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Top: A short story of the quark model

* 1964: Gell-Mann, Zweig, idea for 3 quarks, up, down,
strange (u,d,s)

 1970: Glashow, lliopoulos, Maiani, 4 quarks, up, down,
strange charm (u,d,s,c)

« 1973: Cabibbo, Kobayashi, Maskawa, add 2 quarks, top
and bottom (t, b) to explain CP violation

 1974: Ting, Richter discover charm
 1977: Lederman (Fermilab) discovers bottom
« B weak isospin=-1/2, need +1/2 partner

= There must be a Top quark!
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Searches for Top at e*e” 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 M,
— Prediction upper limit<200-220 GeV
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Early searches at hadron colliders

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

g W’
— Access to much higher energies > W Q—"
— Large backgrounds, low event rates - - b
— Difficult reconstruction: jets y B

1983: discovery of W and Z

ol > 2 jets]
Rule of 3: (a) ¢ |
+ Mass: s/c/b/t 0.5/1.5/4.5 GeV = M,,=15 GeV?
§ 10
1984: UA1 SO
« W—tb—lvbb S e
* |Isolated high-p+ lepton 40
« 2 or 3 hadronic jets 0

MY’ (Gev/ed)
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Tevatron




Searches for Top

« Reached kinematic limit for direct searches at e*e- colliders
» 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)
 Early searches on 88-89 data:
— Dilepton: include ee, uu, e (require missing ET, Z-veto)
—Single lepton: require low pr muon (semi-leptonic b-decays)

= Mt0p>91 GeV N s <q

Change of paradigm: M,,,>M,+M,y
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Discovery of top quark

« Strategy
—dilepton: +2 jets e + 4 jet event _ fitneutrino  jet#3  jet #1
— single lepton: b-tagging A0 A ees  MET |
1) soft e/u: semi-leptonic b-decay TWO jets tagged by SVX

fit top massis 170 +- 10 GeV

2) secondary vertex

e*, Missing Ey, jet #4 from top
jets 1,2,3 from top ( 2&3 from W)

N
«+—\5 centimeters —»
Tevatron

beam pipe

=
e - \ ; 4 3meters —  » \
. Tracking View Secondary
Vertex
New: CDF vertex detector (SVX) <5.|ip2es
(40 um impact parameter resolution) D

powerful discriminant against background
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Discovery of top quark (cont.)

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 /s =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 yield a top quark mass of
GeV/c?. The 17 production cross section is measured to beJ3.9 X%} pb
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SM confirmed by the data

Standard model of elementary particles

Illl’lllllllllllllllllllvlvlllll
Three generations M, | Gfitter group ) ]" 0.0
of matter (fermions) M, 1.4
| I [ L | 0.2
Mz 0.2
mass—| 2.4 MeV/c’ 1.27 Gev/c | |171.2 Gev/c*|l] | O 1 o8
4 o
charge—{24 LA % t 0 'Y o9 15
. had =V
spin—i 15 % 7} 1 R, 0.9
name— up charm top photon A 08
FB
A(LEP) 0.2
4.8 MeV/c? 104 MeV/c? 4.2 Gev/c? 0 A(SLD) 2.0
w |7 d -% -% b 0 g sin’(—):’:'(om) 0.7
E 1% % Y% 1 AL 0.9
8 down strange bottom gluon Ary E— 25
A, 0.0
<2.2 ev/c? <0.17 MeV/c || [<15.5 Mev/c?l| |91.2 GeV/c? A, 0.6
0 V 0 V 0 V 0 ZO R; 0.0
y ¥ € v VL v YT 1 R’ 0.8
electron muon tau boson i, 0.0
neutrino neutrino neutrino - n - 0.0
- b :
(@)
0.511 Mev/c’ | [105.7 Mev/c? |l [1.777 Gev/c? @ . m, - 0.5
@ |1 -1 i 8 Ay (M) i 0.2
c T Q 1 FTTTE YT EY T AT | T T Y
O | % ) (@) 3 2 4 0 1 2 3
=4 =
o electron muon tau 8 (O,, “ Oess) ! Omeas

Excellent agreement with all experimental results
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The top quark

* The heaviest known elementary particle %J QUARK MASSES
. . O
 Large coupling to the Higgs: ~1 —
* Produced through strong interaction: qq, gg 200
 Top decays to Wb: ~100% 17
« Short lifetime: 4x10-2° sec 150
— for my,,=175 GeV=I=1.4 GeV =no hadronization
— bound states are not formed = opportunity to
study a free quark 100
« Large samples of top quarks available 50
« Top quarks are main background for many
New Physics searches ol 001 0

» Precision measurements may provide
insight into physics beyond SM

up
down

strange |" @
charm © =&
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The Large Hadron Collider

* Built to explore new energy frontiers s
—First colliding beams in 2009
— started with “low” luminosity in 2010
—~5 fb-'@7TeV delivered in 2011 s R Pt oo
—~20 fo'@8TeV in 2012 . LHC: \s~7/8(13) TeM
—>150fb'@13 TeV in 2015-2018 e

* re-establish SM measurements
* access to new physics processes

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

"core" tt region, e.g.,
en + MET + 2 b-tags

i1 T

IIIIIIIIIIIIII

IIIIIIIIIIIIII
IIIIIIIIIIIIIII

event selection region

Drawing by C. Campagnari
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Regions hard to explore

tf, production, t,> b f %, /> ¢ X, /t—> Wb, /t—> 1%,  Status: ICHEP 2016

;‘ 600 L I | | L I T T I L I T T | L | | I [
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| i MJ 3.2 1b"[1604.07773] i
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Role of top quark physics

* Top quark physics after the Higgs

. _ N _cms Pr:‘lti::i:::ryJQ‘Jfb", E:Ja:'ev, l+jets -
discovery E P R E
B E 10000; [ ] # unmatched e Data B
— Heavy particle, preferential coupling? i
= ial role in EWSB mechanism? ﬁéﬁ ot o
Specg ole S echanis . : e@;!o o
— Does it play a role in non-SM physics? i PR . M |
— Are the couplings affected? (e et S
V5 [TeV] 05—
— Main background for many NP searches e 197 % (5769
- (¢ q q
o Prog sin op
[ ] [ ] [ ] [ ] L_J I W
« Monitoring of production mechanism t
S + 10 stat. unc. b
. . —— Syst. unc.
* Is there any sign of NP in top . )
. ,? o5 07 o o b
production/decay” o
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How is the top quark produced?

>@M,< <€ Dominant at Tevatron
9 t g t g /
j:ji * jizp< ) }% <— Dominant at the LHC
g t 9 £ 9 F

Predicted cross sections:

Collider Ot [pb] scales [pb] PDF [pb]
. S5% . 4%
Tevatron 7.164 * e 2005 %) M - Tevatron

+4.4(2.6%) +4.7(2.7%)

LHC 7 TeV 172.0 —5.8(3.4%) —4.8(2.8%) ~Q5, ~10%

LHC 8 TeV 245.8 +6.2(2.5%) +6.2(2.5%) gg 0 o
. —8.4(3.4%) —6.4(2.6%)

LHC 14 TeV 9536 Hr e qa  “15%  "~90%

Czakon et al. PRL 110, 252004 (2013)
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Top quark decays

Top quarks (mostly) produced in pairs @ Top Pair Branching Fractions

R\ 46%

ttHjets 15%

1%
T 2
e 2\/8"’ 15%
La vy 5 oo u+jets 15%
'f‘—@’ ‘J;' Qﬁ? \)(y\\}"")ﬂl/ |
v ] LY\ ctiets 15% 7 |
b @ e "dileptons” "lepton+jets™
* Dilepton (ee, uu, ep):
— BR~5%, 2 leptons+2 b-jets+2 neutrlnos sl
Displaced tracks
» Lepton (e or u) + jets
— BR~30%, one lepton+4jets (2 from b)+1 neutrino ~ ***"™& . ——
 All hadronic P"maryvmecx;( "
— BR~44%, 6 jets (2 from b), no neutrinos rommee | -jets always present

b-jet reconstruction plays important role
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Selection of top quark events

| *ATLAS

3 EXPERIMENT

. Trlgger
—single or double

 Leptons:
—e/u, pr>20/30 G

ng"=20 GeV

(isolated) lepton

eV, [n|<2.5

— ldentification/reconstruction
— Tracker/calorimeter isolation

M. Gallinaro -

"Top quarks at the LHC" -

CMSE p riment at LHC, CERN
CMS Data recorded: Thu Jul 9 01:29:29 2015 CEST
¢ |Ru E t 251252 / 85041479
B ( Lum\ sectioni 140

\ |Orbit/Cr@ssing: 36595725 / 2078

\.

