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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} € " EfomsYs ’-§
—top o(7TeV) = 172 pb g ‘:g
—top o(8TeV) = 246 pb - | EFbozsVs =
—top o(13TeV)= 832 pb g8 | e ] o3
 Background is more “flat” % - "§

o 20

1 pbl m,=1TeV—__
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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

EPJC 79(2019)368

* Branching ratio (BR) ~5%
« Background: small

e Clean final state
—two leptons + 22 jets + MET
— kinematic variables

« Signal visible w/without b-tagging

* Main systematics: JES, lepton ID,
(pileup, b-tag, signal modeling)

%x10° e*u* channel 359" (13 TeV)
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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
. . U T R NNLO+NNLL PRL 110 (2013) 252004
— high-purity vs background dominated ~ Wy = 17250V, o )= 0.110:0.001 o s
“mmﬁ uon;?)ﬂé‘ﬁly uncertaint o, = (stat) = (syst) = (lumi)
. . . @ @ ag un inty it x '
— Constrain systematics (JES, ISR/FSR, modeling, etc) VS, dieny :
P s @ s T 746484 B3 %pn
« 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 [tt [JSingle top L ~42pb" 50 ne
o WtV [JMultijets [CJW+ets '
10° . oy  EDibosons CMS, I4jets * 4 835+ 2+23222pb
o CMS-PAS TOP-16-006
10° ° _ L,,.=2.3ft:"251ns (380/0)
Py = ¢ L e
10* * CMS, all-jets * —f&+—— B834:25x118+23pb
CMS-PAS TOP-16-013
L, =253f"
108 ) NNPDF3.0 JHEP 04 (2015) 040
) MMHT14 EPJCT75(2015)5
10 Preliminary 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 ° - [ . ° ° cloeov o b b b
o 1= ® L4 400 600 800 1000 1200
09k
1,00 1,b 2,00  2,0b 226 3,00 3,1b  3,2b  40b _4,1b  42b oy [pb]

Event category
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All hadronic

EPJC 79(2019)313

CMS 35.9 b (13 TeV)

1800 — =
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Events / 5 GeV

BR ~46% 7 o
Background: large T R R—

Data/MC

Selection:

— 26 jets + kinematical selection
— require 2 b-tags

Main backgrounds:

— hadronic multi-jet
— same selection without b-tag
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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)
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, ‘s 102 800F 1—
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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

— L B o o o o o B e o o o o — — T —
L 0.008— — L B N
== [ ATLAS+CMS Preliminary Vs=8TeV,Nov2017 | > 0.005 ATLAS+CMS Preliminary Vs =8 TeV, Nov2017 ]
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£ o C | NNLO ] = B N
< - | L 3 . — (CT14 PDF) . o) — = NNLO (CT14 PDF) n
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°© - i 0.003— o = W =Hi/4 M, —
T2 oy aiiv:1606.03350 3 o) - arXiv:1606.03350 .
£ — 0_004:—_1_J approx. NNNLO (MSTw2008 PDF)  —] ‘\_ R NLO (CT14 PDF) .
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0.003F | PAD 80 (2014) 014005 - 0.002— arXiv:1606.03350 -]
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Differential cross section (cont.)

PRD 97(2018)112003, JHEP 02(2019)149

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

— Due to momentum reshuffling, P.Nason, cern.ch/event/301787

— FSR shower changes mass of final state partons. light partons
can build sizeable mass, and t/tbar do not radiate

— short term solution: consider difference as uncertainty

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

* Measure ttbar invariant mass
— Rate/shape reproduced within uncertainties

M. Gallinaro -
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Multi-differential cross section

TOP-20-006
CMS Preliminary 138 fb' (13 TeV)
- ' ' ' T T T T T ' T T
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- : 102 O POW+PYT, y?=15 —
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o 3 e e
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. E Co@asist [ stat unc. E
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] 10_4 _ ORI = .
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Top quarks as window to BSM physics

Top quark affects stability of Higgs mass Contributions grow with A:
W/Z h m2 = m02 o+ gZAZ

t
_,Q e _*_% — - Cancellation?

Solutions:
* Naturalness: There is no problem

» Weakly-coupled model at TeV scale
—New particles to cancel SM divergences
—Top partners: new scalar/vectors coupled to top, exotic top decays

 Strongly-coupled model at TeV scale
— ttbar resonances, bound states, 4-top production, etc.

* New space-time structure
— Introduce extra space dimensions to lower Planck scale cutoff to ~1TeV
— KK excitations
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Role of top quark physics

I T T T I T T T I T T I T | T T T I T T T
v Tevatron combined 1.96 TeV (L < 8.8 fb™) .

o CMS l+jets,dilepion 5.02 TeV (L= 27.4pb"y ~ CMS Preliminary September 2019
m CMSeu7TeV(L=51"
O CMS l+jets 7 TeV (L = 2.3 fb™)

v CMSall-jets 7 TeV (L=354fb™)

0 CMSeu8TeV(L=19.7fb")

4 CMSl+jets 8 TeV (L = 19.6 fb")

¢ CMSall-jets 8 TeV (L=18.41b")

A CMSep13TeV (L=43pb™",50 ns)
*
0

10°

* Top quark physics after the Higgs
discovery

CMS dilepton 13 TeV (L =359 fb™)
+ CMS I+jets* 13 TeV (L = 42 pb”, 50 ns)

T IIIIIII|

L1 111l

CMS I+jets 13 TeV (L = 2.3 fb™)
% CMS all-jets* 13 TeV (L =2.53 b’
¢ CMS t+e/p* 13 TeV (L =359 b™)

* Preliminary

Inclusive tt cross section [pb]

— Heavy particle, preferential coupling? 10% R URIR {3
- SpeC|a| I’O|e in EWSB meChan|Smr) E === NNLO-NNLL (pp) gogf Ereorse @wnme E

= NNLO+NNLL (pp) @ore  [Jesur
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs[Tev] |
| NNPDF3I.O, Mg, = 172.5IGeV, ay(M,) = (:.118 +0.001 [*TS(MZ)=0.113] 3

— Does it play a role in non-SM physics? 10

— Are the couplings affected? 2 4 6 8 10 12 14
— Main background for many NP searches o0 ts [TeV]
ratios cl>f LHC parton luminosities: 13 'II'eV /8 TeV ;"?
;
[ /
» Monitoring of production mechanism —- /
—=-qg 4

10 - 4 -

* Is there any sign of NP in top
production/decay?

luminosity ratio

MSTW2008NLO

1 1 1
100 1000
M, (GeV)
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Role of top quark physics

* Top quark physics after the Higgs

discovery g RSy RS S el
— Heavy particle, preferential coupling? g i i
—_ 1 H . r) -;,i) 250 . -ﬁ
Spec@ role in EWSB mechanism / i SS se j;jo _
— Does it play a role in non-SM physics? T V) mmemew  wb
— Are the Couplings affected? LSRR "."w1‘?2'??EY-£°5‘?“s‘{"z"?‘"f‘efﬁ“;"f'”?“?"PZH”C.‘ .|
Vs [TeV]
19.7 fb" (8 TeV)

— Main background for many NP searches

* Monitoring of production mechanism

* Is there any sign of NP in top
production/decay?

