~ Probing the SM:
Top quarks and beyond
|eG¥aro

Lisbon -
23, 2022 ¥

t'-
7 ;
I
|
4 g ‘
3

i P

Y Top@uarks: cross section and properties
v Top agka window to New Physics

v' Top-Higgsiassociated production

v Top quark signatu s in SUSY

v Top and Dark Matter - '




Top quark decays

Top quarks (mostly) produced in pairs @ Top Pair Branching Fractions
- “w'v - 460/0
O -
t+jets 15%
1%
T::D 20/3/
; £ 1‘\’5\) 2'\;:/2’1 u+jets 15%
\: -“:@ N \\/\*L‘\'L o i 15%
¥ : LB\ e+jets ()
g -9 "dileptons” "lepton+jets"
* Dilepton (ee, uu, ep):
— BR~5%, 2 leptons+2 b-jets+2 neutrlnos ik

Displaced tracks

» Lepton (e or u) + jets
— BR~30%, one lepton+4jets (2 from b)+1 neutrino  °“"{%* @R ecconaaryvere

+ All hadronic e
— BR~44%, 6 jets (2 from b), no neutrinos Rliiacts - b-!ets always prgsent :
b-jet reconstruction plays important role
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Interesting physics with Top quark

. b

v,(
PRODUCTION PROPERTIES DECAY

Cross section Mass Branching ratios
Resonances X—tt Kinematics Charged Higgs (non-SM)
Fourth generation t' Charge Anomalous couplings
Spin_corre|ations Lifetime and width Rare decays
New physics (SUSY) W helicity CKM matrix elements

Flavour physics (FCNC) Spin Calibration sample @LHC
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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 i .

» Top cross section drops faster than 1 mby ) 10
background processes at lower sqrt{s} " eMoosVs
—top o(7TeV) =172 pb
1ubl

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

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

O (proton - proton)
I

Events / sec for £ = 10%%cm™ sec”

e

O Higgs
m, =500 GeV

| | | .
0.001 0.01 0.1 1.0 10 100

v§ TeV
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Cross section measurement

Number of
Number of background events
observed (from data,
events \ calculated from
N N theory)
obs bgd

- ;- _[Ldt

/ \ Luminosity

Acceptance (determined by amount of data,
(experimental: detector, accelerator, triggers, etc)
efficiencies)
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Dilepton channel

EPJC 79(2019)368

x10° e*u* channel 359" (13 TeV)
£ [cms §. Dl
S T I

B ‘ tt other
W 100 . o

Syst
[ ] MC stat

®|o 1.2 s
. . i PR UL
« Branching ratio (BR) ~5% T AR ML NI T
0 1 2 3 4 5 6 7 8 9
° Background: small Number of jets
< 8000 e*u* channel 35.9fb" (13 TeV)
- ¢ Dat
| S ok —+
» Clean final state 5 6000~ —riried
. & N W
— two leptons + 22 jets + MET L‘I‘>J’4ooo B W/ W
. . . [ DY
— kinematic variables Y Syst
2000 ] MC stat

« Signal visible w/without b-tagging

« Main systematics: JES, lepton ID, CD*‘%E*%‘ \\\\\\\\ S——
. . . 0.0.8—
(pileup, b-tag, signal modeling) 4080 g0 166" 56" 4016686200