AN >

‘\.
mugn
N, jet from W
‘ f b jet

extra jet
utjets

* Jets:
—at least 2 jets, pt>30 GeV, |n|<2.5
—anti-kT algorithm, with cone 0.4-0.5
—b-tagging is optional

» Missing transverse energy:
— Typically require 30-40 GeV

18
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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.

Lp HCAL

] c Clusters
neutl'al ' :
hadron * : detector

<)article-ﬂow H
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...In a challenging environment

CMS Average Pileup (pp, vVs=13 TeV)

Run lI: <y> = 34
2018: <u> = 37
: e N 2017: <u> = 38
L GMS Experiment attHC *CERN 2016: <> = 27
At arafeledsEriiOcs MDA R ST 18 0EQ : =
‘ ;{Dw.ar,ru,or(v_ia’,d;j qroc 26;'%.06.31 2018 CEST 2015: <> = 13
SR UnEventT8253091: 244518
RN SECHOnL]
f
iOv’bttt‘Crossmg_ 121929124056

CMS,

uminosity (pb

ol (13 TeV) =80.0 mb

in

Recorded

2® a0 ® ® 40°
Mean number of interactions per crossing

D
. . = - B e sAR e - T e o e ¢ A . e A - . TS W T — 2 A . )
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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 e
 LHC design is at 14 TeV i i

« Top cross section drops faster than 1 mbp N |10
background processes at lower sqrt{s} [ El-o0sVs
—top o(7TeV) =172 pb 1 Mb:

—top o(8TeV) = 246 pb
—top o(13TeV)= 832 pb

. “ »” ow —»fv) CDF (p p)
« Background is more “flat 1nbl T

O (proton - proton)
I

Events / sec for £ = 10%%cm™ sec”

S
—
e
—

O Higgs
m, =500 GeV

| | | .
0.001 0.01 0.1 1.0 10 100

v§ TeV
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Theory cross sections: TeV vs LHC

Collider 0ot [Pb] scales [pb] PDF [pb]
Tevatron 7.164 fg:%(l,ggjg% igjigggﬁ%
LHC 7 TeV 172.0 ) g
LHC 8 TeV 245.8 +62025%) MoP
LHC 14TeV 9536 R M

Including NNLO+NNLL approximations
PRL 110, 252004 (2013) (M. Czakon et al.)
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Cross section measurement

Number of
Number of background events

observed (from data,

events \ calculated from
N, -N oo
obs  *Ybgd
O, =
E t * J' Ldt
/ \ Luminosity
Acceptance (determined by amount of data,
(eXperlmental.' del‘eCl‘OI’, acce[erator; beam’ etc)

efficiencies, triggers)
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Cross section: multi-dimensional fit

CMS-TOP-16-006

» Lepton+jet final state
» Keep selection as inclusive as possible

» Categorize events according to (b-) jet multiplicity o summary, (5= 1370V Juyz0re
. . . NNLO+NNLL PRL 110 (2013) 252004
------- > ; ———t—
— high-purity vs background dominated My = 1725 GV, ,(M,) = 0.118-0.001
zalmg (:n;gt;lﬂli uncertaint 0, = (stat) = (syst) = (lumi)
. . . @ ® ay y i ® *
— Constrain systematics (JES, ISR/FSR, modeling, etc) oM diony :
P s o0 T 74656532 36p0
« Combined fit of M, to signal and backgrounds w0
. . CMS, dilepton eu * g 793+ 8+38=+21pb
* Precise cross section measurement cus 157060 0 s
"
€ ) CMS, I+jets * p———t8+——— 836227 x84 =100 pb
9100000000 CMS Preliminary 2.3 pb™ (13 TeV) ® o B R CUSPAS TOP 19005
w Muttiboson |:| w |:] oY Lo =42pb7, 50 e
10000000 [« [ Mmutiets (cata) [ =
= gryssﬁgjféi:s s H—i 835+ 2+23+22pb
1000000 L,,.=2.3fb'. 25ns (380/0)
CMS, all-jets ~
’ 1t *
100000 el o 834 = 25 = 118 = 23 pb
w2808 NNPDF3.0 JHEP 04 (2015) 040
10000 i '
- . , | " MMHT14 EPJCT5 (2015)5
1000 [RSSEY CT14 PRD 92 (2016) 033006
Effect of LHC beam
energy uncertainty: 12 pb ABM12 PRD 89 (2015) 054028
{not included in the figure) ) [u,v(M,) =0.1 13]
100
o D e | | L1 1 I | I | I | | | | 1 1 1 I 11
g ........... 400 600 800 1000 1200
08=55 1t 2,0t 2,1t 2j,2t 3,0t 3t 3,2t 4,0t a1t 4j,2t Oy [Pb]

Event category
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Cross section: multi-dimensional fit

arXiv:1812.10505

* Dilepton final state
* Simultaneous fit in (N,ygitional jet :Nb-jet) Categories

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

oz = 803 & 2 (stat) £ 25 (syst) £ 20 (lumi) pb
my'~ = 172.33 £ 0.14 (stat) "5 (syst) GeV

CMS 35.9fb" (13 TeV)
g =
Og e &
MMHT14nnlo } °

m,(m,) = 163.47 GeV

Data
Pred.
o
b4

CT14nnlo °
m(m,) = 163.30 GeV

Events/ GeV
»

NNPDF3.1nnlo ‘ °
m(m,) = 162.56 GeV

S|g12e
2
St oal

30 60 80 100 120 140 160 180 200
Additional jet p_[GeV]
Obtags 3add. jots (')  ISOM'(13TeV)

ABMP16nnlo PR\
m(m,) = 160.86 GeV

1 | ! |
0.105 0.11 0.115 0.12

M. Gallinaro - "Top quarks at the LHC" - ENHEP2019 - Cairo - Jan. 26-31, 2019 os(my) 25

%0 60 80 100 120 140 160 180 200
Additional jet p_[GeV]



Cross sections

+4%

M. Gallinaro -

"Top quarks at the LHC" -

ENHEP2019 - Cairo - Jan. 26-31, 2019
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....... NNLO+NNLL PRL 110 (2013) 252004 5 . oM e}71 geT\g{/L(L 305 1) P
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. eu 13 Te 2.2 n
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CMS, l+jets 4 0t
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| | L1 1 | L1 1 | L1 1 | L1 1 | L 1 1 | L 1 1 | LHC7T€V 172-0 —585’34%% —4 8%28“/2%
200 400 600 800 1000 1200 1400 T (0 B0 ‘ 5(0 50
o, [pb] ‘ —8.4(3.4%) | —6.4(2.6%)
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Differential cross section