M. Gallinaro - "Top quarks as probe to New Physics" - Physics@LHC
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Study characteristics

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

||||||||||||
||||||||||||||
||||||||||||||
llllllllllllllllllllllllllllll
lllllllllllllllllllllllllllllllllll
.
''''''''''''''''''''''''''''''''''''''''
|||||||||||||||||||||
||||||||||||||||||||||
|||||||||||||||||||||
|||||||||||||||||||||
||||||||||||||||||||
|||||||||||||||||||||
llllllllllllllllll
||||||||||||||||||

event selection region

Drawing by C. Campagnari
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Regions hard to explore

— 600

o

O,
£ 500
400
300
200

hiding here?

100
0
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tf, production, t—> b 1 ¥, / > ¢ ¥, / t> Wb R, /Tt

Status: ICHEP 2016

T I T 1T I T 1T l T 1T I T 1T l T 1T I T TT l T 1T I [

- ATLAS Preliminary 1s=13 TeV -
T i tE /o Wb toL 13.2 fb' [CONF-2016-077] .
gy T1_>t,zf t1L 13.2 fb' [CONF-2016-050] _
- EEioWby t2L 13.3 fo ' [CONF-2016-076] -
| isc z‘j MJ 3.2 b7 [1604.07773] i
— —— \s=8TeV, 20 fb" Run 1 [1506.08616] .
~ = QObserved limits ==== Expected limits All limits at 95% CL .
B AN & v \ ]
| cod D, g X _
L \‘\\ |

C S
= ':‘ ‘; -
|/ B
- //W N “. ,’l‘ —
L, ¢
_I (| ) A Y | | I | | I I | | I | | [ I | | 1IN I/I‘l | I_

300 400 500 600 700 800 900
m; [GeV]
1

or here?
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Top quark decays

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

ot

N : 46%

ttjets 15%

- +jets 15%
8 N/ d u+jet
v .-U / AN Were etjets 15%
g e "dileptons" "lepton+jets"”
* Dilepton (ee, upu, en):
— BR~5%, 2 leptons+2 b-jets+2 neutrlnos el
* Lepton (e or ) + jets
— BR~30%, one lepton+4jets (2 from b)+1 neutrino  **"%° - @econdaryveriex
« All hadronic P"maryme(x;(\ "
— BR~44%, 6 jets (2 from b), no neutrinos N, Al b'!ets always present
b-jet reconstruction plays important role
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Differential cross section

CMS-TOP-20-006

 Measure differential cross section 1 do.r
) tt
— Test perturbative QCD

— Test BSM scenarios (Z' decays, etc) Ot dX
 Cross sections measured as a function of pr, n, invariant

mass of the final state leptons, top quarks, ttbar system, etc.
» Good agreement with expectations

CMS Preliminary dilepton, parton level 138 b (13 TeV)
9015'II-III' IIII IIII IIII IIII IIII IIII Illl llll IIII IIII
\; - b40 <m(ff) [400 < mt) |500 < m(tf) J650 < m(ff) [340 < mqt}) 400 < mytf) |500 < m(ff) |650 < m(tf) |340 < mitf) 400 < m(ff) |500 < mytf) J650 < mitf)
] <400 GeV | <500 Gev| <650 Gev | 1500 Gev | < 400 Gev| <500 Gev| <650 Gev k 1500 Gev | <400 Gev | < 500 Gev | < 650 Gev | 1500Gev| @ Data, dof=47
S= 0<p_(th fa0<p.(th | o<p.th) | 0<p_ith) |40 <p (tf) |40<p_itf) |40<p_ith) |40 < p_(th) J20<p_ith) f20 < p_t) J20 <p_it}) J20 <p_ith
-g <4OGeVﬁ24OGeV <40ev| <40Gev| < 120Gev| < 120 Gev| < 120 Gev | < 120 Gev | < 500 Gev| < 500 Gev | < 500 Gev [ <500 Gev| © POW+PYT, x*=89
L 8 EXFX+PYT, y2=107
~ 0.1 1 ® 55? 4 POW-HER, y2=134

o "3 2
"3 '(P o Total unc.
o o
@_ . . "% I stat unc.
[bA o 5 a o
0.05} s o
~oo 4 u‘ @ s % g
e
= ] ne ¢ L A7
9
2 oy
o K 1.2
1=
0.8fcoc o 1
12121212121212121212121(&)
y
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Probing the Wtb vertex

Dileptons with taus

* cross section measurement including ts
* Includes only 3™ generation quarks/leptons ~ v, q
» Syst unc: tauld, fakes

Channel Signature BR b
Dilepton(e/n) | ee,up,ep + 2b-jets 4/81 .  ssomlasTe
Single lepton | e,u + jets + 2b-jets 24/81 % Signal-like =~ -+ Data

. . . O [Jtti—evt,vbb
All-hadronic | jets + 2b-jets 36/81 2 B ioother
Tau dilepton | e, ut +2 b-jets 4/81 3] [Single t quark

&5 B W+jets
Tau+jets T + jets + 2b-jets 12/81 B Drell-Yan

[[]Dibosons
[ Multijet

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

[ ]Uncertainty

0
« Charged Higgs may alter coupling to W 3%% N
- Search for final states with taus: charged Higgs  Sgs™ = &
g0 50 100 150 200 250
A m(e, pm*) [GeV]
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Looking at tau decays

7+ — hadrons 7+ — hadrons = oy
. HY - . e HY - . . H+< N
- ‘o ‘o
t ‘/b q’ t x/b vy t ‘/b vy
) WL\‘( i w:"< i w:'“<
q - -
. Ns=7TeV, 49 fb' CMS Prehmmary
S 0.4F SARLIAMAREEEL R R A T -
4] -t — H'[mg =120 GeV] :
L misidentified

SM BSM 0.35F " pvijets /

- [ Diboson .

0.3 W Singlet -]

i W = b. H* 3 n i gthert{ ]
C Lt ]

Ve P, . P, v Voe— ) P » Tt 0-25:_ = bkg ttn"al unc. B
@ :> ::) <:) [:] signal total unc. S

6P, 0P VS G, B, CAY  B(t—H'b) =005
— to _‘- b — .[0 —.
no: pR . p: ¢Vt V': pq . p’l :n‘
e o <r : n||c
0" Py 0. Py )

0.10203040506070809 1

plead.track/Et
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W boson branching fractions

* Precise measurement of the W boson BRs | q
(electrons, muons, taus) w* :

— Use events with WW and W+jets
— Multiple categories used

b
—Maximum likelihood simultaneous fitting of
templates to data in each category
» Most precise determination of B(W—lv) from
LEP has 2.65 deviation from LFU
, R,/ = 28_(W V) — = 1.066 + 0.025
| | BW — ev,) + B(W — uv,)

BR(W—ev) ——] --P,_923A,,(%92) s

******************************* i DO s
BR(W-1v) -.;hly_s%fsaz(zowne
) - -©.PDG averages

l IO.|8I = I0.|9I = l1i — l1.|1I = 11.\2I I
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Lepton Flavour Universality

Resolving an old discrepancy

Strategy :
Use W bosons
from top quarks

Many more Ws
than at LEP

from LEP

0.130

CMS LEP
B(W — eve) | (10.834+0.01 £0.10)% §(10.71 £0.14 £ 0.07) %
B(W — ‘llV},) (10.94 +0.01 +0.08)% §(10.63 £ 0.13 £ 0.07) %
B(W — tv¢) | (10.77+£0.05+0.21)% R(11.38 +0.17 £0.11) %
B(W —h) | (67.46 +0.04 + 0.28)%
with LU
B(W — v) | (10.89 £ 0.01 +0.08)% (10.86 = 0.06 + 0.09)%
B(W — h) (67.32 £0.024+0.23)% (67.41 £0.18 £ 0.20)%
1 15, CMS Proliminary 35.9f ' (13TeV) CMS Preliminary 35.9m "' (13TeV)
Woe, S W
1.104 * CMS+LEP
105
Z|2 e
éé v W—pv,
100* \\k\\\\ Q
\\ + CMS S
0.95/ . LEP W
x SM N
ATLAS
CMS (1D) ;
09890 095 - 10(B)(w-.‘v1)05 110 115 0.100 0.105 0.110 Br(&;fw) 0.1‘20 0.125
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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 Wis 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

BR(t — Wb) _

R ~
BR(t = Wgq)

Viol?