Leadlng lepton P, [GeV]
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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 PR e ST
. . e kg NNLO+NNLL PRL 110 (2013) 252004
— high-purity vs background dominated e ™ 2
. . . scale ® PDF @ a uncertainty Oy = (stal) = (syst) = (lumi)
— Constrain systematics (JES, ISR/FSR, modeling, etc) = :
e T o T Lt
« Combined fit of M,, to signal and backgrounds A
: : CMS, dilepton eu * —o— 793+ 8+38+21pb
* Precise cross section measurement Clsis o son
2.2fb" (13 TeV) CMS. Hiets * |
2 CMS 3 s s p——+4+—— 836227 +84=100pb
S 107 ) l?ata Ot [ Single top L"‘='42pb.,‘5l;ns'
o WtV [ Multijets [CJW+ets ‘
" DY Dib
108 = @l Dibosons ovs, ets® 4 835= 2+23222pb
10° . Py _ L,=23%b" 25ns (380/0)
- : ® | I —
10* * g:"s_SF;Aas";igg;_m f——te+—— 834225:118+23pb
L, =253f"
10° 3 NNPDF3.0 JHEP 04 (2015) 040
MMHT14 EPJCT75(2015)5
102 * Preliminary
CT14 PRD 93 (2016) 033006
Effect of LHC beam E
10 energy uncertainty: 12 pb ABM12 PRD 89 (2015) 054028
{not included in the figure) . [(x,_y(M}) =0.1 ‘.3]
o —
"511. . % - - ° s " 'Y c v b v e by by
o * L4 400 600 800 1000 1200
09k
1,006 1,b 2,00  2,0b 226 3,00  3,1b  3,2b  40b _4,1b  4j2b oy [pb]

Event category
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Cross section: multi-dimensional fit

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

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

0z = 803 & 2 (stat) £ 25 (syst) &= 20 (lumi) pb
= 172.33 £ 0.14 (stat) 555 (syst) GeV

CMS 35.91b" (13 TeV)
g s
Og a &
MMHT14nnlo °

m,(m,) = 163.47 GeV

CT14nnlo
m(m,) = 163.30 GeV

L ]

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

ABMP16nnlo e i
m,(m,) = 160.86 GeV
1 | 1 |
0.105 0.1 0.15 0.12
ag(my)
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Cross sections

+4%

CMS Preliminary
NNLO+NNLL PRL 110 (2013) 252004
Myp = 172.5 GeV, a,(Mz) =0.118+0.001

scale uncertainty
scale ® PDF @ og uncertainty

Dilepton ep
PRL 116 (2016) 052002, L _ =43 pb, 50 ns

Dilepton ep
EPJC77(2017)172, L =2.2b", 25 ns

Dilepton
EPJC79(2019)368, L _=35.91", 25 ns

Dilepton t+e/p *
CMS-PAS TOP-18-005, L, =35.91b™, 25 ns

[

L+jets *
CMS-PAS TOP-15-005, L, =42pb”, 50 ns

L+jets
JHEP 09 (2017) 051, Lm =22f" 25ns

Alljets *
CMS-PAS TOP-16-013, Lm =253fb" 25 ns

o,; summary, Vs=13TeV

.

Sept 2019

e

total stat
S + (stat)  (syst) £ (lumi)

746 +58 £ 53+ 36 pb

H 8156+ 9+38+ 19 pb

803+ 2+25+ 20 pb

Inclusive tt cross section [pb]

781+ 7 £ 62+ 20 pb
836 +27 £ 84+ 100 pb
- 888+ 2+26+ 20 pb

H—— 834+25+118+ 23 pb

NNPDF3.0 JHEP 04 (2015) 040
MMHT14 EPJC 75 (2015) 5

* Preliminary
CT14 PRD 93 (2016) 033006
ABM12 PRD 89 (2015) 054028
[oa(m,) =0.113)
I|IIIIIIIIIIIlIlIIIIIIIIII
200 400 600 800 1000 1200 1400
G, [pb]

=measurements challenging theory
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Tevatron combined 1.96 TeV (L < 8.8 fb™)
CMS |+jets,dilepton 5. 02 TeV (L=27.4pb™
CMSen7TeV(L=5fb"

CMS l+jets 7 TeV (L = 2.3 fb™)

CMS all-jets 7 TeV (L = 3. 54 fb™)

CMS e 8TeV (L=19.71b™)

CMS I+jets 8 TeV (L = 19.6 fb )

CMS all-jets 8 TeV (L = 18. 4 fb™)

CMS en 13 TeV (L =43 pb™, 50 ns)

CMS dilepton 13 TeV (L = 35.9 for Y

CMS I+jets* 13 TeV (L = 42 pb 50 ns)
CMS I+jets 13 TeV (L = 2.3 fb™)
CMS all-jets* 13 TeV (L =2.53 fb )
CMS t+e/p* 13 TeV (L =359 fb™)