 Measure differential cross section 1 dUtf

— Test perturbative QCD
— Test BSM scenarios (£’ decays, etc) O+t 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

— s B e B B B W= — — T ——
. 0.008— — . - ]
> [ ATLAS+CMS Preliminary Vs=8TeV,Nov2017 | = 0.005 ATLAS+CMS Preliminary Vs =8TeV,Nov2017 —
) - LHCtopwG . ) LHCtOpWG N
(.2. 0.007— m ATLAS, L =203 fb" — g m ATLAS,L=20.31b" ]

e C R EPJC 76 (2016) 538 3 e = EPJC 76 (2016) 538 ]
[oX C : 1 1 . E | R |

C CMS, L=19.7 b 7 0.004 = 1

o 0.006- : ® EPJG 75 (2015) 542 ] © r ° EMS (12%175f)b542 7
o] C | | —— NNLO (CT14 PDF) - = - — =
S 0.005— | 4 Wo=u =mJ/2,m =173.3GeV -8 - NNLO (e o .
o) = ' i o 3 0.003— w, = u_=H/4,m =173.3 GeV ]
2 E | arXiv:1606.03350 - L B v -

F- 4 - < arXiv:1606.03350
— 0.004 _—_'_I approx. NNNLO (MsTw2008 PDF) —] — - . NLO (GT14 PDF) -
- | N - 1=, =Pl m, = 17336V
0'003: :"—"I - .= DiffTop approx. NNLO (CT10 PDF) T 0'002__ arXiv:1606.03350 ]
: Mg =M. =My, m =173.3GeV ] * 1 1 n
0.002 - JHEP 01 (2015) 082 ] B 3 ttba r I nva rl a nt :
- ] 0.001— —
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Probing the Wtb vertex

PRD 85 (2012) 112007, PLB 739 (2014) 23

Dileptons with taus

* cross section measurement including ts I, q
* Includes only 3" generation quarks/leptons @ —,
\%
 Syst unc: tauld, fakes j ™ g
t _~
Channel Signature BR
Dilepton(e/u) | ee,uu,epn + 2b-jets 4/81 b
Single lepton | e,u + jets + 2b-jets 24/81
All-hadronic | jets + 2b-jets 36/81 <, 1200 A R BT
8 - CMS —+— data .
Tau dilepton et, ut +2 b-jets 4/81 o 1000 E:{‘;Qg‘s
B DY+diboson
Tau+tjets T + jets + 2b-jets 12/81 > [ n single top ]
+ 800} / ) misidentifiedt, _|
OC) R 777 total uncertainty -
o ]
L

600}

* If top quark plays special role in EWK symmetry
breaking, couplings to W may change

« Charged Higgs may alter coupling to W
« Search for final states with taus: charged Higgs

400}

200}

100 150 200 250 300 350 400 50
mtop[ eV]
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Looking at tau decays

CMS-HIG-12-052

g@mmw:——\\ Vr

7+ — hadrons

71+ — hadrons

gwmmmz—-—\\ Vr
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Charged Higgs

PRL119(2017)141802, PRL120(2018)081801
Higgs sector in MSSM contains two scalar
doublets:

5 physical Higgs bosons
— 3 neutral: CP-even ¢=h,H CP-odd A
— 2 charged H=*
Charged H: If found, a clear indication of BSM
« H* -W=Z: three lepton (two OS on 2Z)
« HE*—(*{*Z: same-sign leptons

' CMsS 15.2 b7 (13 TeV
i | 120" (13TeV) e o DT .. A — L5 Jov)
b4 IR I ERIESE AR Tl = TT I T[T I T[T IT T[T T [ TITT[TITT[TITT[TT7T1] &) A
< | - Data VW CMS g
L%" 60 | Z#" Nonprompt T ;.\300__ Observed CMS —_
A — m(H)=700 GeV, 5,=0.7 < | - Median expected Preliminary |
‘Wz Stat. @ sys. uncertainty | % Expected £ 16 i
B 1 1 Expected + 26
"8 4 200 -
L ] g B
i : 1 @ ES
I x%;\\\\‘ 1 = | \.'\.
201 2 lF S
_ T ] &
- . 0.2 J*x20
0 — : : [ I(HYm(H) > 0.1
0 500 1000 1500 2000 ||||]I||II|I||I|||IIIIIIIIIIIIIIIIIIIII 0.1 - - ~ l = - ~ l - - - l - -~ ~
200 300 400 500 600 700 800 900 10C 200 400 600 800 1000
m, [GeV] M, (GeV) m(H*) [GeV]
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How does a top quark decay?

W +
Vi

b

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

e 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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Cross section in the R measurement

N.Cim. B125(2010)983, PLB 736(2014)33

* Measure R:

* Dilepton final state

R =

BR(t — Wb)

BR(t—>Wq)

|2
tb

t

o (tf) = 238 + 1 (stat.) = 15 (syst.) pb=6%

[lVw| > 0.975 at 95% CL|

- - -4
CMS, ‘g=8Tev' .[Ldt: 19.7 fb.1 < 3 CTMSI’1 ngl IBIT?Y’I'[ITTdtr T ]1?.T7rf?l T T
‘g 12000 F— | | . (@)) B ) [ T T T T ]
5 - ee events | uu events | 2lets ey events o r Z 30000 e
w — e Data I I l - 2 25000k —o—I_._
e e T . | = 251 W
C . | " a 20000
8000 - [] Single top quark | | i\ 15000
- Z— |l (data . ! i b
- J (data) ; | ' 2—\ 10000F—®
6000 — DVV I 1 3jets L\ ]
- EAWw, multiets, other f | | [\ 2000k —— 1
4000 |2 €18 2ot I -\ R R R S S
- I 1.5~ \ b-tagged jet multiplicity /-
: i 4 jet -
2000 3jets 3jets os i \\ == combined //
— 4 jets 4 jets 1 \ “““ ee /
012340123401234012340123401234012340123401234 i
b-tagged jet multiplicity IR = 1.01 & 0.03 (Stat + syst.)l
0.5
81.2 Nheererenrenns AdNeessesstrnfofeessestensesestenneneestensensesaennesnsnn
E ! W\ g\*\'&*m&* ok \u_l
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Top quark mass: why do we care?

> AR m, world comb. = 1o !
- Top quark mass is a fundamental g 805 [ B fiwioM, andm messurements | | Roomeme™
fit w/o M, m and M, measurements | | —°=076© °-52mm’ GeV

parameter of the SM

I direct M, and m, measurements

T Illllllllllll

80.4 ..............................................................................
80.35 |ty 0365 - 0.015 Gev
omy,<clog my, .
80.3 —
* Precise measurement needed for checking g F & %
. F et W T
consistency of the SM I I

» Top is the only fermion with the mass of the order of EWSB scale

* Discovered Higgs boson fits well with precise determinations of m,, and my,,
 Other properties (EWK coupling, production asymmetries, etc.) are predicted by SM

* Precise measurements could reveal breakdown of SM
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Precise mass measurement

arXiv:1509.04044, EPJC78(2018)891

L CMS _ Lepton-jets, 19.7 15" (8 TeV)
» Select lepton+jet final state o '2000F mlicomecr ' EHSindlet " T

[ [ ttwrong

(D - =
— Best channel to measure my,, 1o 100005 CI8 unmatched =GB e
. . g 8000:' After P_, selection ]
— well defined final state (1 lepton, 1v, 2b W) 2 coool fitted top
* Select ttbar events: hadronic decays (my,,, my) g 4000} '
o [
 Kinematic fit: constrain W mass, top-antitop masses ,‘L}m;
O -
— In-situ JES calibration _- S I T
© el R l e
* Measure m,,, and JSF -7 o % Ho0 a0 a0 400
-~ + fit [GeV]
-~ ” I m
CMS Lepton+jets 19.7fb"' (8 TeV)
> 250007 ] - v
) [ -ticorrect ‘mm Single t ]
[ ttwrong =£+£;s ] /
1 20000 [Clttunmatched [—QCD multijet ]
~  * Data () Diboson 1/
g 15000 _ After P__, selection _‘
5 | fitted W | |
310000 ] I
E | mass |
L 5000} 1\
: 1\
(@) ey LT
% 1-51 \ +0.3%
EE R e
0 50 100 150 200 250 300 my = 172.44 = 0.13 (stat+]JSF) & 0.47 (syst) GeV
reco [GeV]
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Top quark mass results

CMS Preliminary

e accurate (~0.3%

measurement

@ Recognized by European Physical Society

CMS, Vs =7 TeV
CMS 2010, dilepton
JHEP 07 (2011 =36 pb!