&~V

t L
\

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

[[Vew| > 0.975 at 95% CL|

CMS, \s=8TeV, [Ldt=19.7 fb"
[2]
£ 12000 F— , -
5 - ee events | uu events 1 2jets ey events
w — e Data | |
10000 = O I 1 =
— tt ' "
8000 F— []Single top quark I |
- [JZ-li(data) : :
6000 — EHVV ; ! 3jets
— I w, multijets, other ff . "
- 5 2jets
4000 21908 : !
L 4 3jets 4jets
2000 3 jets !
- 4 jets 4 jets
012340123401234012340123401234012340123401234
b-tagged jet multiplicity
g o
g12 DereereereesidBacssessesseshdesessessessgefessessessessessessessesssssesaessessessesessseses
g 1 e Rty
o) -
0.8 R rrrrmmrrr s NN rreeeane N e A AN e AN e N R —
T 1 T T A A A

012340123401234012340123401234012340123401234

b-tagged jet multiplicity

3 CMS, Vs=8TeV, [Ldt=19.7 fb"

r‘< " | T T [ T 1 ‘ T 1 1 | T 1 | T
S - £ 30000F j ' j
l - 2 25000F —~—|—._
2.5 w
= 20000
S 15000+
2_—\\ 10000F®
o \ 5000F
- \ 0 I I
15 0 1 2 3 4
L \ b-tagged jet multiplicity /
E \\ = combined // 1
o - / :
i IR = 1.01 £ 0.03 (stat. + syst.)l
0.5
- X / i
L X // i
0_111111111}1\'ﬂg_1 lllIlJLllll[_
0.94 0.96 0.98 1

1.02 1.04 1.06 1.08
R=B(t— Wb)/B(t— Wq)
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Top quark mass

s C L B L A L R 2
. () - 68% and 95% CL contours : m‘“[“:;;";b:;“ ]
« Top quark mass is a fundamental % 205 [ 18w, mam messuemerts || Tomen 3
rameter of the SM ot el I
parameter of the S H s | ™ At : E
W \\ W 80.4 | , — -
I' I' I‘ Y ‘ I' I‘ I! : .......... A ‘..’.;‘r ........... ”’_,.' ............ ”
80.35 [ 1n - 80365 - 0.015 Gov
omyoclog my, -
80.3 —
* Precise measurement needed for checking  ,,F
. - W
COnSIStenCy Of the SM Ci 0 TR S B M T T T of ¢ L PR R B L
140 150 160 170 180 190

» 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

CMS  Lepton+jets, 19.7 fb (8 TeV)

- Select lepton+ijet final state 3 12000 Mucomeet T EOAE!
— Best channel to measure my, 0 10000 it unmatched 5 &8 et -

(o]
o
o
(=)
T

After P_ selection 7

— well defined final state (1 lepton, 1v, 2b W) 3 fitted top-

2

=

_ 8
- Select ttbar events: hadronic decays (my,,, my) g
» Kinematic fit: constrain W mass, top-antitop masses %
S

3

)

o

: . . -~
— In-situ JES calibration P
”
* Measure my,, and JSF _”
— - o mi* [GeV]
CMS Lepton+1ets 19.7 0" (8 TeV) ¥ \,
= 25000 7 . /7 b v
o) - B i correct ' Single t \
O] r  [Etiwrong . Wejets / " i
1o 20000F [t unmatched Eoéo multijet ‘ w
~ t ¢+ Data [ Diboson 1 I
@ 15000 After P_ selection ] l
9 [ . ] — ——
s fitted W | | 0
5 10000 B wW- t t
E | mass || I
& 5000} 11 d / k.
O [ 1 )
= L T / +0.3%
J Y S— B
o 050 100 150 200 250 300

my = 172.44 =+ 0.13 (stat+]SF) & 0.47 (syst) GeV

mige° [GeV]
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Top quark mass

CMS-TOP-20-008

« Updated measurement (l+jets ch.)

» Likelihood method (m{, myy"ec,my,reco/mfit, R, ;)

* In-situ constraints via nuisance parameters

« Main systematics: b-flavour component of JEC, FSR

CMS Pre!iminary 36 fo' (13 TeV) CMS Preliminary 36 fb (13 TeV)
— post-fit B+lc []*2c {data — post-fit B:lc [J*20 }data

per post-fit

o

u+jets obs. bins \ e+jets obs. bins

m; = 171.77 £ 0.38 GeV/]

+0.22%
= most precise measurement to date
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Top quark mass results

e accurate (~0.3%

measurement

@ Recognized by European Physical Society

CMS, Vs =7TeV

11) 049, L=36 pb”

CMS 2011, dilepton
EPJC 72 (2012) 2202, L=5.0 16

lepton+jets

12) 105, L=5.0 b

CMS combination
UptoL=50M"

Tevatron combination
Phys. Rev. D 86 (2012) 09200, up

volume 74-number 4-april - 2014

Particles and Fields

173.49 £ 0.69 + 1.21 GeV

+0.33 +0.96 GeV
tat = syst)

y 173.18 + 0.56 + 0.76 GeV
01L=5.8 b (v

175
m, [GeV]

@ Springer
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ATLAS+CMS Preliminary
LHCtopWG

------ World comb. (Mar 2014) [2]
stat
total uncertainty

LHC comb. (Sep 2013) LHctopwG %
World comb. (Mar 2014) H
ATLAS, l+jets H——t
ATLAS, dilepton =
ATLAS, all jets

ATLAS, single top

ATLAS, dilepton

ATLAS, all jets

ATLAS, I+jets

ATLAS comb. (Oct 2018)
ATLAS, leptonic invariant mass (*)
CMS, l+jets

CMS, dilepton

CMS, all jets

CMS, I+jets

CMS, dilepton

CMS, all jets

CMS, single top

CMS comb. (Sep 2015)
CMS, I+jets

CMS, dilepton

CMS, all jets

CMS, single top

CMS, boosted jet mass

i1¥{ 1
-

-

il

—t

!

