (€)
— detector modeling and calibration
— signal efficiency and acceptance

* reaching ~2% on L is a tough job

Analysis techniques to obtain the smallest possible N,,, and €

.t

choice of final state
INEN analysis strategy / technique -



Systematic uncertainties

Experimental uncertainties arise from an imperfect knowledge of:

* Detector modeling and calibration: analysis repeated after 1o
variations of each source of systematic uncertainty

- Include: Jet and MET calibration, lepton reconstruction, b-tagging

 Background modeling: analysis repeated after variation of the
backgrounds by 1o from their nominal values

* Signal modeling: each source of uncertainty is estimated using a
different MC sample for the correction (efficiency, acceptance, mis-
reconstruction). The uncertainty is obtained as the difference
between the true and the corrected distributions of the baseline
sample

- Include: ME generator, PS+hadronization, ISR/FSR, PDF

(NN .



Measurement of o, : dilepton channel

Cleanest channel: ep

1G® &*u* channel 35.9 o™ (13 TeV) “ x10°_e*y channel 35.9 fb' (13 TeV) S e** channel 35.9 b (13 TeV)
FEJ + Data E CMS + E_'Eiﬂ D - CMS [ D.HIE
o i () \ l ) B It
LI}.I B {i other LI}J 100 B t other ~ 6000 Bl t other
] WHjets [ W+ijets 0 - [ WHjets
v cw = v
[ RUERY W /W u:jm(m W /W
[ DY DY @ DY
Syst Syst Syst
[ MC stat [ MC stat 2000 B [ MC stat
L L L
E ﬁ. 1‘2-_ SARRRARRRNN AN m 3 o 3 3
©| 2 e = RN J ® E 1.2'1 —— S \M\\\\\\\\\\\\l % -8 1.2'1 s e aRlaaraa
Olcost , 0y, . ONSNNY  Alf o 6F ~ A ~ Qld o.sF ;
0 1 2 3 0.8 - 0.8 I BRI EPEPET EPEPET B EPETE BPETE BT .
Kiiiiitiks fh d iet 0 1 2 3 4 5 6 7 8 9 20 40 60 80 100 120 140 160 180 200
umber of b-tagged jets Number of jets Leading lepton Ge
J T

0.(13 TeV) = 803 * 2 (stat) £ 25 (syst) £ 20 (lumi) pb

Total systematic uncertainty ~3% (from a long list, <1% each)
Among the main contributions:

* Modeling of tt (generator, IFSR, hadronization)

 Lepton isolation / identification

e Jet energy calibration

INFN Eur. Phys. J. C 79 (2019) 368 34



Measurement of g : summary

3 | T T | | T T I I | [ T | T I I | [ T | l I T T
— Tevat bined 1.96 TeV (L < 8.8 fo™ .. -
2 f Cﬁ’g ;0; 0506'12 'Tneev (L= 26epb() ) ATLAS+CMS Preliminary  Aug 2016
c ~ m ATLASen7TeV (L= 46fb) ]
o) e CMSepn7TeV(L=5fb LHCIopWG
P’ 3| m ATLASeu8TeV (L= 203fb)
O 10°F e cMSeusTev(L=19.7") -
Q — v LHC combined ep 8 TeV (L = 5.3-20.3 fb™) -
wn — = ATLASeu13TeV(L 32fb) =
7)) — v CMSeu*13TeV(L=221%") u
n B A ATLAS eefl,l,].l, 13 TeV (L 85 pb ) T T T T T 7 N
9 — O ATLAS l+jets” 13 TeV (L =85 pp b 1 7
O A CMS l+jets* 13 TeV (L=2.3fb) [ ]
o — o CMSall-jets* 13 TeV (L =2.53 fb ) 900F J 7
+— N - .
O 5 Preliminary - 1
2 107 : + """" Lo 1=
@ - 800F 13
> — ! {1
3 - ' I ]
< i 700F ] 4
| NNLO+NNLL (pp) i 1 4
——— NNLO+NNLL (pp) S S — 1
13 \(_ Tev
1 0 | Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 s [TeV] |
— NNPDF3.0, m__ =172.5 GeV, a (M,) = 0.118 + 0.001 -
[ | | | | I | | | | | | | | | 1 1 | | | 1 ]
2 4 6 8 10 12 14
(s [TeV]

(NN .



tt differential cross sections

Measure production cross sections in MOINT N )
“bins” of given variables of interest 40 (g2 Topmepetn
ax sy
 Complicating a bit the procedure but...
— need to take into account migrations X bin width

between different bins - unfolding ;
/ inverse of the

4

/migration matrix

"l (regularlzed unfolding)
1200 - e 100

* ... gain sensitivity to effects that can be
present only in some regions of the tt

% ATLAS Slmulatlon | P

phase space =

- check SM in “tails” of the distributions S ke R /o

- look for deviations with respect to the SM g o 2 e

% 7005— 1 1 2 24 et i —i :4512

* Fiducial measurements can be done to s 0 1ol 7 o
minimize the extrapolation (uncertainty N E i
on €) - useful to tune MC generators N TR -

300 400 500 600 700 800 900 100011001200
Reconstructed top-jet candidate P, [GeV]

(NN .