CMS 2011, dilepton

EPJCT2 (2 ot

CMS , lepton+jets
JHEP 2) 105, L=5.0 1"

CMS 2011 all-jets.
A sat

CMS combination
wioL=50 "

n combination
ov. D 86 (2012) 092003, Up to L=58 "

volume 74 -number 4 - april - 2014

Particles and Fields

\7‘2 50 +0.43 + 1.48 GeV
(valu

03 GeV
173.49 + 0.69 £ 1.21 GeV

17354 110.33 +0.96 GeV
a

(valuo £ sta

173.18

(valuo £ s

175
m, [GeV]

@ Springer

March 2018

ATLAS+CMS Preliminary Mygp SUMMAry, Ys =7-13TeV
LHClopWG
"""" World comb. (Mar 2014) [2]
stat total stat
total uncertainty My, * total (stat + syst)

LHC comb. (Sep 2013) LHCtopwa 84— 173.29 + 0.95 (0.35 + 0.88)
World comb. (Mar 2014) H*H 173.34 £ 0.76 (0.36 * 0.67)
ATLAS, I+jets —H—=—tq 172.33 £ 1.27 (0.75 £ 1.02)
ATLAS, dilepton —f——t 173.79 + 1.41 (0.54 + 1.30)
ATLAS, all jets FH—=—— 1751+ 1.8 (1.4 £ 1.2)
ATLAS, single top Pt 1722 +£2.1(0.7 £ 2.0)
ATLAS, dilepton H-=3 172.99 + 0.85 (0.41+ 0.74)
ATLAS, all jets = 17372+ 1.15 (0.55 + 1.01)
ATLAS, I+jets = 172.08 + 0.91 (0.38 + 0.82)
ATLAS comb. (m:";;) H+H 172.51 + 0.50 (0.27 + 0.42)
CMS, l+jets o e 173.49 + 1.06 (0.43 + 0.97)
CMS, dilepton —t= 172,50 + 1.52 (0.43 + 1.46)
CMS, all jets —t——— 173.49 + 1.41 (0.69 * 1.23)
CMS, I+jets HetH 172.35 + 0.51 (0.16 + 0.48)
CMS, dilepton —et 172.82 +1.23 (0.19 + 1.22)
CMS, all jets HeH 172.32 + 0.64 (0.25 + 0.59)
CMS, single top H—H 172.95 + 1.22 (0.77 + 0.95)
CMS comb. (Sep 2015) HH 172.44 £ 0.48 (0.13 £ 0.47)
CMS, l+jets — 172.25 + 0.63 (0.08 + 0.62)
CMS, all jets e 172.34 + 0.79 (0.20 * 0.76)
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NNPDF3.0
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W boson polarization

arXiv:1612.02577, PRD 93(2016)052007

* W bosons can be produced with left-handed, right-handed, or
longitudinal polarization

» Top decay vertex in the SM is characterized by V-A structure
— Fractions of polarization states are well predicted

« Can probe by measuring the angular distributions of the W
boson decay products %

* New physics could alter the polarization

H*
b t

N

19.8 b’ (8TeV)
00 CMS

1—

0.9 -~ Standard Model

o8 —— Longitudinal . N W single top
' —— Left-handed < 3000 Bov4jets
0.7 £ B ultiiet
Right-handed < 2500
0.6 @
$ Eo.s 5 2000

oaf Fo ~0.7; F ~0.3Mgz~0

g1

o
A ) - | Y 3,
-1 08 -06 -04 -02 0 02 04 06 08 1 (2) i

| 1 1 1 1 I l 1 | | —
. -08 -06 -04 -02 0 02 04 06 08 1
coso Leptonic cos(0*)
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Spin correlation

PRD 93(2016)052007, ATLAS-CONF-2018-027

 Important tool for precise studies

* Top quark produced are not polarized
— ...but spins between quark and anti-quark are
correlated
* Top quark decays before spins
decorrelate

— It decays before hadronization (1~10%°s) =
spin information transmitted to decay products

— No need to reconstruct full ttbar system
* Spin correlation depends on production
mode

* |t may differ from SM expectations
— Decays to charged Higgs and b quark (t—H*b)
— Other BSM scenarios

1/c dc/dlA¢‘+‘_|

Data/Simulation

0.5

0.45 |-

0.4

0.35

0.3

0.25 -
1.05 F

0.95
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l I I

Tl[llll]lll

|

13 L2 T l T T
NLO SM
NLO

no spin corr.

- agreement with SM

o

e Data
--MC@NLO

19.5fb™ (8 TeV)
e
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How else is Top produced?

PRD102(2009)182003, PRD81(2010)054028

 Single top quark production

t-ch s-ch Wit-ch
q q b W
q
w w f
b t
g 5 ! g t
5(13TeV) = 217 pb 10 pb 72 pb

Resonance Production?
Top Color-Assisted Technicolor
OR
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Probing top quark production

e Differential measurements

— Testing QCD, measuring properties, searching for new physics, ...
— Function of kinematics, global variables, associated production

* Increased sensitivity: top quark pairs produced at rest
-0 (M>1TeV at 13 TeV) =8 x s(M>1 at 8 TeV)

= Unique opportunity to probe boosted production at 13 TeV

partially merged,
boosted W

un-merged fully merged

for AR~1.0

< 200 GeV 200 - 350 GeV
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Boosted topology

JHEP 1209(2012)029, TOP-16-013

Merg‘ed Jet Eit‘;z glgcen\r,r,\?nanhl 2 :\TOP Jet :4 “:.‘ % 160:—| éMSI RS L I I I '2.53Df:ta(13|Te\2

W jet (Lg 140;_ Preliminary %(S)'ggal
7 \ @ 1200 S NFit Unc.

B : Type 1+2 qc) 100F ;

@ gof ]

V 60; E

‘ g | 40" ]

Mass jet ~ Mtop j 203 —

I 1
L Jet 2: Jet Pruning = 05 B
e pt 484.3 GeV/c, 3 og s \
mass = 68.8 GeV/c2 S TR
Jet 2 + 3: Mass = 167 § 0 20 40 60 80 100120140160180200
Jot 1 : Top Tagging see also CDF note 10234 Lead. jet lead. subjet mass (GeV)
gtsiat)?é:scevtc. v 2,53 b (13 TeV)
N T T T T T T l T T T T T T T T | T T T T
'mass = 186.7 GeV/c2, —_ X <, 250 'cMs g i eData ]
minMass = 87.2 GeV/c2 |£Z) tt—l [ Preliminary [Signal
g : JjQcb
2001 SFit Une.

