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Introduction

* Pre-discovery

* Motivation: theory and experiment

* Experimental results on top quark events
* First measurements
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1974

With the discovery of the J/VY:

o ()
()
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1975-1977

 Discovery of tau () lepton at SLAC (1975): (
Mark-I expt. (v, from the decay kinematics)

- Discovery of the Y (bb) at Fermilab (1977)

* b: non SM? iso-singlet? SM iso-doublet?

+ 1984: DESY measurement of e*e'—bb FB asymmetry: (22.5 + 6.5)%
— cf. 25.2% SM iso-doublet, 0% iso-singlet

* [f SM is correct there must be a iso-doublet partner, the top quark

* Mass? b/c/s 4.5/1.5/0.5: Mass=15 GeV?
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The theory: Why?

 The SMis not a “renormalizable” gauge theory in the absence of
the top quark

« Renormalizability is a crucial feature, enabling the SM to be
theoretically consistent and be usable as a tool to compute the
rate of subnuclear processes between quarks, leptons, and
gauge bosons

» Diagrams containing so-called “triangle anomalies” (right),
cancel their contributions, thus avoid breaking the
renormalizability of the SM, only if the sum of electric charges of
all fermions circulating in the triangular loop is zero:

YQ=-1+3x%x[2/3+(-1/3)]=0

lepton electric charge quark (up/down) charge
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Searches at ete- colliders

~
®
E
°
<
»
<

« PETRA (DESY) could reach ~20 GeV (late ‘70s)

— Search for narrow resonance
— Look for increase in R=(# of hadron events)/(# of uu evts)

o (ete~ — hadrons)
o(ete” - utu-)

&£
2

R

L
W

o
M B o m o e -’v—v-]
— T

number of quarks

=3 Z Q? direct count of
f

N

— Global event characteristics: look for spherical component
— Negative results. Set limits: Mi>23 GeV L

............

 TRISTAN (Japan) built to study the top quark (early ‘80s) =~~~ ~ " . cnGov
— Similar search technique:
— Could reach ~30GeV: M>30 GeV

» SLC/LEP (SLAC)
— Look for Z—tt
— M>45 GeV

 Reached kinematic limit for direct searches at e*e- colliders

-
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Indirect searches from ete- colliders

* In the SM, various EWK observables depend on the mass of the top quark

________________________________

* Precision measurements of the EWK parameters, allow to measure virtual
corrections with sufficient precision to put constraints on My,
— Prediction upper limit<200-220 GeV

10 T T 1] 7 T T BN [ ¥ T T 7 I
J \ 1 f #

Fits % LEP cata [ ¢ \ \  Fits % LEP « UAZCDF ! 3 L S
: 5 [} & \ \  + CHARMVCOMS data | } b)) 7 L ALEPH
[ Xew N [ DELPHI

@, constraned 100118+ 0008 ‘-' \ A\ @, corstraned [} 30 + o
{/ \ |\ 0182000 /' ! . L3
/‘ . b ¥ [} [ OPAL

') \ J 4
J ) | ‘/ ! L
s L / / \ [/ E 207
[ [ N ’ . J | ]
«, ¢ \ / s | ¢ average measurements, J/
| /- Gev GeV) | ©

error bars increased
by factor 10

\\\_‘_ _'/ "0 3 7 ni 10-_

‘s 100 150 200 ) 100 0 2 T 2% 0

{GeV

e 8 88 90 92 94
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Early searches at hadron colliders

CERN SppS (Vs=540 GeV) built to observe W,Z

— Access to much higher energies
— Large backgrounds, low event rates

g wW*
— Difficult reconstruction: jets W -
1984: UA1 /" 'Qb
* W—tb—lvbb b

* |solated high-p; lepton
« 2 or 3 hadronic jets
« Observe 5 events (e+ 22 jets), 4 events (u+ 22 jets)

« Expected background: 0.2 events
— Fake leptons dominate; bbar/ccbar negligible

* Result consistent with M,,,=40£=10 GeV
» Stop before claiming discovery...
=>W+jet background was underestimated UA1: Z candiaate event
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Searches at hadron colliders

g
q
. 1988 UA1 W q

 Larger data sample (x6, total of 600nb-")
» Improved understanding of the backgrounds

» Fake leptons, W+jets, DY, J/V¥, bbar/ccbar v ° o
oW
channel observed expected background
u+22 jets 10 events 11.5 + 1.5 events
e+21 jets 26 events 23.4 + 2.8 events
(+ 23 expected if M,,, = 40 GeV)

=conclude M,,>44 GeV
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Fermilab joins the hunt

« 1988-89: at CERN, UA2 remains after the upgrades
« V1.8 TeV@Fermilab vs. ¥0.63 TeV@CERN