* Preliminary

e} O X XDOPO«ON O

T

CMS Preliminary

T T I T T T I T T T

September 2019

GOOE_UNNPDFS.O W14 ]

=—— NNLO+NNLL (pp) b ]
B g NNLO+NNLL (pp) (Mo ez § 4
10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs[TeV] |
g NNPDF3.0,m = 1725 GeV, 0 (M,) = 0.118 + 0.001 [‘ey(M,)=0.113]
B I L 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
2 4 6 8 10 12 14
Vs [TeV]
Collider |otot [pb]|scales [pb] | pdf [pb]
+0.110(1.5%) | +0.169(2.4%)
Tevatron | 7.164 |7, j00(2.8%) | ~0.122(1.7%) | 4 3-59
¥4.4(2.6%) | +4.7(2.7%) |— 0
LHC 7 TeV | 172.0 | "S55 | —a.8(2.8%)
56.2(2.5% 6.2(2.5%
LHC 8 TeV | 245.8 —8.453.40/3 i6.4§2.6"/:§
+22.7(2.4%) | +16.2(1.7%)
LHC 14 TeV| 953.6 | "33 9(3.6%) | —17.8(1.9%)
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Differential cross section

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

* Measure differential cross section 1 do.s
: tl

— Test perturbative QCD

— Test BSM scenarios (Z' decays, etc) Ot dX

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

» Good agreement with expectations

— L LA I o o o o B B e e N — — T ——
4 0.008— — . I B
== [  ATLAS+CMS Preliminary Vs=8TeV,Nov2017 ] = 0.005 ATLAS+CMS Preliminary Vs =8TeV, Nov2017 —|
5 ) F  LHCtopwG . ) LHCtopWG
1O, 0.007— m ATLAS, L =203 fp" — S, m ATLAS,L=203fb" ]
&'ﬂ — E m a EPJC 76 (2016) 538 ] e 2 EPJC 76 (2016) 538 i
o = 1 | 1 . E | g |
z _ | CMS, L =19.7 fo - 0.004 - ;
z E 0.006: : ® EPJG 75 (2015) 542 B © - ¢ (E:I’;'AJSC’ I?s (12%175f)b542 ]
£ o C | NNLO ] = B N
< E | L 3 . — (CT14 PDF) . o) — = NNLO (CT14 PDF) N
3O 0.005; | ! Mg =W =my/2, m =173.3 GeV o o N =u_=H/4,m =173.3GeV _|
© | g 0.003— Mg = Me = T My, —
T3 - arXiv:1606.03350 ] <) - arXiv:1606.03350 -
:E - 0 0045—_1_J approx. NNNLO (MSTW2008 PDF) = = e NLO (CT14 POF) ]
E Uo=u =M, m = 173.3 GeV ] C W= =H/4m =173.3GeV
0.003— | PRD 90 (2014) 014006 — 0.002— arXiv:1606.03350 ]
- - -.=.. DiffTop approx. NNLO (CT10 PDF) - : . —
r wo=p =mg,m =173.3GeV ] - 1 1
0002__ JﬁEP 51 (2601p5) 082 - : ry ttbar Invarlant :
E . 0.001— t ]
0001 4 ark = ; mass system -
= u — = C i
- top quark pr L., : : f
‘i‘ii'%‘l‘i'%i‘i'l‘i'%i‘i';‘l‘i?‘i‘;'?‘i?'i‘ =1 S v S T ol AR
- g 1.4¢ CMS stat. @syst unc. E 2| 1 5L A LT SOV O OOV AU S
« 9|~1.2F ATLAS stat. @.-syst..unc o CMS ‘stat. @ syst. unc.
i £ 9 = 25 ATLAS stat. ® syst. unc.
== 1 — I | |
5 P o — - 1i D e N e e e ]
z F P L
% O s I c|€ f L .
ol YT R (NS A S [T R T NS S NNNHT S S RN
a 0 100 200 300 400 500 S| 0.5
a 400 600 800 1000 1200 1400 1600

p; [GeV] m, [GeV]

T-'Tw LM vy
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Differential cross section (cont.)