* At high energy, particles produced beyond threshold
« All-hadronic topology

— Top pt boosted, jets are collimated
— Decay products and FSR collected in a “fat” jet

* Look at jet substructure
* Measure mass (no neutrinos)

150}

Events /5 GeV

100}

Bz sl
W[ ]

100 150 200 250
Leading jet mass (GeV)
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Boosted topology

* In many models there is high potential to discover new physics in the top sector
in search for heavy resonances

pp — X — tt

» Simple approach to merge neighboring jets

Profon

hlgh pT hlgh pT

Jets \ ‘4— ‘ ->‘/ Jets

Proi'on

Merged Jet
Mass jet ~ M
A

top

* At LHC energy, EWK scale particles produced beyond threshold
« Jets are highly collimated
» Decay products and FSR collected in a fat jet
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Jet/Event selection

 Locate hadronic energy deposit in
detector by choosing initial jet finding
algorithm

 Impose jet selection cuts on fat jet \
— Recombine jet constituents with new algorithm (I) ° N
— Filtering: recombine n sub-jets min d(i,)) o
— Trimming: recombine sub-jets with min p;

®
« Minimum distance between jets is R o ° @

|
0/
.

@
)
0
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Boosted topology: Top

» Highly boosted top: three
hadronic decays of the top are
merged in one top jet

-
s

Saw-c " t t
* Moderately boosted top: three =S
hadronic decays of the top are ol
merged in one W jet plusand '~ ' Type [+2

one b jet candidates
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Top quark pair resonance

CMS-B2G-17-017, EPJC78(2018)565

Ayl > 1 0 2btag 36 fo! (13 TeV)

Events

* No resonance expected in SM @

* Why is top so heavy?
— new physics?
— is third generation ‘special’?
« Search for massive neutral bosons
decaying via a ttbar quark pair

« Experimental check

— search for bump in the inv. mass spectrum 36 fb' (13 TeV)
— progressive loss in reconstruction ability 'c CMS  eponets
due to jet merging _ Prefiminary —— Dilepton
o 3 —— Combination

— reconstruct My, .. in different categories o< | — RSGuon(ox19

\
C
0y, % Blg,,~t) [pb]
o

(e/u, n-jets, n b-tags) G -9 s |
v /] o ;—
— |+jet events: full event reconstruction ey E f
C ey : - T101
— Subdivide in categories 3
2102
10_3;_....|....|.,,.|‘...|....|

ngrew
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ttbar+Higgs

» {tbar produced in association with H
—ttbar provides a “clean tag”

» direct measurement of Higgs couplings

I I lll]] l I l]lllll[lll]]llllll[ ll]%
,5102 = M(H)= 125 GeV =2
- —
= f ] o0 acp N2 = i
- N3 ik
+ —
- . £
2:. i W/:
~a
Q | ‘ W
© 1 | L wHNO qeo+NOEW) 1 ——
— p—"

TTTTTT

T

Cross section for ttH at the LHC: 107 R
013 pb (8 Tev) y ! \ E
061 pb (14 TeV) / .-;j,'_'ff,ﬂ'.'ff,i'.'_',iﬁﬁ i

o(ttH) ~1% of total Higgs cross section &7 8 3 90 11 12 13"/'_"1[4‘ \1/;5

s|le
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ttbar+heavy flavour
arXiv:1411.5621, PLB776(2018)355
» Study rate of ttbb: o(ttbb)/ o(ttf7)

« Anomalous tt+jets could signal BSM
final states

* First direct measurement of typical bkg

to top-Higgs coupling
—Irreducible non-resonant bkg from ttbb T Mk =I§Lo':he,s =§'+',‘2t'§t _

* Improved theoretical understanding of mlcc V. tbam 3
ttH(bb) crucial to ttH and NP searches

‘ O/ T = 0.022 + 0.003 (stat) = 0.005 (syst)‘

b o(ttbb)=4.0 & 0.6 (stat) + 1.3 (syst) pb

Number of b-tagged jets
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Higgs couplings to top quarks

PRL 120(2018)231801, arXiv:1806:00242
* Direct study of Top-Higgs Yukawa coupling
 Study tree-level coupling of Higgs bosons to top quarks
» Explore all accessible Higgs decay modes
« Combination of Run1 and 2016 datasets g
* Independent analysis of different final states (WW, ZZ, vy, tt, bb)

5.1fb™" (7 TeV) + 19.7 fo" (8 TeV) + 35.9 fb™ (13 TeV)

2]
5 i) o £ Background T Ao/
> i i )
L i Supplementary [ Uncertainty Lo e SM expected ]
10° o tH (u=1.26) 30 —13TeV .
E ttH (u=1.00) - 520 —7+8TeV ' ]
10°F %97
10°F E
107} N AT
10F S -
1:A ! | | | el SN Y VS N LS 30]]
o L A DL A B B BRI LI R C N ]
= 2.5F * E C e b
m , I | R 0 N S 207
— 2.0:— 3 - ]
8. 1.5F J— E C . - g
O 10 b Acl L nel L nen 1 I=‘ ! .‘. | ... PRI I I 3:
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 ttH

Iog1 (S/B)
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Event selection

* Improve sensitivity ‘ |

thanks to progress in bWe—biasd [l ot
data analysis strategies = et
that use advanced e 4
algorithms Z e

g b-jet.\

* Analysis workflow more
efficient thanks to >
compressed data format A 1 \e-
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Observation of ttH

PRL 120(2018)231801, arXiv:1806:00242

» Use several event categories

+0.31
 Establishes directly tree-level coupling to an ,utfH 1.26 —0.26
up-type quark

511b" (7 TeV) + 19.7 fb " (8 TeV) +35.9 1b ' (13 TeV) = I— — : : , -
® Observed C .
CMS w— 0 (Stat O syst) & O 9—_ ATLAS =
= . _— 0 (syst]' f ~ME ]
AHOWW) i ——— — *20 (stat @ syst) = 0.83— Theory (NLO QCD + NLO EW) E
tfH(ZZ'} - % 07;_ ist ) CIJyombmed data _;
2 © - =
i : 0.5 =
fiH(T ) [—e————— - :
- 0.4+ ]
tH(bb) ————— 0.3E -
748 TeV D —— - E
- : 0'25 Vs=13TeV, 36.1-79.8fb" ]
13 TeV - 0.1 = s= 8TeV,20.3fb" -
C b d ? O: | | | I 1 | 1 | | | | | 1 | | 1 | | | | | :
omaine A ; aagaada g g gl e g aadl e s s s blasaalaaag 6 8 1 O 1 2 1 4 1 6
-1 0 1 2 3 4 5 6 7
s [TeV
ttH [ ]
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Consistency with SM

JHEP 08(2016)45, CMS-HIG-15-002, ATLAS-CONF-2015-044

: — >ls e -
Z [ ATLAS and CMS CH-yw g |> 'f ATLAS and CMS
“'3_2 3["LHC Run 1 (Hezz ] \é LHC Run 1
: S |
L
- > 107'F E
ol Elm .
1-_ ] 10_2_ E
! ¢ ATLAS+CMS
ok ] 0ok, £ T SM Higgs boson |
I — [M, €] fit
) = - [ 68% CL
AT (odsm - (B )sm i ) [ ]95% CL
:—68°/IoCL + Bestfit + SM expected ] 107 o o E
— 0o 1 2 3 10" 1 10 102
u! Particle mass [GeV]

VBF+VH: boson in production
ggF+ttH: fermions in production
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ttV production (V=y,W,Z)

 Large datasets give access to rare tt+W and tt+Z processes
* ttZ: direct probe of top-Z coupling (new physics?)
« ttW: important background to NP searches

» Use multi-lepton final states
— 2 same-sign charge leptons, 3 or 4 lepton final states