* Preliminary

My, SUMMary, Vs = 7-13 TeV

total stat

my, * total (stat + syst)

173.29 + 0.95 (0.35 + 0.88)
173.34 + 0.76 (0.36 + 0.67)
172.33 +1.27 (0.75 £ 1.02)
173.79 + 1.41 (0.54 + 1.30)

——a—— 175.12 1.8 (1.4 £ 1.2)

172.2 +2.1 (0.7 + 2.0)
172.99 + 0.85 (0.41 0.74)
173.72 + 1.15 (0.55 + 1.01)
172.08 + 0.91 (0.39 + 0.82)
172.69 + 0.48 (0.25 + 0.41)
174.48 + 0.78 (0.40 + 0.67)
173.49 + 1.06 (0.43 + 0.97)
172.50 + 1.52 (0.43 + 1.46)
173.49 + 1.41 (0.69 + 1.23)
172.35 + 0.51 (0.16 + 0.48)
172.82 +1.23 (0.19  1.22)
172.32 + 0.64 (0.25 + 0.59)
172.95 + 1.22 (0.77 + 0.95)
172.44 £ 0.48 (0.13 + 0.47)
172.25 + 0.63 (0.08 + 0.62)
172.33 +0.70 (0.14 + 0.69)
172.34 + 0.73 (0.20 + 0.70)
172.13 + 0.77 (0.32 + 0.70)
172.6 + 2.5 (0.4 + 2.4)

March 2022

s Ref

7 TeV [1]

1.96-7 TeV [2]

7 TeV [3]

7TeV [3]

7 TeV [4]

8 TeV [5]

8 TeV [6]

8TeV [7]

8 TeV [8]

7+8 TeV [8]

13 TeV [9)

7TeV [1

7TeV [11

7TeV [1

8TeV [1

8TeV [1
1
1

]
]
]
]
]
]
8 TeV [13]
]

0!
2
3
3
3
4

8TeV [
7+8TeV [13]

CMS Preliminary March 2018

b hadron lifetime p P

——e—— 173.50 = =291
TOP-12:030 (2013) 3501502291 Gev
Kinematic endpoints 173.9020.90+170 _ . GeV
EPJC 73 (2013) 2494 ® 3 2.10
b-jet energy peak —— 172292 1.1722.66 GeV
TOP-15-002 (2015)
Lepton+J/W g

e 173.50 = 3.00= 0.90 GeV
JHEP 12 (2016) 123 F023.00-090Ce
Lepton+SecVix Y 173.68+0.20+1-58 v
PRD 93 (2016) 092006 e 097 G¢
Dilepton kinematics +2.68

- ————— = e
TOP-16-002 (2016) 171.702 1105 5.0 GOV
Single top enriched 1 +0.77+0.97
EPJC 77 (2017) 354 .- P20=01 0.3 GeV
CMS tt+j shape, 8 TeV 5 169.90= 1.10+4:38
TOP-13-006 (2016) 3.4¢
oftt) 7+8 TeV 173.80+1.70 o
JHEP 08 (2016) 029 N@— 17880 1.80 GeV
NNPDF3.0
CMS 748 TeV (2015) 172.4420.132 0.47 GoV
PRD 93 072004 (2016) | ST
World combination o 0
ATLAS, CDF, CMS, DO - 7420272 0.71 CeV
arXiv:1408.4427 (2014)
1 | | Il 1 1 | | I} 1 Il | | Il 1 1 |
160 170 180 190

| 1 |
165 170 175

180

Myop [GeV]
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W boson polarization

arXiv:1612.02577, PRD 93(2016)052007

» Properties of Wtb vertex in SM is characterized by V-A structure

» W bosons can be produced with left-handed, right-handed, or
longitudinal polarization :
— Fractions of polarization states are well predicted b

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

* New physics could alter the polarization

19.8 fb" (8TeV)
00 LN LN BN LN L L LN BNLENL BN B ™TT 'y
CMS

1—-
0.9 - Standard Model
s —— Longitudinal
e —— Left-handed 3000
,io.o ‘0:’
z = 2000
'o§°-5 ]
04
0.3) Fo ~07, F|_~0.3, R~O
0.2
0.1 o 1.2F v
AP Lot o Y T AW
A ol ¥ L AR N N N N NN AN EE R AN
IR AR WA SRR BE B € "1 08-0604-02 0 02 04 06 08 1

*
cosf Leptonic cos(0*)
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Spin correlation

PRD 100(2019)072002, ATLAS-CONF-2018-027

* Top quark produced are not polarized

— ...but spins between quark and anti-quarkare __ . CMS 359 fo (13 Tev)
correlated U‘% - ¢ Unfolded data :
. | —POWHEGV2 + PYTHIA8
» Top quark decays before spins o [ -_MG5 aMC@NLO + PYTHIAS [FxFx]
decorrelate 0-41--NLO, Sm e g
L -- NLO, uncorrelated ===m== .
— It decays before hadronization (1~10-2°s) = - -~ NNLO, SM _ | _
spin information transmitted to decay products 0.3 e .
— No need to reconstruct full ttbar system —’“; ________

« Spin correlation depends on production 02- _ , _agreement with SM

mode 1 05 ™ Stat ~Smo Syst | : |
- |

. . B -og __:______:________l_""""'“"'"'"!:'-":'-":'-":'-":'-":'.'
* It may differ from SM expectations glg ! I — __
— Decays to charged Higgs and b quark (t—H*b) 0.951 | | | | T
— Other BSM scenarios 0 /6 /3 /2 2n/3  5m/6 T

A
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How else is Top produced?

* Single top quark production
q t-ch g 1 s-ch t Wt-ch

)

b A
c(13TeV) = 217 pb 10 pb 72 pb

P t Resonance Production?
X Top Color-Assisted Technicolor
OR
D t 22777

5
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Probing top quark production

* 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
—o (My>1TeV at 13 TeV) =8 x o(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, PRL 124(2020) 202001

Jet3: ' ) B 253 b (13 TeV)
Mergedjet | |ptaT8CevEE, ,\T°P’et 4 ! 3 1605 Ehs T T B
: - (O} 1402_ Preliminary [JSignal ]
W jet To) o JQcb 1
\ B 120F s N Fit Unc. 3
= Type 142 g 100~ -
W sof E
V © gEF T T LT T I T T T T T 60? E
C . . coms. ] 40F 3
‘ » | of L o gimujat/o'nt. ] o0k ]
g } L C s : upplementary ] N ]
Mass jet ~ Mtop £ “ e 3 L N
r e T (A
Jet 2: Jet Pruning 0; s 1 § . T -[’ T
b —_ pt 484;36§%Vg~w > el 5 0 20 40 60 80 100120140160180200
}1?32553”352 i AR e el Lead. jet lead. subjet mass (GeV)
Jet1 - Top Tagging see also CDF note 10234 [ .- &% ...~
gt ssbs.: GeV/c, - Eo Y. Qﬁﬁv'h}ﬂz ] 253 (13 TeV)
msu Jz S, -3:(‘ | | | ‘J L 1: > 250:—’C'Msr T ! T : T v.'[)lat'a‘ " ‘—4
e pp — X — ] e g
‘2 200 S ST
; : Ny Fit Unc.
At high energy, particles produced beyond threshold 5 1s0f LN ;
. L I - 1
« All-hadronic topology tof gt ]
— Top p7 boosted, jets are collimated 50} E
— Decay products and FSR collected in a “fat” jet L B
» Look at jet substructure 3 ottt
) s 100 150 ] 290 250 300
* Measure mass (no neutrinos) Leading jet mass (GeV)

33
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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

Pro’ron

hlgh pT hlgh pT

Jets \ ‘4— ‘-»‘/ Jets

Pro’ron

Merged Jet
Mass jet ~ M,
A

» 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 \ ' o
— Recombine jet constituents with new algorithm (I) ° N P
— Filtering: recombine n sub-jets min d(i,j) o
— Trimming: recombine sub-jets with min pt

o
« Minimum distance between jets is R o ° ®

|
0/
/

@

_.
V.