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

2.3fb7 (13 TeV)
S F CMS  elu+jets « Data
8 B parton level Sys @ stat
Q 1 e Stat
= E +_*__, ----- Powheg P8
= B ---MG5 P8
o= X —e—
N2 00 b e ¢ NLO+NNLL'
E B e NNLO
E ——t—
1072
............. L T
g% 1.5 E— * J
2P 1Ry S S B S
3

05 =400 600 800 1000 1200 1400 1600 1800 2000
M(tf) [GeV]

» Correct for detector effects and acceptances

* Softer top pr (CMS), agreement in ATLAS at highpr _, o . 35917 (13TeY)
— Due to momentum reshuffling, P.Nason, cern.ch/event/301787 § “F D"eitfi e
— FSR shower changes mass of final state partqns. light partons b%_(f 14" T - i

can build sizeable mass, and t/tbar do not radiate =®
— short term solution: consider difference as uncertainty 101; pow T

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

* Measure ttbar invariant mass Blg msa 45
— Rate/shape reproduced within uncertainties o —ff ------- |

0 100 200 300 400 500
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Multi-differential cross section

TOP-20-006
_ _CMS Proliminary 138 fb™' (13 TeV)
. . . . 5 I~ dilepton, parton ;evel ° Dlatay dof=6 7
« Multi-differential cross section as a S 102l o rowovips
H . . z C e & 9 aN’LO, y2=35 -
function of top and ttbar kinematics, g e woags
i i | o P ecoesghuezs |
decay products and additional jets 5 100k RS gRGR_
11 - maas) [P stat unc. E
« Sensitive to SM parameters m, and og i ]
. 10_4 _ Ot |
 Total uncertainty reduced by a factor of : -
~2 wrt previous analyses R s
B8 12 ]
CMS Preliminary dilepton, particle level 138 fb™' (13 TeV) ala 1_ Pt s O e ¢’,Is e v_
e T T — T T T — T T T — T T T Lo o
% 0.002 - 0.00 < |y(t)| < 0.35T 0.35 < y(t) <0.85 T 0.85<y(t)] <1.45 T 1.45 <|y(t) <2.50 | , Data, dof-15 0.8~ . | -
O, A T s o POW+PYT, y 0 200 400
=0.0015 : - { o EXFX+PYT, 4 p,(t) [GeV]
!9' LB I>a s POW+HER, x2=28
'8 ’ O.nA Total unc.
L 0004 & 1 1 1 -rStatunc.
" e N -
0.0005F . 1
oetly
ol m oy O] oy oe U] L oy Al L 1 yoleqgos
8|5 1.2 - o .
alo om°nA ¢ om ° od__ 0 = 8 A
1 og . oDAnn - o;nd . - A’on&"‘ﬂA
08200 400 200 400 200 400 200 400
p_(t) [GeV]
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SM confirmed by the data

Standard model of elementary particles
,‘l'g;mel,_lmhp i [ﬂfme. J 0.0

M
M, | 1.4
'w | 0.2
M, 0.2
Iz 0.0

- R -1.5
R’ 0.9

lep

Forces A

A (LEP) 0.2

;‘ A(SLD) 2.0
- zm sin® H (Q ) -0.7
‘ ;*;zsz

Oc \

AH! ’ 09
ob

e Cr— 25
Wbuon gluon A, 0.0
A, 0.6
Ry 0.0
R; 0.8
i, 0.0
i o i, 0.0
Leptons ™ =
Ad” (M2 i 0.2

l-[j'lvllLJLlJL,\x il LJ 1'11‘1@:'1_

(O, “Oneas) / ©

meas

Excellent agreement with all experimental results
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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 - - -»-% — - -- 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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The top quark

 The heaviest known elementary particle % QUARK MASSES
» Large coupling to the Higgs: ~1 .
. ifeti =0.4x10-%* sec

Short lifetime T 200,

— for my,,=175 GeV=I'=1.4 GeV =no hadronization
— large contributions to EWK corrections ~Ggmy,,?