Theory: Monte Carlo generators

L
O Theory: ME
SM measurements and ot «'1'1';"1".-'- *""g@, /= = parton level
possible observation of new . S v @ '® TII6S 2
phenomena are based on the 3 m, N il Vel = Yol
. . wk w il il o %
comparison of data with SM R ALl e AR, .
. LIS --11-:"._ i -l"' S = T ‘ S SN B
expectation o ed ) P
o - ﬂ'.-f; ] i x ‘ " -__"‘
S5, D B I Ve
Expected observables are =e.' 1wk e I/ s V= '
. = e = L
obtained by means of Monte = 'i!-"l ). < ; = v
Carlo event generators, that ‘,." . fJoogppie L e F 4 MW "-;.- ;‘!.
take into account: & 'er';‘_" | ',"._—_u".. A ] J ~=s "
* Proton PDF ¥ ..'.- h = l —e-,
- Rl — v 5o o
« Matrix Element calculation *#=-#- . e

Parton shower

[ ) [ )
i
L 3
“—jﬁ:
.-._"-
' -. ‘
— Y
i
b gl
[ R A
L ~ -
-

Hadron decay

. : = :
N 3y QL . . ’
To be interfaced with a Y\ e \\ N .’
complete detector simulation ‘s A B g TWER '/\‘
(Geant4) \:l.‘ : lh b I3 L A
_ Detector level P L : +* . Theory: MC
~g L] ) [ ] Ik PR i
%~ e s.- particle level

- ':.:':,‘Il'-li-; r
INFN . . 37



Differential cross sections: correction

Measure tt production differential cross section as a function of a kinematic quantity X

* Particle-level correction:
— Reconstruct objects using “stable” particles (t > 0.3X10-10 s) produced by the MC
— Correct to X obtained using particle-level reconstructed quantities

- Extrapolate to a fiducial region defined to closely follow the event selection
- Minimize the extrapolation and the theoretical uncertainty
* Parton-level correction:
— Correct to X obtained from parton kinematics
- In the full phase-space of events
- Allow comparison with theoretical fixed-order calculations

Schematic representation of tt event sets

Full phase space

Pass selection
at detector-level

Inside fiducial region
at particle-level
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tt differential cross sections
Example: p; of the hadronic top in I+jets events
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Comparison with theory
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Measurements of several kinematic variables can be compared with theory (MC
predictions or fixed order calculations, only for parton-level corrections)

* Good agreement with SM predictions so far, in all regions of the phase space
* Main uncertainties: JES, b-tag, tt modeling
* Measurements can be used to test/tune MC generators

B
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Production: single top

Electroweak process! Allows to probe structure of the W-t-b vertex
Three channels contributing: t-channel, s-channel, tW

g’

b

What do we learn from single top?

« Cross section proportional to |V,|?
- Test of the SM

* New Physics can affect single top

production cross section

- 4t generation

— W’

- Flavor Changing Neutral Currents
t

W+

@ th

T

q . W b W
q f b !
”‘ﬂfﬁi}
M\N\S l
t
/ £ t
B g P _.'. . :. I. t

LHC o (pb)
14 TeV
t-channel 243
twW 84
s-channel 12

» Harder to measure than tt
* Need to fight with large
background
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Single top cross section measurements

Small differences in kinematic distributions with respect to backgrounds
Need to apply multi-variate analysis techniques - Signal/background
separation obtained exploiting small differences in several observables

Use distribution

of discriminant
to extract signal yield

ATLAS
- 2 jets 1 b-tag
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B
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-
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42

s-channel



Determination of V.,

d ) Vud Vus Vub | d
S| =|Vea Ves Ve ||
B br 2 L Wd T/ts _ . b o

The single top cross section has a W-t-b
vertex — proportional to |V,|?

SM: |V, |=1 - Physics beyond the SM
can alter this value

|V,,| can be infered from single top cross

section, if:

* Vil >> [Vidl, [Vl

* Assume same V-A coupling (as in the
SM)

* No need to assume number of quark
generations

2 2 Usin le—t ,meas
Vol =V, sul o
I N F N thl = th, SM Osingle—t ,SM

W+

Visualization of

the size of the
CKM matrix
elements
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Measurement of the s-channel

Hardest channel to measure (measured at Tevatron and

LHC-8 TeV)

ATLAS analysis strategy:

Vv-+

« Selection: 1 lepton, 2 b-jets, large E miss

* Include t-chan and Wt in the backgrounds 9

* Matrix Element method to extract signal: use theoretical
calculation to extract per-event signal probability

* Fit to ME discriminant (P(S|X)) to extract signal

Measured s-channel cross section
at 8 TeV:

o (LHC 8TeV)=4.8 "% pb

t,s—chan

In agreement with SM expectations

Events

Data/Pred.

1500 T |

|

ATLAS e Data

‘ 8 [ s-channel
\s=8TeV,20.3fb" g t-channel

i i . Wt
Signal region —1 ]
I W-+ijets bl
[ Z+jets, diboson
I Multi-jet
777777 Post-fit uncertainty ]|

1000

500

0

1145 ' | ' ' E
1.0 %WWMM%W%M%W%//%
0.9F E
0.0002 00018 0058 0102 0.187 1

P(SIX)

Phys. Lett. B756 (2016) 228
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Single top measurements at LHC

—t
o
[\b]

Inclusive cross-section [pb]