"
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Top quark pair resonance

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

,  yxtoeemg  86m'(13Tev)
S 10°F cms 4 Daa
> . NTMJ
* No resonance expected in SM @ " e ,.'y o Z40Tov, 1% vt
. ) / 10° < .
* Why is top so heavy? \ ,
— new physics? 1
— is third generation ‘special’? .
» Search for massive neutral bosons I AR AR AR
R . . S ] [ M —
decaying via a ttbar quark pair R
Y S Loy A
° 1 0 2000 4000 6000
Experimental check m. [GoV]
— search for bump in the inv. mass spectrum | 36 fb' (13 TeV)
— progressive loss in reconstruction ability s’ 1E CMS T ot
due to jet merging g W) a ot 7 — Comtimation
— reconstruct My, in different categories u:"-ij@ NN 1o - ReGuen(ox1d
(e/u, n-jets, n b-tags) 4 . "
— |+jet events: full event reconstruction 18 -
(=
— Subdivide in categories S
81072
10_3;7.‘\|1|\.‘I.|‘|1..|.l..
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ttbar+Higgs

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

e direct measurement of Higgs couplings

b],
ca,

11 1 1
LHC HIGGS XS WG 2016

o(pp — H+X) [p
o

—
T

Cross section for ttH at the LHC: 107"
0.13 pb (8 TeV)
0.61 pb (14 TeV) /
107 §_’| i ) | 1—;
ttH ~1% of total Higgs cross section 6 7 8 9 10 11 12 13 14 15

s [TeV]
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ttbar+heavy flavour

arXiv:1411.5621, PLB776(2018)355

+ Study rate of ttbb: | o (ttbb) / o (t£j7)
« 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 I hors Mot 3

* Improved theoretical understanding of Mo WtV tbam 7
ttH(bb) crucial to ttH and NP searches

05/ O = 0.022 £ 0.003 (stat) = 0.005 (syst)‘

o(ttbb)= 4.0 £ 0.6 (stat) = 1.3 (syst) pb

Number of b-tagged jets
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ttbar+heavy flavour

arXiv:1411.5621, PLB776(2018)355

« Study rate of ttbb: |0 (ttbb)/ o (ttjj)
- Anomalous tt+jets could signal BSM final states g

« direct measurement of bkg to top-Higgs coupling
— Irreducible non-resonant bkg from ttbb

* Improved theoretical understanding of ttH(bb) 9
crucial to ttH and NP searches
CMS 2.31b" (13 TeV) _ CMS
$105""I_""l""I""I_':']"_"I""I"“I'."‘I"" _03'5_ = Bestfit
= FF Mtibb WtLF  WSingle t =R —— 68% CL contour
e . [ittbj [tt others WZ+jets ¢ _ | Dlepton . 95% CL contour
w10 Hittcc @tV t Data o [ VPS —@— POWHEG + PYTHIAS |
3_ —]

2.5~ I
W e : . -
B :. B woesepressranene SO R v / N 4444 . -: | ! | | ! | ] | | | | ] ] ! !
8 0.6 0 1 5 3 ) 0.01 0.015 0.02 VPS 0.025
Number of b-tagged jets {tbb / tfj
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Higgs couplings to top quarks

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

* Direct study of Top-Higgs Yukawa coupling
* Explore all accessible Higgs decay modes

 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)

(%)

:16; 10° CMS ¢ Observed

S 3 [_] Background

L Supplementary [] Uncertainty

10°E ) tEH (u=1.26)
ttH (u=1.00)

10%F

10°F

10%E

10F &

: 1T e e
c%” 2.5¢ * ;
— 2.0F t
w 15 E
o) o L] L] ]
O 10— ——* P P S S A

-3.0 -25 -2. -15 -1.0 -05 0.0
Iog1 o(S/B)

(e

35

30

511" (7 TeV) + 19.7 o' (8 TeV) + 35.9 fb™' (13 TeV)

T T T T

LA L S S S B B B S B LI B B B e |

T T
— Combined
----- SM expected ]
— 13 TeV 7
— 7+8 TeV & ]

ttH
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Event selection

pp — ttH

- Improve sensitivity &%ﬁ_:%’:‘:},"'”“‘“‘
thanks to progress in ow-—sbiard ey
data analysis strategies I = i
that use advanced e 4
algorithms Z '

b-jet‘\

* Analysis workflow more
efficient thanks to & >
compressed data format % . 1 \e-
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Observation

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

» Use several event categories

 Establishes directly tree-level coupling to an
up-type quark

of ttH

Hag = 1.26 +8 gé

511" (7TeV)+19.7 16 (8 TeV) +35.81b ' (13 TeV) = LI A S e ——
® Cobserved - -
CMS — Y (Stal @ Syst) L - ]
L . s - o (Syst) ~ 09:_ LAS =
fHWW?) —— 220 (stat @ syst) = 08; B Theory (NLO QCD + NLO EW) _f
fiH(zZ") | g 0.7¢ ismt o A 28 E
i 2 &) = E
P ; 0.5 -
fiH(x'T) [ e————— s ]
B 04 C -
ttH(bb) — 0.3 3 E
748 TeV HE R S— 3 E
s : 0'25 Vs=13TeV,36.1-79.81b" J
13 TeV . 0.1 {s= 8TeV,20.3fb" -
C bined O - ol b e b .
fa Alllll“l;lllllllllllllllllllllllllllll 6 8 10 12 14 16
-1 0 1 2 3 4 5 6 7
Vs [TeV]
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ttH/Z with boosted Z/H

CMS-TOP-21-003

Search for tt+ boosted Z/H—bb

« Direct access to top-Z and top-H couplings
» Signal strengths and differential cross section

« Search for EFT effects

g t
\\Z
g t
. CMS Preliminary 138fb" (13 TeV)
Z4f. 68%CL «SM eBestfit I

- —95% CL

Hixz

Limit / SM

CMS Preliminary 138fb™ (13 TeV)
T T »
SM ttH 95% CL upper limits ]
103 = Obs. [68% exp. |
e ----Median exp. [195% exp. 3
102
101 L
e
101
100
...................

Simulated pt [GeV]

CMS Preliminary 138fb™" (13 TeV)

i

68% CL interval
== Qthers profiled
== Qthers fixed to SM

— Others profiled

- 95% CL interval
+ — Others fixed to SM

-10 0 10 20 30
CL interval [TeV 2]
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Consistency with SM

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

35.9-137 fb' (13 TeV)

E>|> 1 lll T T T T TT1TIT T T IIIIII] T T IIIIIII t T ]
r— ‘ > E_ ¢."?
8 p0| ATLAS | —Hes Z | CMS wZ, " ]
= /5 =13 TeV, 245 - 79.8 fo~ - = [ my, = ]
|ﬁ>|3 my = 125.09 GeV, |yu| < 2.5 H— 27 o 10"k M 125.38 GeV .7 _|

5 Do = 50% H— WW =" £ pvalue = 44%

15 —H— 77 vE //'
— Combined ) b?,—‘
i ] 107°F 7308 3
10 i ]
| e ¢ Vector bosons ]
10 gx"’ ¢ 3 rd generation fermions
S ¢ Muons
----- 104 L ----- SM Higgs boson _
O EII| 1 1 11 11 III 1 1 1111 II| 1 1 11 11 II| 1 E
=

- —680/0 CL - 950/0 CL +Best Fit QSM CD 1.5:I|| T T T T IIIII T T T T IIIII T T T T IIII| T :
M— =BT S H ................. PN
0 20 40 60 80 100 2 E ]
&6 0-5_ll| 1 1 IIIIIII 1 1 IIIIII| 1 1 lIIIII| 1 ]