« Much better reach for larger mass (only 75 GeV@UA2)
- At Tevatron, pair production dominates: f{t— Wb Wb

Y%

ev |uv |tv qq

ev 1.2 (25 |25 |1438
y73% 1.2 |25 |148
TV 1.2 |14.8
q9q 44.4

M. Gallinaro - "The top quark" -

Physics@LHC

- March 25, 2024
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Tevatron

Proton-antlproton collision at 1.8-2.0 TeV




12 countries, 62 institutions
767 physicists
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Searches at CDF

eu channel
« Event rate lower: 2xBR(W—ev) il (a)
« Background small (no W+jets, no DY) - zop-Signal
« Dominant background is Z—=tt—euX (expect 1 evt) § i
* Observe 1 event (expect 7 evts for M,,,=70 GeV) ‘§ 0
ev+ 22 jets § 60
 Dominant background: W+jets " %
* Discriminant: ev transverse mass =
— Background: W on-shell %%
— Signal: W off-shell for My,,=40-80 GeV MY (Gev/e?)

>Mop>77 GeV

* UAZ2 uses similar technique: M,,,>69 GeV
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Change of strategy: M;,,>M,+M,,

* Top quark decays to on-shell Ws: no M+(lv) discriminant

» Main differences:
—background: W+jets (largely quarks and gluons)
—signal: W+jets (2 jets are b-jets)
« CDF publication on 88-89 data:
— Dilepton: include ee, uu, eun (require missing ET, Z-veto)
— Single lepton: require low p; muon (semi-leptonic b-decays)

= M,>91 GeV
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DO joins the hunt

19 countries
83 institutions, 664 physicists

D@ Detector
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Searches at Tevatron: CDF and DO

1992-1995

 Tevatron with higher luminosity

« DO: excellent calorimetry, large solid angle and coverage

« CDF: precision vertex detector, good tracker, magnetic spectrometer

Run 1A:
* DO: optimized search for M,,=100 GeV

—eut+21jet+MET 1evt (1.1 bkg)
—ee+21jet+MET 1 (0.5)
—e+24jets+tMET 1 (2.7)
— u+24jets+tMET 0 (1.6)

>Mp>131 GeV@95%CL
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Detecting the top quark at CDF

 Strategy
— dilepton: +2 jets e_'lﬂ'__]_e_tﬂeﬂl _ fit neutrino  jet #3  jet #1
— single lepton: b-tagging 407523.‘53313.,1, 1992 MET '

1) soft e/u: semi-leptonic b-decay Two jets tagged by Svx

fit top mass is 170 +- 10 GeV
2) secondary vertex P
_ e*, Missing E;, jet #4 from top
' ; e jets 1,2,3 from top ( 2&3 from W)

«\5 cé timeters ——»
Tevatron

beam pipe

=
ey ,"\_‘_ ; <« 3meters — » \
: ' & Irjdgﬂgm Secondary
Vertex
New: CDF vertex detector (SVX) S s
(40 um impact parameter resolution) «——5mm——»

powerful discriminant against background

M. Gallinaro - "The top quark" - Physics@LHC - March 25, 2024 18



Tagging b-jets

» Top events contain B hadrons
* Only 1-2% of dominant W+jets background contains heavy flavor

B hadrons are long-lived semileptonic B hadron decay

Vertex displaced tracks Soft Lepton Tagging

displaced
tracks
Secondary
vertex
Primary (‘/" »
vertex dO S =
"“ b
/ A"l y
- e b— flue (BR ~ 20%)
z

prompt tracks

eor [Lin jet

e b—c—tlus (BR ~ 20%)

55% <+ Top Event Tagging Efficiency — 15%
0.5% <«—  False Tag Rate (QCD jets) @— 3.6%
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1993

Coll. Meeting, Aug. 1993:
« Status report from each group (dilepton, single lepton)
« Small, not significant excess in all channels

Type observed background

+0.25
DIL 2events 0.56 ;73

SVX 6tags 23%+03 | «— 3cventsin
SLT 7tags 3.1+0.3 <€—— common

total 12 events —

* In total, an excess of events

« Background fluctuation probability: 2.8c

« Skepticism, additional studies, cross-checks

« Additional 8 months before making the results public

M. Gallinaro - "The top quark" - Physics@LHC - March 25, 2024 20



Final steps: CDF and DO

3 1

B Data (a)
------- QCD W+3 jets

CDF: counting experiment yields 2.8c
— Few checks: no major discrepancy
— Other checks consistent with presence of signal
— Mass distribution looked good

* There were also other analyses at CDF
— Difference of jet Et spectra for signal and bkg
— Separate two component for signal and bkg
— CDF chose not to use those for first publication

« Use “counting” experiment
DO0: added more data and re-optimized for heavy top (single and dilepton)
» Observed 7 events (expect 4-6 from bkQ)