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

175

100

« Large samples of top quarks available

« Top quarks are main background for many
New Physics searches

* Precision measurements may provide 0
insight into physics beyond SM

50

up
down

strange |" @
charm [0 &
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Role of top quark physics

ife)
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w
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=
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=
[&]
£

T T T l T T T I T T I T T | T T T I T T
Tevatron combined 1.96 TeV (L < 8.8 fb") P
CMS I+jets,dilepton 5.02.TeV (L = 27.4pb) ~ CMS Preliminary September 2019
CMSep7TeV(L=51b")
CMS l+jets 7 TeV (L = 2.3 fb™)
CMS all-jets 7 TeV (L = 3.54 fb™
CMS ep8 TeV (L=19.7fb™)
CMS l+jets 8 TeV (L = 19.6 fb)
CMS all-jets 8 TeV (L= 18.4fb)
CMS en 13 TeV (L =43 pb™, 50 ns)
CMS dilepton 13 TeV (L =35.9 fb™))
CMS l+jets* 13 TeV (L = 42 pb™, 50 ns)
CMS l+jets 13 TeV (L = 2.3 fb)
% CMS all-jets* 13 TeV (L =2.531b)

T T TTTTT

O XDOP O« meO

—i
o
w

* Top quark physics after the Higgs

discovery
— Heavy particle, preferential coupling?

L 11l

* Preliminary

-
o
n

E_ 700F ——E
— Special role in EWSB mechanism? - R 65 . ) soo leorso [aniried
. . . B == NNLO+NNLL (pp) Eors  [rewz ]~
— Does it play a role in non-SM physics? 10E R e e et 5 1 ST
. = PR [N TN SN AN T SN T AN TR SR SR N SR ST S N SR N T
— Are the couplings affected? 2 4 6 8 10 12 14
. s [TeV
— Main background for many NP searches oo - | eVl
ratios of LHC parton luminosities: 13 TeV /8 TeV ;I’
. . . . I //
* Monitoring of production mechanism ¢ | “-%; /
. . ép i T ag _/,"/ i
* Is there any sign of NP in top 3 :
. g - il
production/decay? S
' | MS:I'W20(?8NLF)

“100 ' T 1000
GeV)

M, (
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Role of top quark physics

* Top quark physics after the Higgs
discovery
— Heavy particle, preferential coupling?
— Special role in EWSB mechanism?
— Does it play a role in non-SM physics?
— Are the couplings affected?
— Main background for many NP searches

Inclusive tt cross section [pb]

« Monitoring of production mechanism

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

0.2

« Data,

+ 10 stat. unc.
—— Syst. unc.
—— Total unc.

+ SM pred. (PRo 81 (2010))
RN TSR Y T A WO ) IS VA V- [
0.65 0.7 0.75
F0

R -
0.8

Vs [TeV]

19.7 fb™' (8 TeV)

Permutations / 5 GeV

Data/MC

CMS Preliminary, 19.7 fb ', |s = 8 TeV, l+jets
12000— - thcorrect ! Wz els -

N D i I Wadets
wrong Inglb 1
10000~ i I single top ]
= unmatched e Data

8000

I
I

6000 ; ; ]

4000

2000

T t‘*:"""‘f"”“‘+***+*+**+++.L++ +

0.5 .

100 200 300 ‘ 400
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Study characteristics

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

i |
llllllllllllll
llllllllllllll
lllllllllllllllllllllllllllllll
llllllllllllllll
lllllllllllllllllllll
lllllllllllllllllllllllllllllllllllllllllll
lllllllllllllllllllllllllllllllllllllllll
llllllllllllllllllll
lllllllllllllllllllll
lllllllllllllllllllllllllllllllllllll
IIIIIIIIIIIIIIIII
lllllllllllllllll

event selection region

> Drawing by C. Campagnari
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Regions hard to explore