~ Single top-quark production
November 2018

ol

ATLAS+CMS Preliminary
LHCtopWG

t-channel

twW

s-channel

ATLAS t-channel

PRDS0 (2014) 112006, EPJC 77(2017)531,
JHEP04 (2017)086

CMS t-channel
JHEP 12 (2012)035, JHEP 06(2014) 090,
PLB 772(2017) 752

ATLAS tW
PLE T16(2012) 142, JHEPO1 (2016)064,
JHEP01 (2018)063

PRL110(2013)022003, PRL 112(2014) 231802,
JHEP 10 (2018)117

LHC combination, tW

ATLAS-CONF-2016-023, CMS-PAS-TOP-15-018

ATLAS s-channel
ATLAS-CONF-2011-118 85% CL,
PLB 756(2016) 228

CMS s-channel

JHEP 08 (2016)027 95 CL
7+8 TeV combined fit 85% CL

NNLO ris 736(2014)58

scale uncertainty

NLO 4+ NNLL prpss 2011081503,
PRD82 (2010)054018, PRD 81(2010)054028
tW: i contribution removed

scale @ PDF @ oy uncertainty

NLO nprs205(2010) 10, cPC191(2015) 74
wL=p=m,

CT10nlo, MSTW2008nlo, NNPDF2 3nlo

W p: veto for f removal=60GeV and 1 =65GeV

scale uncertainty

scale @ PDF @ o uncertainty

Mygp= 172.5GeV

[E10} 1ElS

13

/s [TeV]
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Recap

« What are the main tt production channels at the Tevatron and at the
LHC?

e \What are the reasons to measure differential cross sections
corrected at parton and at particle level?

« |s it possible to determine |V, | from tt or single top production?

D



The top quark mass
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The top quark mass

M, IS a fundamental parameter

% - 68% andl95L/o(l3L ::onltoulrs ] :: Imt ‘:‘om::" ilwl - Ii
Of the SM g 80.5 — B Fitw/o M, and m measurements :: - T:ofégggfev » —
Eg - Fit w/o M,,, m and M, measurements :: —0=0469050, GV —
- Direct M,, and m, measurements :: ’ _
80.45 [— ,, —
In the SM it is linked to m,, and 80.4 - Lo = ;
m,, through EW observables. ST - = =
80.35 [ 1, -50379+ 0013 GeV ’ ’ i
New physics may imply %03 E
: : : . : - o5 3 S ]
Inconsistencies in the fit was o2 o ¥ b G LErmE
C L 4 e B T | T

140 150 160 170 180 190

m, [GeV]

Plot show consistency between direct M,, and m, measurements

and their indirect determinations through EW fits,
obtained excluding and including M, measurements.
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Top-Higgs coupling Spoiler!

see Paolo’s talk

2012: Higgs boson discovered L O i e t
(top in the loop of main s | f;'éﬂgui'"'? CMS =
production process) =
o
g "000000 e1> 10"k -
.> > — H ELL :
g TOBO00 102k
¢ ATLAS+CMS
2018: ttH measured - - SM Higgs boson |
. J : — [M, g] fit :
= 00000000 .- - 68% CL
Lo __mH [ ]95%CL
L o — -
I oo 7 1071 1 10 10
Particle mass [GeV’

Strongest interaction ~1 with the Higgs boson
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Top mass M, in GeV

m,, m ., and the stability of the universe

L - ] o _]-.BD‘ T Y T T T T ¥ R T T j = = ,_—_':F T in]{_}r
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Higgs mass M}, in GeV Higgs mass M}, in GeV
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arXiv:1205.6497

3o bands in
M, =173.1 £ 0.6 GeV (gray)

oo | The higgs potential can have other

0.08 |

SN . minima (metastability) if the coupling
A becomes negative.
R Strongly dependent on the top mass.

-

The vacuum is metastable
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How to measure m,__

Measure quantities that depend on m,,,

In top decay: measure kinematic distributions of decay products
(including invariant mass of the reconstructed top quarks)

* Affected by radiation

* Need to be compared with MC predictions (- “MC” mass)

In top production: production cross sections depend on m,,,

* Can be inclusive or differential (exploit particularly sensitive
Kinematic regions)
* Can be compared with fixed order QCD calculations (- pole mass)

Ingredients to reach ultimate precision:
 perform m,, measurements with different techniques

* use better calibrations
* look for quantities with small dependence on MC modeling

(NN g



My, what do we measure?

With experimental uncertainties <1 GeV we need to start worrying
about the conceptual definition of m,,,.

The pole mass Is the mass of the freely propagating top quark.
However free top quarks do not exist. The mass definition is affected
by long distance effects (radiation, color connection, hadronization)

W’ H;

b

The MC mass is what is measured at collider through kinematic
distributions of top decay products - close to pole mass
Ambiguity of the order of AQCD (few 100 MeV)

(NN 2



m,, measurements: Template method

Overview of the technigue:
 choose variables sensitive to my,,

» produce MC samples for different values of m,,, and produce
templates (distributions of the variable of interest)

» find the m,,, value providing the best agreement with data

e additional quantities impacting the distributions of interest can be
fitted simultaneously to my,,

Templates Measured distribution with best fit
g 0.035;— fSCLéd_?e\?imulation T m,,,p=167.5GeV§ E ; AlTLAS| EEPRISES | SRR PRI AREER E
@ My, = 172.5 GeV 3 < 1200~ {s=8 TeV, 202 fb' [ Best fit background —
% (] my, =177.5 Gev ] %) - —— Bestfit .
3 § 1000 [ Uncertainty ]
‘T L -
g =
< 8001 5

600F

400

200fg

Ratio

Jum F'L-"-dﬂ--l- -A-J.ILILI.JJILLJJIILI.
130 140 150 160 170 180 190 200 130 140 150 160 170 180 190 200

miss® [GeV] r.r.ltrce);o [GeV]
INFN Eur. Phys. J. C79 (2019) 290 53
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m,, measurements: Kinematic endpoints

Overview of the technique (CMS): L e

« use dilepton events R = o S

« in 3 body decays (t—be+v,)the @ | b | & |
kinematic endpoints are related to Lol L] T ]