* No independent evidence
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First evidence (1994)

VOLUME 73, NUMBER 2 PHYSICAL REVIEW LETTERS 11 JuLy 1994

Evidence for Top Quark Production in pp Collisions at Vs = 1.8 TeV

We summarize a search for the top quark with the Collider Detector at Fermilab (CDF) in a sample
of pp collisions at Vs =1.8 TeV with an integrated luminosity of 19.3 pb~'. We find|12 events|con-
sistent with either two W bosons, or a W boson and at least one b jet. The probability that the measured
yield is consistent with the background is 0.26%. Though the statistics are too limited to establish firmly
the existence of the top quark, a natural interpretation of the excess is that it is due to 7 production.
Under this assumption, constrained fits to individual events vyield a top quark mass of
GeV/c?. The tf production cross section is measured to b

3

[ T B L T L 36
= f
r v Dataafter SVX/SLT tagging | - 7 eventS _§35 .
=) Background SVX + SLT - o u
-~
102 e r S
- ] B33
: Nuz — -—-? E
” ;: > 32
gp i 5} I T TR P
[ O 150 160 170 180 190
s ‘ e 2
g - 1 - = Top Mass (GeV/c?)
SIO - T - 5
1 -
Z ] M
‘
L ]
L 1 0 | I R B R
: L L st 100 150 200 250 300
Number of Jets Top Mass (GeV/c?)
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First measurements

VOLUME 74, NUMBER 14 PHYSICAL REVIEW LETTERS 3 APRIL 1995

Observation of Top Quark Production in pp Collisions with the Collider Detector at Fermilab

We establish the existence of the top quark using a 67 pb ' data sample of pp collisions at
Js = 1.8 TeV collected with the Collider Detector at Fermilab (CDF). Employing techniques similar
to those we previously published, we observe a signal consistent with ¢z decay to WWbb, but
mconxlstent with the background prediction by 4.80. Additional evidence for the top quark is

by ¢ eak in the reumslruued mass dlsmbunon Wc, measur: h quark mass to be

Aln(likelihood
-

:- | STEFEPET S
160 170 180 199
Top Mass (GeV/c

e

8 10°% -5 5
g 3 Proper Time (ps)
Z

Events/(10 GeV/c?)
1

LR RITTS
RSCSRIEESS

-
H
'
e
Reraey
Y .
L.
------- H
Veerey

N | NI I i it WO
80 100 120 140 160 180 200 220 240 260 280

Reconstructed Mass (GcV/cz)

Number of Jets
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First measurements

VOLUME 74, NUMBER 14 PHYSICAL REVIEW LETTERS 3 APRIL 1995

Observation of Top Quark Production in pp Collisions with the Collider Detector at Fermilab

We establish the existence of the top quark using a 67 pb ' data sample of pp collisions at
Js = 1.8 TeV collected with the Collider Detector at Fermilab (CDF). Employing techniques similar
to those we previously published, we observe a signal consistent with ¢z decay to WWbb, but
inconsistent with the background prediction by 4.8¢. Additional evidence for the top quark is

vided by a peak | 36 ' p_quark mass to be
. : +
176 * 8(stat) = 10(sy = 6 ' b pb
o ,=0385,,p
: top =176 =8(stat) = 10(syst) GeV | i :}
L & ol s
sL . = T - o !F
"“Fno b-tagging & s = o f
i _§ %_1 :.1..44...14_._“1.
. g 160 170 180 1
107 ° z. 4 I Top Mass (GeV/c
s e
210k o &)
E S 3
= a ~
“~ o ]
0% a 2 f
m o
10k i
» SRR t by o
L SRS o ] T T..'..T'.....'.: o
- ; 5 ; 2; 086700 120 140 160 180 200 220 240 260 280
- Reconstructed Mass (GcV/cz)

Number of Jets
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First measurements

VOLUME 74, NUMBER 14

PHYSICAL REVIEW LETTERS 3 APRIL 1995

Observation of Top Quark Production in pp Collisions with the Collider Detector at Fermilab

We establish the existence of the top quark using a 67 pb ' data sample of pp collisions at
Js = 1.8 TeV collected with the Collider Detector at Fermilab (CDF). Employing techniques similar
to those we previously published, we observe a signal consistent with ¢f decay to WWbb, but

inconsistent with the background prediction by 4.8¢. Additional evidence for the top quark is
' ) T ' p_quark mass to be

=5 pb pb

i SR EPET BTSN R
160 170 180 1
Top Mass (GeV/c

vided by a peak [
176 + 8(stat) = 10(sy

—

Aln(likelihood
-

l"sg’no b-tagging

Number of Tags

104;
3 (o]

| . A | P | A I - EPW i .: |
100 120 140 160 180 200 220 240 260 280
Reconstructed Mass (GeV/c?)