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

;‘ 600 ! L I L | L I L I I l L | L | | I I J
8 - ATLAS Preliminary 1s=13 TeV -
= T it e W toL 13.2 fb' [CONF-2016-077] a8
sz 5001 — —fﬁt;zf t1L 13.2 fio”' [CONF-2016-050] —
- BEEiowby t2L 13.3 fb' [CONF-2016-076] 7
| Bt MJ 3.2 1b"[1604.07773] i
—  — 1s=8TeV,20fb" Run 1[1506.08616] —
400— -
— = QObserved limits ==== Expected limits All limits at 95% CL N
300 "'/@s . l,f::/"h\“‘---~~\\\\‘ —
Y 4 ’ \ -
\s ]
200 VO —

g : 0 :
100 P —
0 1111 1 | I | | | I . | LIl _JL1l | I | I/|‘\ ] I_

300 400 500 600 700 800 900

m; [GeV]
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Probing the Wtb vertex

PRD 85(2012)112007, PLB 739(2014)23, JHEP 02(2020)191

Dileptons with taus l, q
* cross section measurement including ts @ =
* Includes only 3 generation quarks/leptons > v, q
« Syst unc: tauld, fakes t —
Channel Signature BR b
Dilepton(e/u) | ee,up,eun + 2b-jets 4/81

100p————————T
Single lepton | e,u + jets + 2b-jets 24/81 7 CMS Signal-like +Data
. . ; O \ [Jti—evt,vbb
All-hadronic | jets + 2b-jets 36/81 P Bl i—other
Tau dilepton | e, ut +2 b-jets 4/81 5 [Single t quark
82 B W+jets
Tautjets T + jets + 2b-jets 12/81 Bl Drell-Yan

[ |Dibosons
B Multijet
[ ]Uncertainty

* 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

oA ©
T
|

OO =

150 200 250
m(e, p7**°) [GeV]
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Looking at tau decays

CMS-HIG-12-052

7+ — hadrons 7+ — hadrons ™ = oy
) <, o w <, ) 1w <,
t t t
"Qmmm”l_E_‘/b/ a ummmﬂM 7 mmmmgl—g—/b/ Ve
) W < } w—"“</ ) w- <
q £ £
4 \s=7TeV, 4.9 fb' CMS Preliminary
S 04F !—G—!data! T T RRLAY ! T z
cU E i H‘[mg_ =120 GeV] Z
- [ misidentified
SM BSM 0.35F oV iets Z
- [ Diboson .
0.3 BB sSingle t -
B W = B H* o Z = %ther tt n
Z g n
Ve Py B i v Vioen— @ —p‘—ot‘ 0.251 bkg o E
:> :‘> :> <:l 0.2 - [Z7] signal total unc.
E,.v _.v J 6! EJ.\I. _.v 6" Bt ' F B(t — H+b) =005
VS 0.15 "
e b.n ; 6{, o7 v‘: pq ; pn et 0'1: R S
t v SCNNE. »
r~ ):, /1 —‘] .‘.‘ X - [E—
o = rlr .
0. Py 05 Py —
0.10203040506070809 1
plead.track/Et
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W boson branching fractions

* Precise measurement of the W boson BRs I q
(electrons, muons, taus) wr ;
— 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 2.6c deviation from LFU
| R,/ = 28_(W ~ ) — = 1.066 + 0.025
’ BW — ev,) + B(W — uv,)

BR(W—-ev) ——f _”_PLQ”A”(%M) s
e
- D Arages

| ]0.|8| - IO.|9I - ‘1i — I1.|1I - I1.|2I |
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Lepton Flavour Universality

arXiv:2007.14040, arXiv:2201.07861

Strategy: use W bosons
from top quarks

Results consistent with LFU

hypothesis

« Extract V, and ag(my?)