0 ggr [PD] 107 1 10 102
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
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ttV production (V=y,W,Z)

arXiv:1808.02913, JHEP08(2018)011, arXiv:2201.07301

» 10° CMIS : : : : | : 3Si9fb‘[13chV » CMS 359 1o (13 TeV)
* Measurements gives access 5 +Data = fiz mtw mwz E §35 ¢Data tiz Wzz
. O t{H)X MRare WNonprompt ] w t@®X [ Rare [ Nonprompt
to EW couplings of the top 10° N0 : 5 . :
B 4 leptons
CMS 1380071 (13TeV) . 5 ] }
3 o F T obseved B — o3
(§ 0'04; iagsw\fmms E : — ¢ : ]
. 0.035F ETeoyune & 4 10 -~
;Z' 0.03? ----- /MG/5d+:|Eszw/GS7% 3 |ep§‘tons 3
T 0.025F B 15 3 s 2 3 s 2 3 3 0 0 1
3 0.02f E N No
o TF ]
= 0.015;— —; - t,EMS BIW 3TV o
0 01:_ 3 ‘é : * 1tV best fit =} tiV theory [1] <5]7f_ {W theory
E Y = N [ —— 68% CL contour -3
E pT > 20G€V: o) L sb
0-005:_ B . 1.4 — 95% CL contour 4; __________________________
e — Combine 3-
[e) 1'25 - ] | 2k
= et and 4-lepton12- I &
5 . 50 100 150 200 250 32)0 ﬁna| states [
. Pr(v) [GeV] i
Measure: [ E 12 theory
0ua(pp — tty) = 173.5 £ 2.5(stat) £ 6.3 (syst) fb  og
n L] [] L] 0-6—1 L T R _— R
= Consistent with SM predictions I
Ohw
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Top-Z coupling

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

CMS 774" (13 TeV)
e e A B
& Data [ tZq
- oWz [ R4
. ] Nonprompte/ pn B ZZ
] tEX /X = Xy"
|~ [] Multiboson B Totalunc. |

CMS Experiment at the LHC, CERN
4| Data recorded: 2016-Aug-15 01:00:30.361728 GMT
Lass | Run/Event/LS: 278822 /837399836 / 484

2-3 jets, 1 b-tagged :

Events / 0.13

|:] Stat. unc. [ Total unc.

B gl sobcbegddide +

o 1§~- e

© 0.5;4 ¥ ;

8 % 205 0 05 p

BDT output
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Flavor Changing Neutral Currents

FCNC.: top couples to light quarks (u/c) and neutral bosons
(Y’Z’H’g)
Forbidden at tree level in SM

Very small rates predicted
Deviations would give hint for NP

Process SM 2HDM(FV) 2HDM(FC) MSSM RPV RS
t—Zu | 7Tx10°Y7 - - <1077 <1078 —~
t—Zc | 1x10 <107 <1010 <1077 <1008 <10°°®
t—gu |4x104 - - <1077 <1078 -
t—ge |5x1012 <1074 <10°% <1077 <10°% <1070
t—yu | 4x10°16 - - <10°% <109 -
t—ye |5x 101 <1077 <107° <107% <107 <10°°
t—hu |[2x107Y7| 6x10°° - <107% <1079 ~
t—he [3x107¥| 2x10°3 <10°° <107% <1077 <1074
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Flavor Changing Neutral Currents

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

Final states: 4
Pﬁ) W , g / d - - q
P‘S\' e N— | T\ e ’ \&6 ;
u,c b hg , r‘Q) . ".ll;r_ G
“\g 1 ) [ kY > S’
: o+ P~ < e 0“6 7 b \\
; ’ W< ; it _'\ %, i/ z
g9 v $00000200£ % . q - - q
4 B~ v w
Couplings: & A >Nz
t—ug t—=uH t—ug, t—cg . A—
t—cg t—cH t—uz, 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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arXiv:1711.02547, PLB779(2018)358, EPJC78(2018)140, PRL 121

Top quarks and rare d

tttt

t—Hc
t—=Hu
t—>yc
t—=yu
t—gc
t—gu
t—Zc

t—>Zu

LHCtopWG

March 2022

Each limit assumes that
all other processes are zero

from

S

| [N I [T I I

ATLAS+CMS Preliminary 952%CL upper limits <@ ATLAS <—@ CMS
[1] JHEP 05 (2019) 123

[3] ATLAS-CONF-2022-003 (LH)
[5] arXiv:2112.01302 (LH)

[7] ATLAS-CONF-2021-049 (LH)
[9] JHEP 07 (2017) 003
Theory predictions
arXiv:1311.2028

[2] arXiv:2111.02219

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

2HDM(FV) EB2HDM(FC)
gRs
i
2

]

@

. .
« Heaviest fundamental particle
. .
« Study naked quark, decays before hadronization
. . . .
 Strongly interacting with EWK sector and Higgs
. .
« Anomalous couplings: Wtb vertex may include BSM terms
t
g
t
t
g
t
A ALCMS Preliminary Vs = 13 TeV, March 2022
I oy, =059 scale): 0.01PDF)pb & oy, = 086 Gi(scale) 0.02(PDF)pb I oo ®* x 20 = 0038 i(tot)pb x 20 I o ™'x5=0.15:0.03(0t)pbx 5 [N o = 0.7 0.14(tot) pb
- Eur. Phys. J. C 80 (2020) 428 - Eur. Phys. J. C 80 (2020) 428 H JHEP 10 (2018) 158 - Madgraph5 + aMC@NLO - Madgraph5 + aMC@NLO
E NLO(QCD+EW)+NNLL E NLO(QCD+EW)+NNLL E NLO QCD E NLO QCD E NLO QCD
Gneas. T (Stat.)* (syst.) fotal __stat
s
W 0.77 +212 213 g cus, ::(=35.91b'"/ ‘
JHEP 08 (2018) 011
) 0.99+0.05+0.08 pb - P ATLAS, L, - 139 fo"
ttZ B Eur. Phys. J. C 81 (2031]737
0.95+0.05+0.06 pb ! et CMS, L =77.51b
E JHEP 03 (2020) 056
tTy-+tWy dilepton ey 0.040+0.001 *3%%2 pbx 20 ,_..._._, :\’:'FEI_PA;,‘IZ_(‘;Z‘;JO?‘QQ‘E[)"Y Vis 1
tfy dilepton 0,174 0.003+ 0.006 pbx 5 CMS, L, = 138", Vis 2
. arXiv:2201.0730
ﬁvy I+jets 0.798+ 0.007+ 0.048 pb —to—i %S]IQT; 211?3 8,(?4. Vis 3
T RS R B N R R B
0 0.2 0.4 0.6 0.8 1 1.2 14
Gy [PD]
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Vector-like quarks

EPJC79(2019)364

Predicted in many BSM models, aim to solve , b,t,t
the hierarchy problem

W+ H,Z
— Produced through strong interactions
— left- and right-handed components with same quantum W-.H.Z
numbers
VLQs can mix with SM quarks and modify the ik
couplings to the Z/W/Higgs bosons
35.9 b7 (13 TeV)
Search for VLQ single and pair production q Tems | 11163
— Most searches assume VLQs couple/decay to SM ; | V- 131ev %
particles (bosons and 3" generation quarks) = 12
— FCNC decays 1 ,\T,
0.8 0
Busy events, a lot of top quarks, bottom 06 8
©

quarks, leptons and jets in final state
— Example: 2 tops in final state

— use top/H/W/Z taggers to find hadronic decays 0 02 04 0'63( 08 Ht1)
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Vector-like quarks