Heg [E=V] By, [Gev] Mo [GeV]

the mass of the decaying particle

' =T Tev cMs Lt =50 067" 5 =7 Tev oS Lipg=8.0Mm7"  dE=7 Tev camg
T T

» complications: at hadron colliders = 57 ] PR T A
the tt production kinematic is not &} " & 0 w0l
fully constrained i R C IR
 choose kinematic variables 4 N4 N N
particularly sensitive to my,, A e o
Ling = 5.0 ! EI=7Ta\FI cr:ls_ _l.i,.,,=5l.um"' IJi=TTB‘u' cMS
 SNL RN IR SAY i
m,,=173.9+0.9(stat) =, (syst) GeV 8 osf f g A i
Uncertainy dominated by the JES “%%Ez t u%c’jzz s
Ci‘::n B0 00150 200 o5 100 B0 200 B0
Hop [GeV] My, [GeV]

INFN EPJC 73 (2013) 2494 Total - Background - Signal 54



Mg measurements: from oF

Overview of the technique:
» the total production cross section oy is calculable as a function of m,,,

* measuring oy allows the indirect determination of m,,, (pole mass)
* theoretical uncertainties (mainly scales) limit the precision

| | | | I | 1 1 I | I | | | | | | I 1 I I | I I | | | I I I | I I | I I I

———— MSTW 2008 NNLO ]
—— — MSTW 2008 NNLO uncertainty _|
CT10 NNLO

SN sy
N '
300 X \ — - NNPDF2.3 NNLO uncertainty
.\ O \‘S=7TeV, 4.6fb _1} Vsmt

\0 \s=8TeV, 2031
~ s T
\ —
&

164 166 168 170 172 174 176 178 180 182
pole
INFN Eur.Phys.J. C74 (2014) 3109 m  [GeV] 55
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My measurements: from dcrﬁ/dx

Overview of the technique:
» specific regions of the phase space can be particularly sensitive to m,,

« exploit differential cross sections to reduce pole m,,, uncertainties

ATLAS o, (JHEP 10 (2015) 121)

CMS multi-differential (arXiv:1904.05237)

Exploit tt+1jet cross section calculations

Aw 5 o T T T | T T T T T T | T T T | T T T CMS =

QQ“ 45 f_ ATLAS tt+1-jet at NLO+PS for mf°|e= — T T T T — T — T —T— ,35'9 f.b |(13. T?V)

L b R G 170 GeV T 02F  ooem@m T 400<M(d) s00<Mh) T 300<M(th 400<M(t) [.. 500<M(t) | ° Data, dof=23

e = \s=7 TeV. 4.6 fb™ it 175 GeV %‘ <400GeV <500GeV <1500GeV <400GeV <500GeV | | <1500Gev | NLOCT14

> - ) ----180 G%V ] 5 Ny=0 Ng=0 |4 N> N0 [T N0 0,=0.118
35 — 173.7 GeV (beS’[ f|t) S 0-1 5 : L mtpole=
¢ Data 2 $ tl-. — 172.5 GeV, x2=61
= = ---167.5 GeV, x2=87

4 - 177.5 GeV, y?=144

N
N ool W
PRRRSRRERS
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IIII]IIIIIIIIIII[II[IIIllIIIIIIlIlIIlIIII|III
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e s
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0.05f -
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e il e 1 SRR
0.8 :
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Top mass measurements

CMS

ATLAS Preliminary

N a” jets Eur. Phys. ‘,J{ C75 (2015) 158

it T

My, Summary - November 2018, L= 4.6 fo™' - 20.3 fb”

i * ATLAS-GONF-2014-055
smgle fop L =203f0"
int -

My, + tot. (stat & JSF & bJSF 4 syst.)
1751 + 18 (14 +12 )
1722 + 21 (o7 +20 )

- l4jets f“" this,;( C75 (2015) 330 L A o] 1723 + 1.3 (02 +02+07 +10)
it = I
— dilepton Eur-Phe. - C75 (2018) 330 | e | 173.8 + 14 (os £13 )
L, =47 ]
1
— dilepton s Lett B761 (2016) 330 [ ] 173.0 + 0.8 (04 +07)
LW:ZU.Z'b 1
1
— all jets YHEP 0o 2017 118 | e e | 1737 + 1.2 (o6 £1.0)
Lmt =20.2fb 1
1
— l4jets axivistoolrrz | e e 172.1 £ 0.9 (o4 +£08 )
L, =202 |
1
1
- 1
H Eur. Phys. J. C74 (2014) 3109 n 2.5
o(tt) dilepton L 46zt : 1729 =+ 3¢
Differential o({f+1-jet) *HEP 10 2019) 121 ; 1737 =+ 2%
Lm( =46 | .
Differential o(tt) dilepton (8 dist.) EuPhvs: ). ¢ 77 (2017) 204 L 1732 + 1.6

L =202
int

ATLAS Comb. October 2018 (arxiv-1s10.01772)

World Comb. + 1

172.69 + 0.48 - = stat. uncertainty
World Comb. Mar. 2014 (arxiv:1403.4427) i

—— o 1o Dt ety

. ]
Te';‘?f{%ﬂ f‘;,’gf‘ Jul. 2014 (arsc1407.2682 | ——t *Preliminary, — Input to ATLAS comb.
| ! | |
165 170 175 180 185
mtop [GeV]

Reaching sub-GeV uncertainty
In single measurements!

INFN

May 2019

Dilepton

JHEP 07 (2011) 049, 36 pb™

Dilepton
EPJC 72 (2012) 2202, 5.0 fb™

All-jets
EPJC 74 (2014) 2758, 3.5 fb!

Lepton+jets
JHEP 12 (2012) 105, 5.0 fb™!