1 2 3
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Standard Model of Elementary Particles

three generations of matter
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The Large Hadron Collider

* Built to explore new energy frontiers
_First colliding beams in 2009 >
— started with “low” luminosity in 2010
—~5 b '@7TeV delivered in 2011
—~20 fb'@8TeV in 2012
—>150fb'@13 TeV in 2015-2018
—>~50fb'@13.6 TeV in 2022-

LHG: Vs~7/8/13/13.6 FeV/

A?. ¢ o TS W '&‘.&.

* re-establish SM measurements
 access to new physics processes

= Top quarks give access to SM and BSM (?)
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Tevatron vs LHC

80.00 12000.00 . CMS | —‘2010,7ITeV, 43.0 pﬁb"l
) 7 = 2011, 7 TeV, 6.1 b 171
_Run Il integrated |umIIH)S Ilf o, £ e hte A
3 Wl =z 2016, 13 TeV, 41.6 fb~!
> 00 " - = 2017, 13 TeV, 49.8 fb !
LT tron MM el el TmERREn
¢ s 136 Tev, 42.
§ 40.00 eva } .”N H 600000 =
2 H] " e
g ”H ‘ 2 a0}
£ ‘ ‘ 400000 g
é 20,00 i ||||||‘ ‘ 9
HEMINN - -
000 ,ﬂ..-...mnHI-l\||H|”|HHIWI‘ |9
5 35 65 95 125 155 185 215 245 275 305 335 365 395 425 455 485 515 ] )
(Week1v:t:g§3105lo1) \/PQ( \)1\3* A A \/Wg \/689 \/OC‘ \ﬁo\‘ \/0"’('
Energy: 1.96 TeV Energy: 7/8/13 TeV
Int. Luminosity: 12 fb™" Int. Luminosity: 5/20/150 fb™
Age: ~25 years Age: ~14 years
Events/exp (1 fb™) Events/exp (1 fb)
350 ee ep, pp 40k ee ey, yu
2Kk lepton + jets 250k lepton + jets
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The top quark

* The heaviest known elementary particle ?‘9’ QUARK MASSES
 Large coupling to the Higgs: ~1 = |
- Short lifetime 1=0.4x102* sec 200

— for my,,=175 GeV=I'=1.4 GeV =no hadronization
— large contributions to EWK corrections ~Ggm;,,2

— very short lifetime = bound states are not formed 150
= opportunity to study a free quark

100

» Large samples of top quarks available

50/

» Top quarks are main background for many
New Physics searches

* Precision measurements may provide 0
insight into physics beyond SM

up
down

strange |" 7
charm ©=
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How is the top quark produced?

M <€ Dominant at Tevatron
) t g t g ¢
jiji ) j:}< ) :?w< <€— Dominant at the LHC
g t 9 f 9 F

Predicted cross sections:

Collider Ot [pb] scales [pb] PDF [pb]

Tevatron 7.164 *20003%) 0T - Tevatron
+4.4(2.6%) +4.7(2.7%)

LHC 7 TeV 172.0 —5.8(3.4%) —4.8(2.8%) gg  ~85% ~10%

LHC 8 TeV 24538 My P

LHC 14 TeV 953.6 +22724%) el 7® aq ~15% ~90%

Czakon et al. PRL 110, 252004 (2013)
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How does a top quark decay?

Vi

b

« almost always t—=Wb (i.e. Vi,~1)
« lifetime is short, and it decays before hadronizing

* the W is real:
— can decay W-lv (I=e,u,t), BR~1/9 per lepton
— can decay W—qq, BR~2/3
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Selection of top quark events

::;16;87
e
f] (iz;gseev/c
2”5'55'255 V
_“ oo ’z‘“ 515 Gevl
CMS muon+jets
. Trlgger  Jets:
—single or double (isolated) lepton —at least 2 jets, pr>30 GeV, [n|<2.5
e Leptons: —anti-kT algorithm, with cone 0.4-0.5
—ely, pr>20/30 GeV, n|<2.5 — b-tagging is optional
— ldentification/reconstruction » Missing transverse energy:
— Tracker/calorimeter isolation — Typically require 30-40 GeV

33
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Particle Flow event reconstruction

« Particle Flow (PF) combines information from all subdetectors to
reconstruct particles produced in the collision
— charged hadrons, neutral hadrons, photons, muons, electrons
—use complementary info. from separate detectors to improve performance
—tracks to improve calorimeter measurements

* From list of particles, can construct higher-level objects
— Jets, b-jets, taus, isolated leptons and photons, MET, etc.