EPJC79(2019)364

* Predicted in many BSM models, aim to solve , b,t,t

-
th e h i e ra Vector-like quark pair production Resonances to heavy quarks Excited quarks
amaw 20120+ T — i [ Wt H,Z
—_ P rod u ( TotH Z(10%) = tt o 1gs=tr2 |[TEEY = ,,,,,,,,l
To1z gKK — it b* = tW (Ki=1) 70 fb
_ I f-t_ T bw W tb b* — tW (Kn=t TR
€ ang B bH W =t (Mv<hw) b* = tW <:<R=1)) @;;3 e W~ H,Z
n U m bel B-bz W =t (MeMw) 1 = tg (Kukn=1) 0fb !
B - tW 0 04 08 12 16 2

za%) -t ([
Observed limit 95%CL (TeV
Z(10%) — tt servediimi (TeV) 1). 5 1

X5/3 = tW
e VLQs ca

X5/3 = tW
T bW gKK - tt

Cou pllng: 008 08 09 12 1S
Observed limit 95%CL (TeV) -
e Search f

2(30%) —» it |

Resonances to dibosons

radion = HH 6 fb.
8 TevV

z- Tt [N W’ = WH 10b

T LI
- {Zt (50%) o B
+tHI(B0%) 1 15 2 25 3 35 4 45 5 2 = zH 1310 CMS

3591 (13 TeV)
———

W=tb MoMw) |
Vector-like quark single production ¢

[

t-lep
T2t Gets

Y- tH cwo=1.0

S B u S eVE Observed limit 95% CL (TeV) 0 05 1 15 2 25 3
0 02505075 1 1.25615651.75 2 Observed limit 95%CL (TeV)

Observed limit 95%CL (TeV)

quarks, I B2G
— Exampl

— use top/H/W/Z taggers to find hadronic decays 0 02 04 0.6B( 08 Ht1)

S o
o 0

o
-

t— lep -
Most s€ n Ovserved imitSS%CL (TeV) 0. yny - M, =15TeV | 114 @

- TotH, L ha
:vf:;i Leptoquarks Goure = 2Z 30 b, MT =1.3TeV X
rt' I ToH s 12
pa IC e T—1Z ow=15 LQ->top+mu W’ = VW HVT(B) 28 fb —
To1Z a1 LQ->top+au e W'~ WH HVT(B) 40 b 1 T
—_— FC N C ( B—-bZ cw=15 LQsbmu Z' - VH HVT(B) 18 tb N
T- bW 15 , -

- 0 0375 075 1125 15 radion ~ HH 201 T
o
o
N—
©

emodel-independent

new physics searches with heavy SM particles

S o
N s

o
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Scalar top quark

« SUSY is one plausible extension of the SM )2(1)
- due to the heavy top quark, mass splitting between t , ~ X
and t , can be large, such that the lighter stop t ; can X1 Z,
be even lighter than the top quark W_'
« Decays dictated by mass spectrum of other SUSY i e similar & €
particles signature as in s
ttbar £
* Light stop:
my, S my

T— byt — bWV

* Heavy stop:
t— tx

t—>t —>bW
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Top and SUSY

arXiv:1603.02303, JHEP05(2020)032

. . . . CMS Simulation il
* If SUSY exists and is responsible for solution 5 [ msLoff;;on o 1370 6 Tew,
of hierarchy problem, naturalness arguments g | Eluomy - T1,(1050,100) x 20
2 10tk DU (not from t) ==+ t—>bx (950,100) x 20
suggest that SUSY partners of top quark 5 ¢ Ezow o (75040020

(stop) may have mass close to m,, to cancel
top quark loop contributions to Higgs mass

F—tx) — bW, |“heavy’
f— by — bW | light’

700 800
P [GeV]
(] Sma” pred |Cted CrOSS Sect|on 600?@produclion,ﬂ—»bff'i?/i—»ci:’/i—;Wbi?/i—ni? Status: ICHEP 2016 45 19.7 b (8 TeV)
;‘ AL L L L L L L L L L LN B -:['"'|""[""]""[l|ll_
® L ATLAS Prelimi - F CMS —— Observed =1 3
— for 175GeV: 40pb@8TeV § PENENE  Siewsen 5 4f - ogmeos ;
E g0l it 1L 13.2 fb" [CONF-2016-050] _] o B Expected =1
. . - EEi-owby t2L 13.3 fb' [CONF-2016-076] 3.5F P exp =
® Stop palr prOd uctlon : tt Xl Xl [ Eiocf MJ 321 [1604.07773] g Expected +20,,,
FssTev20m Run 1 [1506.08616] B 3f E

_S|m|lar to ttbar |epton+Jet and d||epton Ch E —_ Observedlimitf ===+ Expected limits AllllrmtsatQS%CL
—additional MET from neutralinos - ' SR

« change in ttbar cross section

95% CL limit on signal strength
N
(41

T -1, moz") 1GeV E

IR RTINS SRR BTSSR S| L L H
q50 160 170 180 190 200
m. [GeV]
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Top and SUSY

EPJC 74 (2014) 3109, arXiv:1603.02303, JHEP05(2020)032

CMS 137 fb
rrrrrrrrrrrrrrT 11T T T T T T 1T 1T T T T T T T T T T T T 1T 170 T TT
—e— Observed BWzw

= Lostlepton ¥ 1/ (from t)
— 1 (notfrom t) & Total Uncert.

* 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
F— 130 — bW )| “heavy’ g
X]. X]. e y : 21_ S E,:’;A.,.} R R donpfume g SEhecese R
~ ~ + ~0 “Ii htu 0 ; ! N ! ' ' I I Signa; Regions
t— by, —bWxi "9
e Small predicted Cross section L ALt AL et o LY N 19.7 15" (8 TeV)
—_ for 17SGeV 40pb@8TeV 3 E A_Tl:ﬂ‘?::e_lir\miry t‘oSL13.;81\;‘[00NF-2016-077] ] ? 4E—CMS ._ gbse;:: o —E
_ . £ ok e Sineoraenn 1 B gsf W Expected 1o, f
-+ Stop pair production: |f% X1 X1 1 A, Mt 5 >k iy
—similar to ttbar lepton+jet and dilepton ch. | — o - st wmwsier | G
—additional MET from neutralinos : | A E of
L] . =1 i
 change in ttbar cross section o 19
B
0.5f t—»tx mG)=1GeV |
Qs 760 0 150 ~Te0 200

m.[GeV]
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Top cross section: dileptons

* Indirect searches

* SUSY models could produce
final states very similar (with
additional MET)