M. Gallinaro - "Top quarks at the LHC" - ENHEP2019 - Cairo - Jan. 26-31, 2019 51



ttV production (V=y,W,Z)

arXiv:1808.02913, JHEP08(2018)011, JHEP10(2017)006

» 10* CMs 35.9 b (13 TeV) * CMS 35.9fbl'(13TeV)

. T T T T T T T T T §2] , i

 Measurements gives access 3 f sData iz mEW mwz 5 3qf $Data 2 W22 ]
ke B t(t)X Rare /Nonprompt w t®X 1 Rare I Nonprompt

to EW couplings of the top 0 g o L 4/leptons -5

E . o
. ] - — - . .
25000 19.7 tb" (8 TeV) 10- ¢ ;l -
= CMS { Data E :
Elggg elu+ets Isolated photons C 3 Iep.tons
oo e R
1200 ]
1000 _ CMS 35.91b" (13 TeV) 8
tty i 1'6__ * 1tV best fit = iV theory [1] EJ 7_ HW theory
TS 20GeV 48 [ — 68%CLcontour ~ ef
RU RGN pT > 1.4L — 95% CL contour i: __________________________
= Combine 3- | i
I i o NN\ AN and 4-lepton 12 [
Q0% % 4 6 8 10 12 14 16 18 20 final states : R S
Photon charged-hadron isolation (GeV) 1= .
i f] ttZ theory
Measure o(tty)=127=%x 27 fb N ¥
o(pp — tyj)B(t = uvb) = 115 + 17 (stat) £ 30 (syst)fb
PR ST SR S (T SN T SN SN TN ST SN AT SN S W

02 0.4 0.6 0.8 1 1.2

= Consistent with SM predictions 4080 et
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ttV production (cont.)

ATLAS-2018-047

ttZ cross section [pb]

2240 F 7

o(ttZ) and o(ttW) simultaneously S0 MAShelien  eDaa  miz
. . 200 E= 51.7.6j2b (post-it) + :
measured using multi-lepton events 160 o oy
BDT used to suppress backgrounds 120
[ L] L] 100
Systematics suppressed with fit B
HS L N B AL L B Zg
1.6~ ATLAS Preliminary * ATLASbestfit — 0
| (s=13TeV, 36.11b" — ATLAS68%CL | 'g 1SE
1_4:— ----- ATLAS 95% CL _: ::g ! : ;
e = NLO prediction  _ 8% 5<% 7 7 o o2 07 06 05
1ol N _ BDT output
! i Coeflicient Expected limits Observed limits
i - at 68% and 95 % CL  at 68% and 95 % CL
- ] (CS) — Coo)/A? | [-21,19],[-4.6,3.7] [-1.0,2.7), [-34,4.3]
08 - Cot/ A2 [-3.8,2.8],[-23,5.0] [-2.0,3.6],[-27,5.7]
[ e ] Ces/A? [-8.3,8.6],[-12,13]  [-11, 10], [-15, 15]
oo o Cow [ A2 [-2.8,2.8], [-4.0,4.1] [-2.2,2.5],[-3.6,3.8]
0.4 l l0.6l 0.8 1 - ‘1.21 l l1.4l I l1‘6
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Top-Z coupling

CMS-TOP-18-008

« Small production rate (~50 times
smaller that that of the Higgs boson)
and large backgrounds

 Formidable challenge

CMS Preliminary 77.4 10" (13 TeV)
[T T T T T T T T T T ] T T T T ]

T T
¢ Data [ tZq

m
-
o [ Wz [] Multiboson
S | mmtiz [ tiAX
€ [ Xy © [ ZZH
o) 100~ [ Nonprompt e/u Total unc.
> i
L
CMS Experiment at the LHC, CERN . N
: ‘ Data recorded: 2016-Aug-15 01:00:30.361728 GMT 2-3 jets, 1 b-tagged |
% *! Run/Event/LS: 278822 / 837399836 / 484
50
O B
'8 15 _ ‘[ IStat.unc. [ | Total unc. _
$ bbbt g
© O
()]

)1 05 0 05 1
BDT output
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Lepton Flavor Violation in Top decays

ATLAS CONF-2018-044

105 ?I Ll Ll Ll I Ll Ll Ll I Ll Ll 1 ] L] L] L] [ L] L Ll I I I I
- ATLAS Preliminary ® Data  _]Non-prompt
« Charged LFV would be - 5-13Tev. 708" [ IWZ Wz

evidence for BSM 1o* - Signal region [l Others Uncertainty

t - g witht = {e, i, 7)| .|

Events

e Search for trilepton events
« Set limits @95%CL.:

Bt — ££'q) < 1.86 x 107>

E 15
o
-~ 125 T
§ 1 s Wciinssipns ..~‘¢¢-+++ -------------------------
0.75 L L L e A L L
-0.6 -0.4 -0.2 0 0.2 04 0.6
BDT discriminant
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Flavor Changing Neutral Currents

» Expect small signal from SM
..but signal may be large in BSM models

Final states: ' SM: tZq
Wb q q _ _ q
“\’Pﬁ ) f / T T
> o , it .: :\ 0\“6 W
: PE’ Xy
/ ﬁ\’ .' &J wg l\ b t
r+ | AT : © V) /
W ¢ - ) \Q@Q:; // 7 |
g v :J;ooormom)(\‘\\ . q — q
Couplings: § “\ .
t—’UQ t_’UH t—)ug, t—}cg . > W:
t—cg t—cH t—uzZ, t—cZ t—tZ
Ogg—>t X B(t — Wb) < 3.4pb B(t = Hc) <0.40% B(t = Zu) < 0.022% SM o(tZq) = 10757 fb

Ogg—t X B(t — Wb) <29pb B(t = Hu) < 0.55% B(t = Zc) < 0.049%
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Top quarks and rare decays

arXiv:1711.02547, PLB779(2018)358, EPJC78(2018)140, CMS-TOP-17-016

« Heaviest fundamental particle
« Study naked quark, decays before hadronization
 Strongly interacting with EWK sector and Higgs

« Anomalous couplings: Wtb vertex may include BSM terms

, ©[pb]
a'\) —

-
o

Prodgction Cross Section
o

—
<
N

—
S
w

o
W

. &
4%
107" &
)

June 2018 CMS Preliminary
@ 7 TeV CMS measurement (L<5.0fb") CMS Preliminary 95%CL upper limits <—@
, [1) JHEP 02 (2017) 079 [2) arXiv:1712,02399, sub. to JHEP
B  8TeVCMS measurement (L<19.6 fb) March 2018 3) JHEP 04 (2016) 035 (4] JHEP 02 (2017) 028
[5] CMS-PAS-TOP-17-017 (6] JHEP 07 (2017) 003
Theory prediction B Eaeh it assumes that Theery predictions -—SM 2HDM(FV) [[]2HDM(FC)
- . L CMS 95%CL limits at 7, 8 and 13 TeV all other Processes are 260 from arXiv:1311.2028 HMSSM [_]va DRS
E
t—Hc | I —e
t—Hu —e @
W
t—yc —9 13
. # & t_’YU PEY 3]
S 4 - L

—_ t—gc «—@ [4]
A t—gu «—9 14
-z | P
1 t—=2zu «—9 (6]
O L [N RPN N NN RN NN RSN etetrtsl Mt IR NS NP MR |

E -16 -13 -10 - -

10 10 10 1077 107 0" &
Branching ratio ©
ty ' 12Zqg ' #Z "ty "uw " uH " H T ot ]
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Scalar top quark

- SUSY is one plausible extension of the SM )2(1)
e due to the heavy top quark, mass splitting between t ,
and t , can be large, such that the lighter stop t ; can X1 A
be even lighter than the top quark W_‘—/_'
» Decays dictated by mass spectrum of other SUSY o similar x R4
particles signature as in 57
ttbar ;
* Light stop:
mg, S my

T— byt — bW)??