M HCAL

. Clusters
hadron : : detector

<)ar1icle-ﬂow ﬂ
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...In a challenging environment

CMS Average Pileup (pp, Vs=13 TeV)

Run ll: <> = 34
2018: <u> = 37
2017: <u> = 38
2016: <u> = 27
2015: <p> =13

| CMS Expetiment atLHE - CERN
{Datarracorded: BriOct 26:09:08 572018 CEST
ERunIEvent-825309 1244518

FEumiksethonsd

FOBIVETessig: 1 219284056

uminosity (pb

! (13 TeV) =80.0 mb

in

]
o
v
7]

29 a0 N © \90
Mean number of interactions per crossing

.- . = - B e T - e e e L W A . A La— - G e

136-vertices |
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Challenge: b-tagging

ch

e Lifetime: t,~1-2 psec

%/ *Reduction of background obtained by

2 identifying jets from b-quarks

\ . A displaced tact [ WO Methods:

o — Secondary vertex tagging

— Semileptonic decays of b-hadrons in jets

( b_’ZVZX)

2}
-
[}
=

10 20 d/G
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Top quark decays

Top quarks (mostly) produced in pairs @ Top Pair Branching Fractions
S\ : 46%
: o
t+jets 15%
e Ay s 15%
2O we TR
“ "U @ LN dil \;C“ e+jets 15% H c
g "dileptons” "lepton+jets”
* Dilepton (ee, uu, ep): o8
— BR~5%, 2 leptons+2 b-jets+2 neutrinos ik
. Displaced tracks
» Lepton (e or u) + jets
— BR~30%, one lepton+4jets (2 from b)+1 oo el Psccondary vertex
neUtFInO Primary vertex 4 //
» All hadronic i © | b-jets always present
— BR~44%, 6 jets (2 from b), no neutrinos b-jet reconstruction plays important role

M. Gallinaro - "The top quark" - Physics@LHC - March 25, 2024 37



Interesting physics with Top quark

v,q’

PRODUCTION
Cross section
Resonances X—t
Fourth generation t'
Spin-correlations

New physics (SUSY)
Flavour physics (FCNC)

PROPERTIES

Mass

Kinematics
Charge

Lifetime and width
W helicity

Spin

DECAY

Branching ratios

Charged Higgs (non-SM)
Anomalous couplings
Rare decays

CKM matrix elements
Calibration sample @LHC

M. Gallinaro - "The top quark" - Physics@LHC - March 25, 2024
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Top quark events

[]
-
c
0
>
w

CDF Run Il Preliminary L = 4.1 fb!

: |+jets (after b-tag) Bow
- \ [+ 0j 5.5pb)

- LHC@13TeV cross section ~100 times larger _ e
than Tevatron o B

N W+ HF
[ Mistags
[l Non-W
Wz+jets

Di-boson

» select ttbar events at LHC:
—understand/calibrate detector

500

—measure properties

» event selection includes SM control events e 2 30 4l ets
. . . : | | | ]

[ ] m_ ]
ttbar final state is complex (ie not mass peak) " Giloptons % &%, e

* Top quarks and new physics: g %W’;’%m _

— ttbar sample may contain new physics

— look at jet multiplicity bins (since ttbar is background
e.g. for SUSY), or other variables

-2

[ Fake

Djet 1jet >2jet HT>200+0S

M. Gallinaro - "The top quark" - Physics@LHC - March 25, 2024 39



Theory cross sections: TeV vs LHC

Collider 0ot [Pb] scales [pb] PDF [pb]
Tevatron 7.164 fg:%g,g&g% igjigggﬁ%
LHC 7 TeV 172.0 ) i e
LHC 8 TeV 245.8 +e22 %) WP
LHC 14TeV 9536 R M

Including NNLO+NNLL approximations
PRL 110, 252004 (2013) (M. Czakon et al.)
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Top cross section at 7/8 vs 13 TeV

Fermilab SSC
CERN i LHCl
’

* LHC collisions started at 7/8 TeV L
« LHC design is at 14 TeV il

- Top cross section drops faster than e 170
background processes at lower sqrt{s} = [ El>003Vs "o
o e 7]
—top o(7TeV) =172 pb © o
o 1ub|l e
— tOp G(STGV) = 246 pb é | Ejtet>o 25\/8_ coe
_top o(13TeV)= 832 pb g8 | e ] 5
o ow —=»tv) CDF (p p) S
« Background is more “flat” B 1nb| T 2

o 20

1 pbl m,=1TeV—__

- —

O Higgs
m, =500 GeV

| | | .
0.001 0.01 0.1 1.0 10 100

v§ TeV
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Cross section measurement

Number of
Number of background events
observed (from data,
events \ calculated from
N N theory)
obs 1 Ybgd
O, =
E tf * J' Ldt
/ \ Luminosity
Acceptance (determined by amount of data,
(experimental: detector, accelerator, triggers, etc)
efficiencies)
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Dilepton channel