Dilepton
PRD 93 (2016) 072004, 19.7 fo™'

All-jets
PRD 93 (2016) 072004, 18.2 fo™'

Lepton+jets
PRD 93 (2016) 072004, 19.7 fb™'

CMS Run 1 legacy
PRD 93 (2016) 072004

Dilepton
EPJC 79 (2019) 368, 35.9 fb”’

Lepton+jets
EPJC 78 (2018) 891, 35.9 fb”’

All-jets
EPJC 79 (2019) 313, 35.9 fb™

Lepton+jets, all-jets
EPJC 79 (2019) 313, 35.9 fb”’

Tevatron combination
arXiv:1608.01881 (2016)

World combination

ATLAS, CDF, CMS, DO
arXiv:1403.4427 (2014)

¢ ¢ ¢ ¢ & ¢ ¢

g
175.50 £ 4.60 + 4.60 GeV

—efe— 172,50 + 0.43 £ 1.43 GeV

—nl——

173.49 £ 0.69 £ 1.21 GeV

r—ale—173.49 + 0.43 + 0.98 GeV

—@— 172,82 £0.19 + 1.22 GeV

172.32 £ 0.25 £ 0.59 GeV

172.35 £0.16 £ 0.48 GeV

172.44 £ 0.13 £ 0.47 GeV

172.25 £ 0.08 £ 0.62 GeV

172.34 £ 0.20 £ 0.70 GeV

172.26 £ 0.07 £ 0.61 GeV

L
174.30 £ 0.35 £ 0.54 GeV

~@— 173.34 £0.27 £ 0.71 GeV

IIII||III|IIII|I|

172.33 +0.24 *066  _ Gev

170

175 180

m, [GeV]
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Top decay width

The top decay width can be computed as:

G.m m;, |’ m,
[ =—=-|1-—F| |[1+2— |~ 1.5GeV
8V2m m, m,

It is too small to be measured directly at hadron colliders.

Indirect measurements provide tests of the SM and allow to check the
top lifetime.

Ideal tool: top width could be measured from energy scan at the tt
production threshold at a future e+e- collider
Uncertainties: o,,~50 MeV, o.~20 MeV

E LT PN B T N . T . ) I ST N S A | ‘5"‘ N PR R TR N T T L . !\ 1
A f
: gt ={- G, G : . S 0, + (s] |I '.I
— 1500 B pDL(Bl,E ) I: 80/’6.+30!€’)} A = ‘1500 il POI.(e.e :} [ 80;’6, 30,{}] [\ =
o L Top width = 1.4 GeV (fixed) = o . Top mass = 172 GeV (fixed) |
© i X |
2 | 2
o 1000 | —— Top mass 171 GeV f{ - o 1000 | —— Top width 0.9 GeV =
Ty - ' Ty - |
o - —— Top mass 172 GeV f o - —— Top width 1.4 GeV 1
O B O - /
E 500 | —— Topmass 173GeV  / - E 500 [ —— Top width 1.9 GeV /.—-"je ]
(@) B O i F
- - - ~

%30. = .335. - .340. = l345. — .350 %30 .335. . .340' - .345. i .350
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Indirect width measurement (CMS)

Phys. Lett. B 736 (2014) 33

Starting from a measurement of: e e B e
i = — 3
Assuming 2,B(t-Wq)=1 - R=B(t- Wb) A ;_ p/
:\\ 50005— 3 //
i ' [ S R S e LOUE R |
It IS possible to extract the top el et
width by comparing the measured e sl
values with the theoretical i \\ """""" .
expectations i .
O; _chan I ( t->Wb ) B | ///
" B(t>Wb) o', O Ges 6s6 oS8 1 Toe 104 106 108

_ R=B(t— Wb)/B(t—> Wq)
where '(t-WDb)=1.33 GeV is the

theoretical partial width

I',=1.36+0.02(stat) """ (syst) GeV

(NN :




Width from template fit (ATLAS)

Some kinematical distributions are particularly Eur. Phys. J. C 78 (2018) 129
sensitive to the top width
 m, = inv. mass of the lepton and the b-jet in

leptonic top SV s-8Tev, 202007 ]
<
 AR.i.(,,J) = min. angular separation between " T ‘
b-jet and light jet in hadronic top o8- .
0.6_— —
Less precise than indirect measurements but [
avoid model-dependent assumptions B )
A A 0.2 -
5 [ATLAS L Postiupis E- TR T - . Data |
é 800:—\s=8TeV,20.2fb =) " - Qusdratic Fit:
3 oo ) PO A S A S P A
Feat ?‘aﬂ L g 14 15 16 17 18 1.9 2 21 22
4ooruw‘ e, Fﬁ” _ . ] I, [GeV]
ool Thm ‘L Gl T, 05
. — 1 |I,=1.76%0.33(stat) " ¢, (syst ) GeV
% 0-;;’_.‘.".3.. 7 éﬁb YN % L% 5 901 / *1{
Clf g~ TR - Tempd TR NE T e R R e 2804 10 AR, (_j) [rad]
24000 éA-’Z-l:fv 20.2 b il ‘gz;igmund %Es‘gﬁg'mﬁ < . . ..
f ol ’ Data/predictions for AR __ (],.],)
E based on the templates
el corresponding to the best fit
. (similar plots for m )
I N F N g 1.8 ;.2]0.4 1.8 3204 1.1 A R (jb’jl) [rad_] 60



Recap

* Are there ambiguities in the measurement of the top quark mass?
 Can you summarize a way to measure the top “pole” mass?

 What is the ideal tool to measure the top quark mass and width?

B
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Other top quark properties

Top spin correlation
i W polarization
tt production asymmetries
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Top spin correlation

Top quarks decay very rapidly, before spin decorrelation effects occur.
Information on the spin can be obtained from the decay products.