M. Gallinaro - "Top quarks as probe to New Physics" - Physics@LHC - March 23, 2022

0.95

o5

CMS LEP
B(W — el/e) (10.83 + 0.01 + 0.10)% (10.71 +0.14 £+ 0.07) %
B(W — ]/H/y) (10.94 + 0.01 + 0.08)% (10.63 +0.13 £+ 0.07) %
B(W — TI/T) (10.77 +0.05 4+ 0.21)% (11.38 +0.17 £+ 0.11) %
B(W — h) (67.46 +0.04 + 0.28)% -
with LU
B(W — fl/) (10.89 + 001 ~+ 0.08)% (10.86 + 0.06 + 0.09)%
B(W — h) (67.41 +0.18 + 0.20)%
35,910 (13TeV 35.9f  (13TeV)
: CMS -
CMS : —a} gmi LFU (68%,95% CL)
g W —ev, - + LEP
¢ q / LEP LFU (68% CL)
i w/ LFU
i B(W — fv) = (10.89 + 0.08)%
| B(W —qq') = (67.32 £ 0.23)%
‘ .+ LEP |
x  SM Ea
ATLAS | Woav, —n
—— cMs ,
90 0.95 1.00 1.05 1.10 1.15
B(W—VWI) 0.100 0.105 0.110 0.115 0.120 0.125 0.130 0.135 0.140
B(W—ev,) B(W—tv)
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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 sectlon INn the R measurement

N.Cim. B125(2010)983, PLB 736(2014)3

* Measure R: BR(t — Wb) ,
R = = |V

* Dilepton final state BR(t — Wgq)

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

||th| > 0.975 at 95% CLl CMS, (5=8TeV, | L dt=19.7 b

O

MS, Vs =8 TeV, | L dt=19.7 fb"

&12000-— (;) 3.1_\ T T | T T T ‘ T T T | T T T I T 1 T | T T T T T T
3 - ee events : uu events : 2jets ep events o 2 30000F '_._i—.—' L
] = ' i (Y :
10000 — = l?ata : | 250 22000k
- O : ) i 20000F
o mill [:];mgllle(ct’o;t) c)]uark : : i\ iodoL
= — |l (data - b
- W I I 2—\,, 10000F®
eooo |— IRV | I 3jets L\ i ]
= I W, multijets, other tf : . : L 50005— —e— E
a000 |2 et | a5 ! o\ T s
- I 1.5~ \ b-tagged jet multiplicity /-
4 jet §
2000 B 22 B \\ == combined //
— [ T - \ o ee
S i o | . \ / _
0123401234012340123401234 01234012340123401234 : .
|R = 1.01 & 0.03 (stat. + syst.)l
0.5
RN . :&\&%W&* ok g& /
NS ANTRREE. il SR § <ousasasmseenisonisanasnssadsnasinnsansennusnnst 0 94 0 96 0 98 1.02 1.04 1 06 1 08
1 L D O Y 0 O O RO Tl 8 o I T I
012340123401234012340123401234012340123401234 R=B(t— Wb)/B(t— Wq)
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Top quark mass

s C e el S 6 ] ™ TR
« Top quark mass is a fundamental S B s i S
parametter of the SM H E;M;_ et ey R E
w W w w wak 5
POV \'%'5'4" ‘.'.“\‘.“\‘.‘-‘\ ' :M ...................................................................... /}
80.35 | b= 0905 « 0.015 Gev
dmyyocm;? omyeclog my, 8035
» Precise measurement needed for checking  gsf .+ e
consistency of the SM | P

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

- Discovered Higgs boson fits well with precise determinations of my, 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 o' (8 TeV)

 Select lepton+jet final state 3 12000 Wicomee | Bl
10000} ]
— Best channel to measure my,, - itunmatched  SGED et

After P_, selection p

fitted top
mass -

— well defined final state (1 lepton, 1v, 2b Wyy)
* Select ttbar events: hadronic decays (m,,, my)
» Kinematic fit: constrain W mass, top-antitop masses

A O @
Q@ Q@ O
@ @
===

—
*y

\
\ .
Data/MC \F:ermutatlons /I5G

— In-situ JES calibration _- i T
P 05—l o o . g . 1 . s
* Measure my,, and JSF - 100 200 300 400
-7 * mi* [GeV]
- N
CMS Leptonsjets, 19.7 o (8 TeV) 7’

25000 . \

> - Wi correct ‘mm Single t ] b v
- 1t wrong = ;V:L«:gs ] / \ +

1 20000 [Clttunmatched [—QCD multijet ] w
s - * Data [ Diboson . I ‘
2 15000F After P_, selection _‘ I
ol E
g | fitted W | | ~
3 s000f | / L
O : /
= T ~+ 0
E 1 2 7 y4 —_— O .3 /0
T 05
S %% 50 100 150 200 250 300 my = 172.44 + 0.13 (stat+]SF) & 0.47 (syst) GeV

reco [GeV]
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CMS-TOP-20-008

Top quark mass

Updated measurement (l+jets ch.)