* Heavy stop:

t—>t —>bW

t—)tx
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Top and SUSY

EPJC 74 (2014) 3109, arXiv:1603.02303, SUS-16-002, JHEP10(2017)019

Preselection —®— Data
[ 1/ top
3 i u
[C] W+jets
I rare
- t7] (650/50) x1000

 If SUSY exists and is responsible for solution
of hierarchy problem, naturalness arguments
suggest that SUSY partners of top quark
(stop) may have mass close to m,,, to cancel
top quark loop contributions to Higgs mass

Entries / 25 GeV

f— t)?? — bW)'Z? “heavy”
f— by — bWk} | light’

100 150 2000 250 300 350

Emiss [GeV]

) Sma” predicted CrOSS SeCtion . Gootllp (?lt :TTf.f\x./.tT. ?(I/:T‘V\llblxl/ltit‘xl | ‘S.t?t?s|:|.CxHF.F"2?1.6 S — .1.9.7fb (8TeV)

o} L ATLAS Preliminar 1s=13 TeV a - CMS — Observed +1o,, E

— for 175GeV: 40pb@8TeV %{_ : —?ﬁtxu»waxy wua-zfg‘{ggNF-zme-owi §J 4 -~ Expected .

= £ o e L 195 1 looN 201676 ERCEY: W Expected +oy, &

¢ Stop pall’ prOdUCtIOn XOXO B ! : o, MJ 3:21b“{?e§())4-07773] ! % 3'53 Expected +20,,, ]

Ll 1 1 . 0__ — \s=8TeV,20fb" Run 1 [1506.08616] h S’ 35_ —]
—similar to ttbar lepton+jet and dilepton ch. | —Omwed"mﬁi RS e
—additional MET from neutralinos wb 1E of
. . C vff/ By 2 g
» change in ttbar cross section ol i VR
> ‘;"\,‘ S 1R

1001 o . ® 05k _:

- e , ' T 1), mE) =1Gev ;

ol Wih q150| - I16|0 - |170I - I180| - |1$I30 ' 200
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i [GeV] m.[GeV]
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Top and SUSY

EPJC 74 (2014) 3109, arXiv:1603.02303, SUS-16-002, JHEP10(2017)019

. . . . CMS 35.9fb” (13 TeV)
 If SUSY exists and is responsible for solution 2 ostiopton B8t cotrom |- e eooso0) | | e e O
L%:w BEZ-w 2 Total uncertainty - T b7*(600,300) BNZ8 1 o0
A ’ “mod ’

B - ¢+ Data - T 79/ T b¥; (600,300)

of hierarchy problem, naturalness arguments
suggest that SUSY partners of top quark
(stop) may have mass close to m,,, to cancel
top quark loop contributions to Higgs mass

M, > 175 GeV
i D IEIFI G H] | JCN=41t <0,
I P M, s 175 GeV
D:N_,z4,tmodsO.
‘ M, > 175 GeV
| ] ENz40<t <10,
4 M, s175GeV
T F:NJz4.0<tm°ds10,
s M, >175GeV
G:NJz4,tm°d>10,
M,, s 175 GeV
H:N_,z4,tmod>10,
M, > 175 GeV

f— t)?? — bW)'Z? “heavy”

~ ~ _|_ —_~ O ([ H ” .g 3 T T T T T ' """""""
r— le — bWXl light & 1*-*#-‘{'-144-'-# S é o

£ 03 WRAL! t f

a ET [GeV]

° Sma” predicted Cross SeCtion _ 600?@produrtion,iallzff'%?/irc%?/T‘TWb'X?/Ii—M'X‘:l Statusl:ICHEP‘2016 Y I1‘9.I7Ifb;1(]8|T<|aVl2
> J T 1T L L UL UL TT 1T L L T L -= . H H
© [ ATLAS Preliminar 1518 Te @ | CMS — Observed 1o, ]

— for 175Gev 40pb@8TeV gc_ r —Iﬁtzfxiﬁww‘jy 10L11§.;1\é"[CONF-2016-077] ] qC) 4 - Ex:::tled -
— O ~ O EIX s00 — i~y 1L 13.2 fb™! [CONF-2016-050] — ﬁ C I Expected =1, ]
H . . C -iﬁ Wﬂk:i‘: 12L13.3 1b:: [CONF-2016-076] 9 35F : o-xp .
* Stop pair production: £ X1 X S - ] B
400— | O n
—similar to ttbar lepton+jet and dilepton ch. [ = oseresimts o Seecedimis - Alimeatoswe ot e o5l
C 1",,‘ x\ @) B E
—additional MET from neutralinos 001~ 0 1E o
. . A By 2 g
» change in ttbar cross section ol i L4018
F RS I |
100 11 -
C 0.5F Tt mx)=1GevV
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Top cross section: dileptons

CMS SUS-18-003, arXiv:1603.02303

* Indirect searches

* SUSY models could produce %2
final states very similar (with y
.y X1
additional MET)
* For example, dilepton channel _- 071" B Te)
. e
i, production, t-> b % /t— ¢ ¥} /> Wb X, /T t %] ” = 4'5:I UL L L L
;‘ 450—L| T T | T 17T | L | LI |'|_‘| T T | T 1T 17T LI I__ , / 8) : CMS e Observed =10th
8 FATAS mman, § Bl g 4 - e E
WNUE EEioty 2L, 8C 7~ 7 Expected =10, .
1< = T Wbz rE) E —_ 3.5 — P exp u
350~ 5%: ok EEI'\‘/YQ" 7 Y g N Expected =20, .
C —*?}b)fc‘fi" to, L 0976180 190 200" 210 o 3F x
300 ‘ m;, [GeV] ‘»
- —— Observed limits === Expected limits All Iimitiat 95% CL c [~
250 - a— C
- E 2
200f— . = -
C 1 u
150 - O 15:
g R
100 - n E
o -
3 0.5 ~ =
df. ] g | T_)tx?, TC{:)=1IGeV 1
20 300 400 500 | |600| 1 1 |700| 11l |800 qsol 1 | l160l 1 1 1170| L 1 1180l 1 | l1901 1 1 l200
m;, [GeV] m. [GeV]
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_ Multi-top production

* Production of 4 tops is an attractive scenario in a
number of new physics models

» The SM cross section is 9fb@13TeV

0]

g

» At least 3 leptons, SS leptons

« Combination of kinematical variables and
multivariate techniques

 Measure cross section: o= 16,9_'_13'8 fb

—11.4 , |
5 2 CMS 35917 (13TeV) 5 CMS 35.9 b (13 TeV)
_ _ %:;E« awsefeishil ! : §;§+ .......... & * "
« Search for same-sign dileptons 8% S
- Several models considered CH
» Consider multiple search regions defined by .. mi | = ;
MET, hadronic energy, number of (b-) jets, and, ', mowoemas | mCracemss
pr of the leptons in the events N N

* results used to constrain the Yukawa coupling «

between Top and nggs IeSS than 2.1*SM CRZ CRW SR1 SR2 SR3 SR4 SRS SR6 sgegsgan SR1 SR2 SR3 SR4 SR5 SR6 steZFi(gn
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Precision Proton Spectrometer

CERN European Organization for Nuciear Research

» Joint CMS and TOTEM project that aims at
measuring the surviving scattered protons on both
sides of CMS in standard running conditions

 Tracking and timing detectors inside the beam pipe
at ~210m from IP5

» Approved (2014), exploratory phase in 2015, data
taking started in 2016, pixels installed from 2017,
full detectors in 2018

CERN-LHC-2014-021

CMS-TOTEM
PRECISION PROTON SPECTROMETER

CMS+TOTEM
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Exclusive top quark production

* Reconstruction of tt events is incomplete due to neutrinos (dileptons) etc.