Top quarks are not expected to be polarized in the SM.
However, the spins of t and t are predicted to be correlated.
e Spin correlation depends on the production mechanism

* New physics can affect spin correlation

Plane normal to

beam axis

Most powerful analyzers: leptons - dilepton channel

A¢: azimuthal opening angle between the 2 leptons b
* particle level - fiducial phase space -
* parton level - full phase space f‘,"

f

’
1’
1’
’
’
P |

Vv
4
o

7%

<G PN



do

Top spin correlation

— L L A D — T L L L
£ 2501 ATLAs P < | ATLAS S 150 ATLAS .
g [ /5=13TeV, 36.11b" o : g 1oL v5=13TeV, 36.1 fb 8 [ /s=13TeV, 36.1fo"
ﬁ- 225 = =7 -] sl L sl 1 25 L
[ g E
S ~ ~
= 200} . < < i
= S|L . gl 100} i
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< I
S 175) . 3 S 075 .
kS : : I
................... ] —le ] —lb
15.0F ] ol . 0.50F ]
[ ¢ Data e Sherpa i | ¢ Data e Sherpa | ] ¢ Data e Sherpa 1
1251 —— Powheg Pythia8 === Powheg Pythia6 ] L —— Powheg Pythia8 === Powheg Pythiab | L — Powheg Pythia8 === Powheg Pythia6
N Powheg Herwig7 PowPy8 rad. down - 06 Powheg Herwig7 PowPy8 rad. down _| 0.25 == Powheg Herwig7 PowPy8 rad. down ]
—== MG5_.aMC@NLO Pythia8 1 ' —== MG5_aMC@NLO Pythia8 ~== MG5_.aMC@NLO Pythia8
10.0 M| P BT | M PRI R T | o PTI TR 1
| [ Stat. T Total | 1.05| [ Stat. 1 Total A | S Stat. T Total rerorerr
= 1.10 - : =~ 1.05 i et soh
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0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.4 0.6 0.8
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? 7| TTT I TTTT | TTTT ‘ TTTT TTTT TTTT | TTTT ‘ .I TTT I TTTT TTT |7
] ] | S 16 ATLAS Inclusive _
Effect of spin correlation observed — OK! S Tl s-13Tev, 361 10" ;
g b i
E1A4C 1,,=125+008 il
Measured A¢ show a trend with respect to NLO+PS 8. b .
. . . . g el ﬁ
predictions, clearly visible in normalized measurements 3 .
—lo 1__ ]

E

— Spins seem to be slightly “more” correlated than SM

— Powheg (SM spin) |

—— Powheg (No spin) ]
¢ Data

---- Fit result
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0 0.10203040506070809 1
INFN arXiv:1903.07570 Parton level Ao(I"[)/x [rad/n] 64

Investigation of possible explanations on theory and

experiment sides. 0.6
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Top spin correlation
A¢ dependent on Pr of the tandt — check dependence on my

’g | ATLAS my; < 450GeV | T ATLAS 450 < my; < 550 GeV
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Top spin correlation

Reasonable description obtained with NLO QCD+EW

B

Ratio to Powheg+Pythia8

108 _I T | TTTT | I5ElE ] I TTTT [l == | F=l= | I51EE | T TTT [ A [=i=d I_
1 063_ Inclusive ATLAS E
- \s=13TeV, 36.1 b -
1_O4+ 8
N | |
1.02~ ,_.J—f——F —~
- """’""——E_E — )
. ¢ Data I e e
0.98f — Powheg+Pythia8 g .
- /. PP8 scale up/down §
0.96 —— NLO QCD+EW (“R/ =m,) e
E NLO QCD+EW scale up/down S
- =ieer MCFM \
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! NNLO scale up/down 2
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0 010203040506 0.70809 1
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W polarization in top decays

* W bosons from t decay polarized because of V-A Fit of the cos6* distributions
structure of decay vertex _ using templates
 Three W boson helicity fractions F, (i =0, L, R) b CEELLE RN
for longitudinal, left- and right-handed S e " Fight handea -
> 0-16: s=8 TeV Leptonic Analyser - Left handed
g 0.14F — Longitudinal i
< 0.12; :
1 do 3 * D
B =2 (1-cos0 .@ 0.687+0.005 0 008"
dcos© oS 0.06
3 . @_ =30 0.04/-
+_ = - Z o — T
8(1 cos0’) 0311:0.005 235 ol iy
o OE.'.'.|...|...|...|...|.‘.\...\.H\H‘JH.—
+%(1+COSB*) 0.0017+0.0001 | 1 -0.8-06-04-02 0 0.2 0.4 0.6 (::.:S 9*1

J2] EELITLT FAEPLIPS A L FELRN L L U L e P o L L WL B
S 0.16FATLAS Simulatio i+ > 4-jets, > 2 tags ]
t = E sroni - -Right handed ]
e g 0.14F s=8 TeV Hadronic Analyser — Left h‘and.ed E
- = — Longitudinal
5
<

- E ]
L N [ ]
- G* 0.12F .