%x10° e*u* channel 359" (13 TeV)
- CMS ¢ Data

EPJC 79(2019)368

mm
B tt other

50

Syst
[ ] MC stat

oo 1.2 Ny
* Branching ratio (BR) ~5% 5| £, Jptssaiinmmnn
o 1 2 3 4 5 6 7 8 9

° Background: small Number of jets

e*u* channel 35.9 fb' (13 TeV)

¢ Data
CMS -
B tt other

» Clean final state P
c
— two leptons + 22 jets + MET = 4000
— kinematic variables
« Signal visible w/without b-tagging
 Main systematics: JES, lepton ID, E‘%‘E
= . - n' Lo by b b b o by by 1y
(pileup, b-tag, signal modeling) 40808066 56" 4016686200
Leading lepton p_ [GeV]
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* BR ~30%
» Background: moderate

» Selection:
— one lepton + 23 jets + MET
— may require b-tag

* Main backgrounds:
— hadronic multi-jet, W+jets

M. Gallinaro - "The top quark"

CDF RUN Il Preliminary(695pb )

» -
£ 1200} —s—Data
o - [ 1tt (8.2pb)
L B I Non-W QCD
‘s 1000 [ ] Diboson
5 [ Single Top
Q : [Wc
£ 800 B Woo
= [ Wbb

600 [ Mistag

400 Signal region

200

0
W+1 jet W+2 jet W+3 jet W+=>4 jet
Jet Multiplicity
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Cross section: multi-dimensional fit

JHEP 09(2017)051

Lepton+jet final state

» Keep selection as inclusive as possible
» Categorize events according to (b-) jet multiplicity o summay, 19TV iy20ts
. . PRI T I NNLO+NNLL PRL 110 (2013) 252004
— high-purity vs background dominated ~ Wy = 17250V, o )= 0.110:0.001 ota stat
“mmﬁ uon;?)ﬂé‘ﬁly uncertaint o, = (stat) = (syst) = (lumi)
" . . =) G’/(l:; n Nty [ - :
— Constrain systematics (JES, ISR/FSR, modeling, etc) VS, dieny :
St b
« Combined fit of M, to signal and backgrounds = '
. . CMS, dilepton eu * —o—i 793+ 8+38+21pb
* Precise cross section measurement
2.2fb" (13 TeV) CMS. I+iets *
£ CMS . _ S e 16005 f——+%+— B836x27+84=100pb
S 107 ¢ Data [t [ Single top L - 420", 50ms
o WtV [JMultijets [CJW+ets '
10° . EDY  ElDibosons CMS, I+jets * (- 835+ 2+23+22pb
o CMS-PAS TOP-16-006
105 Py _ L,,.=2.3ft:"251ns (380/0)
rY = ¢ |—.—
104 . CMS, all-jets ~ f——+%+—— B834:25:118+23pb
CMS-PAS TOP-16-013
L, =253f"
108 ) NNPDF3.0 JHEP 04 (2015) 040
) . MMHT14 €PJC75 (2015) 5
10 Profminary CT14 PRD 93 (2016) 033006
Effect of LHC beam
10 energy uncertainty: 12 pb ABM12 PRD 89 (2015) 054028
{not included in the figure) [u,_v(M,) =0.11 3]
%1.1—. . o ° - ° . ° ° c v b b by by
o 1= ¢ L4 400 600 800 1000 1200
09
1,00 1i1b  2,0b  2,1b 2,26  30b  3ib  3j2b 400 _4ib  42b o, [pb]

Event category
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Cross section: multi-dimensional fit

* Dilepton final state
* Simultaneous fit in (Nggitional jet -Nb-jet) Categories

. (~4%)
* Fit of 6,5, and m(top)

0 = 803 £ 2 (stat) £ 25 (syst) &= 20 (lumi) pb
my'~ = 172.33 & 0.14 (stat) 7555 (syst) GeV

CMS 35.91b" (13 TeV)
g 2
Og o &
MMHT14nnlo °

m(m,) = 163.47 GeV

CT14nnlo
m(m,) = 163.30 GeV

L ]

NNPDF3.1nnlo .
m(m,) = 162.56 GeV

ABMP16nnlo
m,(m,) = 160.86 GeV

| | | |
0.105 0.11 0.115 0.12

ag(my)
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All hadronic

EPJC 79(2019)313

CMS 35.9 b (13 TeV)
% 18002— I ].. E
S’) 1600
E 1400;
§ 1200 f
w 1000;
800;
600;
400;
200;
* BR~467% g o™
’ BaCkground Iarge o os” |106 o |200| - I300| | I,'4oo
. ] .
e Selection: 3
— 206 jets + kinematical selection £
i @
— require 2 b-tags
[ J