* Exclusive production allows full reconstruction of tt kinematics from the leading
protons with excellent momentum resolution

* Couplings of top quark to photons are small

* Process expected to be very sensitive to top
quark anomalous couplings with the photon

* Anomalous production cross section or
kinematical properties would provide hints for
New Physics
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Searches for new pa

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits 1 Tev

rticles

ATLAS Preliminary

Status: July 2018 [Ldt=(32-79.8) b Vs=8,13TeV
Model ty Jetst ET™ [rdtm] Limit Reference
ADD Gkk +&/9 Oe,p 1-4j  Yes 361 Mp 7.7 TeV n=2 1711.03301
§ ADD non-resonant yy 2y - - 367 |Ms 86TeV  n=3HLZNLO 1707.04147
B ADD QBH - 2j - 37.0 My, 8.9 TeV n==6 1703.09217
§ ADDBHhigh ¥ pr >leu >2j - 32 | Mg 8.2 TeV n=6, Mp =3TeV, rot BH 1606.02265
E | ADD BH multijet - > 3j - 3.6 | My 9.55TeV n=6,Mp =3TeV, ot BH 151202586
2 RST Gk — vy 2y - - 36.7 | Gk mass 4.1TeV k/Mp =01 1707.04147
’ﬁ Bulk RS Gkx —» WW/Z2Z multi-channel 36.1 Gkk mass 2.3TeV k/Mp; = 1.0 CERN-EP-2018-179
w Bulk RS gxx — tt 1eu =1b,>1J/2] Yes 36.1 8Kk Mass 3.8 TeV r/m=15% 1804.10823
2UED/ RPP leu >2b>3j Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(ALD - ¢t) =1 1803.09678
SSM Z" — tt 2ep - - 36.1 Z’ mass 4.5 TeV 1707.02424
%] SSM Z' — 17 27 - - 36.1 Z’ mass 2.42TeV 1709.07242
§  Leptophobic Z’ — bb - 2b - 361 |z mass 2.1 TeV 1805.09299
§ Leptophobic Z’ — tt 1Tepu =1b,>1J/2) Yes 36.1 Z’ mass 3.0 TevV r/m=1% 1804.10823
©®  SSMW (v Tenu - Yes 798 | W’ mass 5.6 TeV ATLAS-CONF-2018-017
D sSMW -1y 17 - Yes 361 | W’ mass 3.7 TeV 1801.06992
8 HVT V' - WV — gqqqg modelB O e, u 2J - 79.8 V’ mass 4.15 TeV gv=3 ATLAS-CONF-2018-016
HVT V' - WH/ZH model B multi-channel 36.1 V’ mass 2.93 TeV gv=3 1712.06518
LRSM W}, — tb multi-channel 36.1 W’ mass 3.25 TeV CERN-EP-2018-142
_ Cl qqqq - 2j - 37.0 A 21.8TeV 1, 1703.09217
(6] Clttqq 2e,u - - 36.1 A 40.0TeV 7, 1707.02424
Cl tttt >leu 21b,21j Yes 36.1 A 2.57 TeV |Cael = 4 CERN-EP-2018-174
s Axial-vector mediator (Dirac DM) Oe,u 1-4j Yes 36.1 Mined 55 TeV £4=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
aQ Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mimed 67 TeV g=1.0, m(y) = 1 GeV 1711.03301
Wyy EFT (Dirac DM) Oepu 1J,<1] Yes 32 |m 700 GeV III m(x) < 150 GeV 1608.02372
Scalar LQ 1%t gen 2e >2j - 3.2 LQ mass 1.1 T B=1 1605.06035
9 Scalar LQ 2" gen 2p >2j - 3.2 |LQmass 1.05 T p=1 1605.06035
Scalar LQ 3" gen leu  21b,23) Yes 203 [|ICmaESeaocev p=0 1508.04735
VLQ TT — Ht/Zt/Wb+ X multi-channel 36.1 T mass 1.9 TeV SU(2) doublet ATLAS-CONF-2018-XXX
So VLABB - Wt/Zb+ X multi-channel 36.1 | Bmass 1.33 TeV SU(2) doublet ATLAS-CONF-2018-XXX
3 % VLQ Ts/3 T3l Tsy3 > We+ X 2(SS)i28eu>1b,21j Yes  36.1 Ts/3 mass .64 TeV B(Ts3 = Wit)=1, c(Tsjs We)=1 CERN-EP-2018-171
:'i":’ g_ VIQY - Wb+ X 1enu >1b,>1j Yes 3.2 Y mass 184 TeV B(Y - Wh)=1, c(YWhb)=1/V2 | ATLAS-CONF-2016-072
VLQ B - Hb+ X Oepu,2y 21b,21j Yes 79.8 B mass 1.21 eV kg=05 ATLAS-CONF-2018-XXX
VLQ QQ —» WqWgq 1leu >4j Yes 20.3 1509.04261
<@ Excited quark q* — qg - 2j - 37.0 q* mass 6.0 TeV only u” and d*, A = m(q") 1703.09127
k] .g Excited quark ¢* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q") 1709.10440
g £ Excited quark b* — bg - 1b,1j - 36.1 b* mass 1805.09299
W @ Excited lepton ¢* 3e,u - - 20.3 A=30TeV 1411.2921
Excited lepton v* Beut - - 20.3 A=1.6TeV 1411.2921
Type Ill Seesaw 1en >2]j Yes  79.8 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2e,u 2j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
. Higgs triplet H** — £ 234eu(8S) - - 36.1 H** mass 870 GeV DY production 1710.09748
2 | Higgs triplet H** — (1 3eu,t - - 20.3 DY production, B(H;* — (t) = 1 1411.2921
6 Monotop (non-res prod) lenu 1b Yes 20.3 Anon-res = 0.2 1410.5404
Multi-charged particles - - - 20.3 DY production, |g| = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059
- e M| L P L P S R | L PR
= e -1
10 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.
tSmall-radius (large-radius) jets are denoted by the letter j (J).
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Cross sections at the LHC

o LHC <Vs=14Tev L=10**cm2s™ rate evlve1a7r
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LHC: from searches to precision

* A hadron collider at full throttle
— Reaching the energy limit
— In Rung, collisions at 14 TeV
— Large datasets

* Moving from searches to precision measurements and
rare processes
— Top quarks and rare decays

— Higgs couplings and rare decays
— Anomalous couplings etc.

* Preparing for High-Luminosity (2026 and beyond) with
improved detectors
— Several technological challenges ahead as complexity increases
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Rich and extensive set of results

ISeF)Z(')18. - CMS Preliminarv

B 7 TeV CMS measurement (L <5.0 fb™)
* 3 3 & ¥ : 3§ 7 @ 8 TeV CMS measurement (L <19.6 fb™)
W o o: 3 £ F 2 32 @ 13 TeV CMS measurement (L <359 fb™
: B - Theory prediction
% Z Z CMS 95%CL limits at 7, 8 and 13 TeV
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All results at: http://cern.ch/go/pN;j7
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* Top quarks are valuable probes of SM

* Abundant samples of top quarks at the LHC

» Extensive studies of properties

* Rare decay processes and anomalous couplings
 Excellent consistency but SM is incomplete

* Dominant background for New Physics searches

* Due to large mass, top quarks may couple to heavy objects
* Deviations from SM may indicate New Physics
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Thank you!
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