- ' - 0.1§
q,v) w (q,.1) o

b 0.06;

0.04:

0* : Angle between the reversed direction of flight 0.02
of the b-quark and the lepton or d-type quark in the 04208706 -04-02 0 02 04 08 08 1
W rest frame cos 6
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W polarization in top decays

ATLAS+CMS Preliminary November 2017
LHCtopWG

total stat

B Theory (NNLO QCD) FR FL FO

PRD 81 (2010) 111503 (R)

~e—=—+— Data (F_/F /F)

ATLAS 2010 single lepton, {s=7 TeV, L =35 pb™ b—a—H ] ——t——]
ATLAS-CONF-2011-037

ATLAS 2011 single lepton and dilepton, {s=7 TeV, L =1.04 b HH HisH HadH
JHEP 1206 (2012) 088

CMS 2011 single lepton, \s=7 TeV, L =2.2fb i# bt HeH H——H
CMS-PAS-TOP-11-020

LHC combination, Is=7 TeV Fed Hm HaH
LHCtopWG
ATLAS-CONF-2013-033, CMS-PAS-TOP-12-025

ATLAS 2012 single lepton, {s=8 TeV, L =20.2 fb fel
EPJC 77 (2017) 264

CMS 2011 single lepton, {s=7 TeV, L _=5.0 fb"’ ot
JHEP 10 (2013) 167

[ |
el
CMS 2012 single top, {s=8 TeV, L =19.7 fb’ : e HH Hs—
JHEP 01 (2015) 053
=
e

CMS 2012 single lepton, {s=8 TeV, L =19.8 fb™ il
PLB 762 (2016) 512

CMS 2012 dilepton, Vs=8 TeV, L _=19.7 fb” FRH
CMS-PAS-TOP-14-017

* superseded by published result | | 1 | |

0 0.5
W boson helicity fractions

Summary of ATLAS and CMS measurements of W helicity fractions
Theory predictions: green line (uncertainty is the line width)



Asymmetries at hadron colliders

NLO calculations predict a small asymmetry for tt produced in qg
annihilation, from interference between tree and box diagrams (no

asymmetry at LO). No asymmetry in gg fusion.
* Tevatron is pp collider

- possible to define “forward” and “backward” directions

- tt production dominated by qqg annihilation
* LHC is a pp collider

- Impossible to define “forward” and “backward” directions

— tt production dominated by gg fusion

TevatronA top LHC A
anti-top

A\ /I\

top
anti-top

-

At the LHC, asymmetry in the suppressed qq - tt

n

(valence quark interaction with sea anti-quark).
INFN Anti-top produced more “centrally”
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Forward-Backward asymmetry - Tevatron

Measure asymmetry in Forward-Backward tt production

Atf :N<Aytf>0>_N<Aytf<O>
" N(Ay>0)+N(Ay,<0)

Ay :=Y:—Y:

Compare with SM expectation (small but not null asymmetry).
Calculations also predict A-; as a function of y; and my

0.5 ; i -
B I % l ]

——4—— CDF lepton+jets, 9.4 fb™
——f—— CDF dilepton, 9.1 fb™

-0.5 :— % DO leptonsjets, 9.7 fb™ —: -0.5 - N _
[ | NNLO SM, Czakon, et al. JHEP 05(2016)034 _| i i
0 0.5 1 1.5 2 300 400 500 600 700 800
(a) Ay (b) m. (GeV/c?)

Ars In good agreement with NNLO calculation

(NN e



Charge asymmetry - LHC

Small asymmetry expected from qq annihilation

tt asymmetry:
«_ N(Alyl>0)—N(Aly|<0)

¢ N(Alyl>0)+N(Alyl<0)
Alyl=|y|—|y4
Leptonic asymmetry:
N(Aj>0)—N(An<0)
N(Ajm>0)+N(An<0)
A =1 | = |1y |

I
A=

B

ATLAS+CMS (s =7TeV
LHCtopWG
total stat

tt asymmetry A =(stat) =(syst)

ATLAS l+jets f——i 0.006 = 0.010 = 0.005
JHEP 1402 (2014) 107

CMS l+jets f——o—1 0.004 = 0.010 = 0.011
PLB 717 (2012) 129

ATLAS+CMS l+jets H—H 0.005 = 0.007 = 0.006
LHCtopWG

arXiv:1709.05327

ATLAS dilepton = o H 0.021+0.025 +0.017
JHEP 05 (2015) 061

CMS dilepton e —] -0.010 = 0.017 = 0.008

JHEP 1404 (2014) 191

lepton asymmetry

ATLAS dilepton H—u—H 0.024 + 0.015 + 0.009
JHEP 05 (2015) 061
CMS dilepton —— 0.009 + 0.010 = 0.006
JHEP 1404 (2014) 191
L T el S TR 00 SR L EIY Ll s <l ot I IS E TTE T S ek et Lt S [T G e e e e
-0.1 -0.05 0 0.05 0.1 0.15
AC
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Looking for new physics effects

Boosted tops and tt resonances
Flavor Changing Neutral Currents
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Boosted tops

At very high p; the top decay product (hadronic decay) tend to be more

collimated and cannot be reconstructed as separate jets

Hadronic decay of high-p_ top

Hadronic decay of low-p_ top Jets can partially overlap Hadronic decay of high-p, top

Reconstruction as large-R jet

The identification of top quarks is based on jet sub-structure analysis
e Jet mass

* Splitting scales (distance among proto-jets during jet construction)
* ... and many others

B
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Large-R jet substructure

Active research on large-R jet reconstruction, calibration, tagging
* Need tool to remove pile-up contribution (soft radiation)
* ldentify jets with “multi-prong” hard structure

Boosted top tagging performance

R e e e S e 800 AR e e s e T e A1O4_|||| Y 1 s 5 e s o i A =
> T T T T T T T T T T S I =] E [ [ [ [ [ [ =
> il i F ¢ Data2015+2016 ATLAS o [ = B
Clelshs ten s s gE e S 1600 e f-raTevsern & [ — DNNtop ATLAS Simulation -