Main backgrounds:
— hadronic multi-jet
— same selection without b-tag

Data/MC
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Cross sections

+ 4 0/0 3‘ — | T T T | T T T | T T T T T T | T T T | T T T -
I v Tevatron combined 1.96 TeV (L < 8.8 fb” ) .. 7
= e CMS l+jets dilepton 5.02 TeV (L = 27.4 pb) CMS Preliminary Jun 2021
c ™ m CMSeu7TeV(L=5fb" N
imi - MS l+jets 7 TeV (L=2.3 f -
CMS Preliminary o summary, Vs =13TeV  Jun 2021 2 | 7 cws Jﬁgsﬁev( (L= 3353 fZ) b |
------- T o e o 3 2 OV e Tay L Taa )
Secle Uncertckty o) = 01180 total stat D 1030 COMS alljets 8 TeV (L = 18410
scale ® PDF ® o uncertainty o, = (stat) = (syst) = (lumi) g C oA gmg glll 1? Te1\g (% v4(3|_ pb35 %ofgs))
% ilepton e
o C + CMS l+jets 13 TeV (L= 42pb", 50 ns)
Dilepton en + 05 4+ (&) | % CMSall-jets 13 TeV (L =2.53 for b) F i
e at kol I -t e v S 900} :
G>J * Preliminary
, ‘s 102 800F 1—
Dilepton v+e/y 1 —e—i 781x 7 + 62 20 pb S = i =
JHEP 02 (2020) 191L_ =35.96”, 25 ns 1 C C 1
i &) C 700F 1 4
c - . i
- L [ [ |NNPDF3.0 MMHT14] _|
All-jet S NNLO+NNLL (pp) 600'_=CT EABM =
-jets —te+— + + + — — N 14 127 1 —+
CMé-PAS TOP-16-018, L =2531b", 25 ns 834+25+118=23pb = NNLO+NNLL (pp) (= =" ]
10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs[Tev] |
= NNPDF3.0, Mo = 172.5 GeV, ocs(MZ) =0.118 £ 0.001 [+ocs(MZ)=0.1 13]3
L+jets 791+ 1+ 21+ 14 pb /1 | 1 1 ] | ] 1 1 | ] 1 1 | 1 1 1 | 1 1 L
CMS-PAS TOP-20-001, L, =137 fo", 25 ns * Al P 2 4 6 8 1 O 1 2 1 4
Vs [TeV]
NNPDF3.0 JHEP 04 (2015) 040
MMHT14 EPJC 75 (2015) 5 ~
" Preliminary CT14 PRD 93 (2016) 033006 COHlder Otot [pb] Sca.leS [pb] pdf [pb]
: a0 ! 7
: ABM12 PRD 89 (2015) 054028 Tevatron 7.164 +0-110('1-"0/0) "0-1'6'9(2-46'/0) 0
[#tm)) =0.119] —0.200(2.8%) | —0.122(1.7%) | == 3_5 /0
+4.4(2.6% +4.7(2.7%) |—
l | L1 | L1 | [ | [ | [ | I | LHC 7 Tev 1720 —5.8%3.4%% —4.8%2.8%;

200 400 600 800 1000 1200 1400

oy 9o LHO8TeV | 2458 | “4362 | “oiron)
. +22.7(2.4% +16.2(1.7%
=measurements challenging theory LHC 14 TeV| 9536 | T30ies | Dirstion
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Differential cross section

EPJC 73(2013) 2339, arXiv:1610.04191, TOP-20-001, TOP-20-006

 Measure differential cross section q
— Test perturbative QCD 1 Ot
— Test BSM scenarios (Z’ decays, etc) o dX

» Cross sections measured as a function of p, n, invariant
mass of the final state leptons, top quarks, ttbar system, etc.