* For example: dilepton channel -,

P 45 19.7 fb' (8 TeV)
tf, production, t> b ¥} /t— ¢ ¥ /1> Wb X} /T t %] ” =i B I N N R -
; 77 ) L L Y L L IO LI I / (@)] - CMS —— Observed :10"1 ]
8 C ATLAS 15=8TeV, 207 S = q:, 4+ wm Expected —
= 0oF ity tOL/HL combined (O, - = - Xpecte .
G L -l|~>li‘ t2L, SC i = - -
g o oEmiowbIpIry,  ww E ) 2 3.5 B Expected *10exp ]
350 —_l%: r’ig 7, ; Lt2L y i < g s Expected =20,,, ]
E —f:abf'f"i? te, tiL 09767180 190 200 210 (®)} 3_— ]
300/ m;, [GeV. ‘» - .
- — Observed limits ==-- Expected limits Al limits at 95% CL . c » ]
g e ] § 250 £
- S E = 2 :
3 S E E 2F :
- . | = .
- . (®) 1.5F a
» ] 0\0 - .
¥ - O L —— B
: ] o - .
E 0.5F ~ 00 =
] s t—>tx1,m6{1)=1 GeV
2l co b vy T d v by by by by 1
200 300 400 500 600 700 800 q 50 1 60 1 70 1 80 1 90 200
m; [GeV] m. [GeV]
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Multi-top production

arXiv:1605.03171, EPJC 80(2020)75, JHEP11(2021)118

 Production of 4 tops is an attractive scenario in ¢
a number of new physics models o
« The SM cross section is 12fo@13TeV t
t
» Use dilepton and lepton+jets final states &
« Combination of kinematical variables and BDT i
» Search for same-sign dileptons, or >2 leptons _cms 137 fo! (13 TeV)
"g 10 BDT (post-fit)
L%JI t Data Nonprompt lep. W Charge misid.
Nttt e ttH %

Hl (tW e Rare e ttvv

102
e ttz _ ¢

« Consider multiple control- and search-regions
defined by MET, hadronic energy, number of 10

(b-) jets, and py of the leptons in the events
100

—
<

« Measure cross section: o= 12.61'?:223 fb'

O —=NW
PR

¢
3
N
N\
N

| W
N

Data / Pred.

CRz
SR1
SR2
SR3 4 e
SR4 ¢
s ] 3
SR6 i
SR7
SR8
R
1
1
1
1
R1
1
1
SR1
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Multi-top production

arXiv:1605.03171, EPJC 80(2020)75, JHEP11(2021)118

 Production of 4 tops is an attractive scenario in ¢
a number of new physics models o
« The SM cross section is 12fo@13TeV t
t
» Use dilepton and lepton+jets final states &
« Combination of kinematical variables and BDT i
» Search for same-sign dileptons, or >2 leptons § 2% amas | epaa o
W 200F Vs=13TeV, 139" [titi [Jtt+light 3
C Signal regions Ott+>1c @tt+>1b E
1805 1L,9j,4b [Enon-tt 77 Uncertainty
) ] . 160:— Post-Fit *: normalised to tot. bkg. E
« Consider multiple control- and search-regions 140 -
defined by MET, hadronic energy, number of et :

(b-) jets, and py of the leptons in the events

« Measure cross section: o= 12.61'?:3 fb'

Data / Pred.

* Limits on Yukawa COUp“ngS: |yt/ytSM| < 1.7 —1 208060402 0 02 04 06 08 51

BDT Score
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Dark Matter + ttbar

EPJC 77(2017)845, JHEP 03(2019)141

« Search for DM + ttbar(—I+jets,all hadr.) 8 k(&)
» Shape of MET distribution :
« Signature: ttbar+tMET Ll

» Top-tagging categorization
« Signal events at large MET

22" (13 TeV)

,.
QS
—
—_—
-~
~

35.9fb" (13 TeV)
T

210000 ~ T T T T T T T T T =
§ 1600FT LT T T T T T s E CMS ¢ Data Wz +jets 3
= C ] woor ' jets ]
§ - | I+jets tf with matched jets bl 1000 g_ tt t"tx _g
w1200 :_ \:I I+jets tt combinatorial _: - .VV’ VH &l Fit une. ]
1000 :— - Other background —: 100';“0“.,_ ) t, tt+DM, 1§'
= ] F coPredfit T m=100 Gev 7
800 - ] i I i
C ] 10 :
600 [ — _E
400 — 1
C 7 %’ 14F
£ O - - - - Y
£ C i % O08E
o 10 + ’ 8 06E
; 1.0 +¢¢ Q‘.........Q..!.....‘.'......!.‘.'..5.‘........l......_ fc” » -
g ost_1, — 8, — -
10 05 0.0 05 1.0 & -2 .
resolved top tagger discriminant 200 250 300 %0 4o 450pmiss (‘Z?;’V)
T
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Precision Proton Spectrometer

CERN European Organzaton for Nuclear Research ~ comuice seuean
roFta Ton s

» 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, X
full detectors in 2018 TEGHNCAL DISION REFORT FoR

CMS-TOTEM
PRECISION PROTON SPECTROMETER

CMS+TOTEM

CERN-LHC-2014-021
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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

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

Y < t ¢ Anomalous production cross section or
kinematical properties would provide hints for
P - > p New Physics
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Physics with forward protons

CMS central detector Roman Pots
: LHC sector 56 . &
;EM% HH s »*"W’i«‘“}“" bean 1
AL =2 TAS 3 e - Dlann TAN S )
, et [N e 1 5 e O M
- 203827 m DS

(not to scale)

CMS-PAS-PRO-21-001

CT-PPS collected more
than 110 fb~! of data
during Run-2

CMS-PAS-EXO-192-009

Search for anomalous
Z/y* central production
with CT-PPS 2017 data
(2% resolution on the
missing mass)

M. Gallinaro -

Events

o 3 8 8 8 8 8 3

CMS Preliminary 2018 (u = 1)

& 8 8 B B 8
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E
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"Top quarks as probe to New Physics" -
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CMS-PAS-TOP-21-007

Search for central
exclusive production of
top quark-antiquark pairs
in proton-proton
interactions (with tagged
protons)

CMS-PAS-SMP-21-014

Search for anomalous
high-mass yy - WW
and ZZ with forward
protons

100

dilepton

combined

CMS-TOTEM preliminary 29.4 b (2017, 13 TeV)
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|:] 68% expected
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LHC: from searches to precision

* A hadron collider at full throttle
— Reaching the energy limit
— In Run3 (2022+), collisions at 13.6 TeV (?)
— Large datasets (~300/fb expected in Run3)

* Moving from searches to precision measurements and rare
pProcesses
— Top quarks and rare decays
— Higgs couplings and rare decays
— Anomalous couplings etc.
* Preparing for High-Luminosity (2028 and beyond) with
Improved detectors
— Several technological challenges ahead as complexity increases
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Rich and extensive set of results

September 2020 CMS Preliminary

'8_ 5 L - @ 7 TeV CMS measurement (L<5.0 fb™) |
— 10° =° @ 8 TeV CMS measurement (L< 19.6 fb™) =
© = = @ 13 TeV CMS measurement (L <137 fb™) 3
- >n .-e?é') — Theory prediction .

C‘ 1 04 @ e 2 Z Z CMS 95%CL limits at 7, 8 and 13 TeV —
o E B E
e’ @ ]
-.G 103 | —
QO E B
(dp) - B m -
B 10°F 4° E
(@] = f -
— N i
O 10 .
c - ]
O 1L i
B 1 E
_g - .
o107 E
| - - -
o - ’
102E E
10°F E

-4

| | I | 1 | | | | | | | | I | | | Py | I 1 1 I I | 1 1 I 1 1 | I I | ) 1 | | I !
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All results at: http://cern.ch/go/pN;j7
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Summary

» Top quarks are valuable probes of SM

» Excellent consistency but SM is incomplete

— Extensions foresee existence of additional bosons
— Searches for BSM bosons ongoing

* Dominant background for New Physics searches
* Due to large mass, top quarks may couple to heavy objects
 Deviations from SM may indicate New Physics

* More data and improved algorithms will enhance the
sensitivity
—Higgs, multi-top, boosted objects, SUSY, Dark matter, etc.
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