[ [t (top) Vs=13TeV,36.11b l @ m g i I m
2 W) Tri d i 1.0i < - - (V) Trimmed anti-k, R=1.0 jets ] UJ L BDT 1
P " = i o rimmex —a”t_"kt "i“-= .0 jets q>, 1400 }- tt. (other) AR(large-R jet, b-jet) < 1.0 { i e tOp \S = 13 TeV il
£ 2000~ e AR(large-R jet, b-jet) < 1.0 — o = [ Single Top (W) > 350 GeV ] ~ 5 ; .
o - [ Single Top (W) p. > 350 GeV : C W Single Top (other) Py ] e Shower Trimmed anti-k, R=1.0jets
i I Single Top (other) T 1200} W s iet me™ 5 100 GeV — — D : t
C W jets 1 - . Wekes oL . = econstruction Inte| < 2.0
1500 — W WV, Z + jets, multijet — 1000_—-T for M i = c 10° Siw i =
[ Total uncert 1 E—irn 1 G [ ° 2varoptimised pie =[500,1000] GeV ]
I [ Stat. uncert. - 800— E e ol i - 5 —
1000 — {f modelling uncert 4 pemiahoselinguncet 3 o tagger Top tagging m
- ; . N E e HEPTopT 1 _
r ] = ] = | N opTagger v 4
] 400 4 o Copmb 99
500 = = ] N . T R Tgpr M™ > 60 GeV
: 200 3 '8 10 ", 3
= : E‘a.*_.‘ ] - 5 50 ]
5 15F E S o Bl 8 A . il
L L (o4 S R e e :
o S e 000 | R e e, ¥ womme 090900 X [ T e
g T cese g o il el RS R i YW i,
S o5t e - - L B R e . -
6080 100 120 140 160 180 200 220 240 SR E -
Leading large-R jet m*™ [GeV] S e i
Jet mass N-subjettiness ratio
1 ISR DS o | | NG IS S | I | I S I | M T I [ HBESE ) S | | S S = | | R 0 [e]

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Substructure information also used In Signal efficiency (e
Machine Learning taggers to increase efficiency

INFN Eur. Phys. J. C 79 (2019) 375 74
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tt resonance search

The use of boosted top reconstruction techniques allows to push the

mass limits in tt resonance searches

mtf
resolved
selection

mti
boosted
selection

Events/0.08 TeV Data/BG Events/0.08 TeV

Data/BG

107
108
10°
10*
10°
10?

10

AR BRI B BLELEL B B LR R AL |
E  ATLAS —e—Data -
- 1s=8Tev,203fb" [ISMt .
é— resolved I+jets Eg’:ﬁ:yg;ts -é
E 0 0.8TeV,153% §
r .
3 r
r .
r .
4 3
E 1 1

—’,mm‘%’/%%%zx_//// % /Té// 777 é
0 0.5 1 1.5 2 2.5 3 3.5

m{e® [TeV]

é‘ ATLAS —-e— Data
10°F  1s=8TeV, 20.3 fb" gzm “W _
sE i +jets
104 { boosted I+jets [ Other SM
10 3 —g_2.0TeV, 15.3%
10°h -
1020
10k
1 g_ ’ 'IIIIIIIIIIIIIIII‘
10-1 é_ i ///////////’
2 E_ Z
1 :_--.. /%/ g4 %% 7/7' / /ﬁ
0 E 4 /
0

mreco [TeV]

\

3 I L] L) L] L] I L] L] L] L) I L) L) L] L] l L) L] L) L) I L) L] L) L)
Q.
= 5 aras Obs. 95% CL upper limit
1+ =
"% 19 s=8TeV,20.3fb"  .ccoe.. Exp. 95% CL upper limit
= [ Exp. 16 uncertainty
D 10%p~, Exp. 2 6 uncertainty
% ; \\ ----- Kaluza-Klein gluon (LO)
A e
O)K
©

ST
~
.h
~

= —
Q o
N N
Om ||||I'II1 T A

5 1 1.5 2 2.5 3
9, mass [TeV]

Extract limits on the mass of hypotethical
resonance based on production cross
section predictions (here Kaluza-Klein
gluon).
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Flavor Changing Neutral Currents

t u,c

e ZYgH

~§
~

 |nthe SM: forbidden at tree level,
expected BR at 10-10-10-15 |evel

e BSM models can enhance BR to
~10-7-10-3

e Current experimental reach
~10-3-10+4

t—Hc
t—>Hu
t—yc
t—yu
t—gc
t—qu
t—Zc

t—=Zu

LHCtopWG

September 2018

Each limit assumes that

all other processes are zero

e

—SM
Rmssmrpv

ATLAS+CMS Preliminary 95%CL upper limits €<—@ ATLAS <—@ CMS
[1] ATLAS-CONF-2018-049
[3] JHEP 06 (2018) 102
[5] EPJC 76 (2016) 55
[7] JHEP 07 (2018) 176
[9] JHEP 07 (2017) 003
Theory predictions

[2] JHEP 02 (2017) 079
[4] JHEP 04 (2016) 035
[6] JHEP 02 (2017) 028
[8] CMS-PAS-TOP-17-017
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107

10
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Branching ratio
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Summary

The top quark is special!

— It gives the unique opportunity to study a bare quark

- It has the strongest coupling to the Higgs boson

— Its mass gives us indications on the (meta-)stability of our universe
The top quark is complicate!

— Need to use the full detector to reconstruct top quark events
- ... but there are leptons and b-jets to make our life easier
The top quark is precise!

- LHC is a top factory, we have huge samples

— Theoretical calculation at NNLO available

The top quark !

- Why its mass is so large?

- Does it have a special role in new physics?

The top quark is very interesting!

B
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QUESTIONS
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