» Good agreement with expectations

— T e e T T — — —
. 0.008— — . r N
== [ ATLAS+CMS Preliminary Vs=8TeV,Nov2017 | > 0.005 ATLAS+CMS Preliminary Vs =8 TeV, Nov2017 ]
5 O] F LHCtopwG . ) LHCtopWG .
q (.2. 0.007— m ATLAS,L=2031fb" — 9 m ATLAS, L =20.3fb" i
S- - E e EPJC 76 (2016) 538 3 o B EPJC 76 (2016) 538 N
[oX C ! | " . E | R —
z _ | CMS, L=19.7 fb . 0.004 - 1
z E 0.006: : ® EPJG 75 (2015) 542 B © - ¢ (E:I’;'AJSC’ I?s (12%175f)b542 ]
£ v - | NNLO ] = B i
< - | L 3 . — (CT14 PDF) . o) — = NNLO (CT14 PDF) n
30 0'005: | | ug=uo=mi2,m  =173.3GeV — © C =u_=H/4,m =173.3GeV _|
& - i 0.003— Mo =t = Hifd m, —
T2 oy arXiv:1606.03350 3 RS - arXiv:1606.03350 .
:E — 0_0045—_1_J approx. NNNLO (MSTW2008 PDF) —: - L NLO (CT14 PDF) 7
E HH=”F=mwp,mmp=173.3GeV ] C Wwo=u =H/4,m =1733GeV
0.003F . PR 90 (2014) 014008 = 0.002(— arXiv:1606.03350 —
- - == DiffTop approx. NNLO (cT10 PDF) ] - . . —
C wo=u =mg,m =1733GeV J ~ H H -
0002__ JHEP 01 (201”5) ogpz - : Fy ttbar Invarlant :
- . 0.001— t ]
0.001 to ark 3 5 Mass systiem -
= u -—— ] — -1
topquarkpr L - : :
‘i‘ii'?‘l‘i'%i‘i'l‘i'}i‘i'r‘l‘i?'i‘{'?‘??'i‘ _I...I..llllllllllllllww
- E 1.4¢ CMS stat. @syst unc. ] 2| BE e e L L L
« 9|~1.2F ATLAS stat. @.syst..unc . o I CMS stat. ®syst unc.
i c|Ol-et 5} o) r ATLAS stat. ® syst. unc.
I S— S9 &
o2 e T e L L e (= AF —
slZn aF (S - i
e L i R sl= F | | | ! | | .
D O 100 200 300 400 500 © o-5| ! 1 1 ! 1 ! ! ! ! ! ! i T T ! [
a 400 600 800 1000 1200 1400 1600

p; [GeV] m, [GeV]

T‘T\‘I LM vy
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Differential cross section (cont.)

PRD 95(2017)092001, JHEP 02(2019)149

2.3fb7 (13 TeV)
S F CMS  elu+jets « Data
8 r parton level Sys @ stat
a 1 E—'ﬁ‘:’; Stat
Q =
T e
ol & -
N 10 = "’i 5 ¢ NLO+NNLL'
E R NNLO
c —p—
1072
............. R
1 1 1 1 1 1 11 1
5% 1.5 E— § J
£le 1 ;T__;..‘; S, '-w‘='-'__JP SRS vepppyayayepppy==r———
B
0.5 400 600 800 1000 1200 1400 1600 1800 2000
M(tf) [GeV]

» Correct for detector effects and acceptances
« Softer top p; (CMS), agreement in ATLAS at high py cms 3881 (13TeV)

— Due to momentum reshuffling, P.Nason, cern.ch/event/301787 % 1°§ D"Tfi e s ;
- FSR showgr changes mass of final state partqns. light partons b%_(f 14" T - ]
can build sizeable mass, and t/tbar do not radiate oo

— short term solution: consider difference as uncertainty 101; Ao

 Impact on ttH/SUSY/etc searches, tails of ttbar events “ T

* Measure ttbar invariant mass Blg o e
— Rate/shape reproduced within uncertainties ) e

ptT (GeV]
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Multi-differential cross section

TOP-20-006
_ _CMS Proliminary 138 fb™' (13 TeV)
. . . . 5 I~ dilepton, parton ;evel ° Dlata_ dof=6 7
« Multi-differential cross section as a S 107 o rowerps
. . . z C Radad Cooit o aN’LO, y2=35 =
function of top and ttbar kinematics, g e woags
i 30 e e
decay products and additional jets 5 100k powors ors) |
11 - oo [ stat unc. E
« Sensitive to SM parameters m, and og K ]
. 10_4 _ ORI = |
« Total uncertainty reduced by a factor of : -
~2 wrt previous analyses B e
B|s
28 121 6 8 ]
CMS Preliminary dilepton, particle level 138 fb™' (13 TeV) 1 PO atn O O o i 4 ou
e T T — T T T — T T T — T T T Lo & ]
%, 0.002 - 0.00 < |y(t)| < 0.35T 0.35 < y(t) <0.85 T 0.85<y(t)] <1.45 T 1.45 <|y(t) <2.50 | , Data, dof-15 0.8 - . | .
g L 1 o POW+PYT 7' 0 200 400
— X
=0.0015 . - { o FXFX+PYT, y P,(t) [GeV]
!9' L o= 12 A POW+HER, x?=28
'8 ’ 3? Total unc.
L 0-001?’? 1 1 1 -I:Statunc.
- SN oA ™=
0.0005 1 | 4
-
. © e . ! . o !o E‘| A . ! 4-%!"_9._& . ! - n,:-,n i
8|5 1.2 5 o .
alo 0m°nA © om ° P - - - ° A
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Summary

e Introduction on top quark
* Basic concepts on production and decays

* Cross section measurements and relevance to BSM
searches

* Next lecture: " Top quarks as probe to New Physics”
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