Likelihood method (mtfit, mWreco,mlbreco/mtfit, R reco)

bq
In-situ constraints via nuisance parameters

Main systematics: b-flavour component of JEC, FSR

CMS Preliminary 36 b (13 TeV)

CMS Preliminary 36 b (13 TeV)
— post-fit Bl+lc []x20 { data

— post-fit B+tc []x20 { data

per posE—fit

e+jets m'" [GeV] u+jets obs. bins e+jets obs. bins

m; = 171.77 £ 0.38 GeV]

= most precise measurement to date
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Top quark mass results

e accurate (~0.3%

@ Recognized by European Physical Society.

CMS, Vs =7 TeV
CMS 2010, dilepton
JHEP 07 (2011 oo

CMS 2011, dilepton
EPICT2(2 ot

CMS pton+jets
JHEP 2) 105, L=5.0 fb"

CMS 2011 all-jets.
A

CMS combination
WptoL=501b"

n combination
ov. D 86 (2012) 092003, up to L=5.8 fb"

volume 74 -number 4 - april - 2014

Particles and Fields

172,50 £ 0.43 + 1.48 GeV
(v

. 03 GeV
173.49 £ 0.69 + 1.21 GeV

173.54 + 0.33 + 0.96 GeV
(valuo £ s

173.18 0.75 GeV

(valuo £ s

175
m, [GeV]

@ Springer
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measurement

CMS Preliminary

March 2018

ATLAS+CMS Preliminary
LHCtopWG

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

LHC comb. (Sep 2013) LHCiopwG =
World comb. (Mar 2014)
ATLAS, l+jets

ATLAS, dilepton

ATLAS, all jets

ATLAS, single top

ATLAS, dilepton

ATLAS, all jets

ATLAS, l+jets

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

CMS, dilepton

CMS, all jets

CMS, Il+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¥{.II¥

Tk

RREESRARDY

E—

* Preliminary

Mip 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)
———— 1751+ 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)

-—
|.i_|

-l
-t

1| | 1 1 1 | I -

March 2022

is Ref.
7TeV [1]
1.96-7 TeV [2]
7TeV [3]
7TeV [3]

7 TeV [4]

8 TeV [5]

8 TeV [6]

8 TeV [7]

8 TeV [8]
7+8 TeV [8]

[
13TeV [
13TeV [
13TeV [
13TeV [

19]

15] EP,

b hadron lifetime
TOP-12-030 (2013)

Kinematic endpoints
EPJC 73 (2013) 2494

b-jet energy peak
TOP-15-002 (2015)

Lepton+J/¥
JHEP 12 (2016) 123

Lepton+SecVtx

~@—  173.68:0.20*158 v
PRD 93 (2016) 092006 3.60:+0.207"2".g.97 G
Dilepton kinematics +2.68 \
171.70= 1.1 8 Y
TOP-16-002 (2016) - =10 3,09 G€
Single top enriched 17 . 0.7740.97
EPJC 77 (2017) 354 e 72.60+0.77 0.93 GeV
CMS tt+ shape, 8 TeV o 169.90= 1.10+4.38 _ oGOV

TOP-13-006 (2016)

oftl) 7+8 Tev

@ 173502 150 291 GeV
y +1

@ 173.9020.90*170 ; o GeV

———  172.20:1.17x266 GeV

Selra 173.50 = 3.00 = 0.90 GeV

Gste sy o
JHEP 08 (2016) 029 o 00 1.80 GeV
NNPDF3.0
CMS 748 TeV (2015) 172.4420.1320
PRD 93 072004 (2016) | e S e,
World combination 1 0 071
ATLAS, CDF, CMS, DO - 78342 02720701 GeV
arXiv:1403.4427 (2014)

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

160 170 180 190
m, [GeV]

165 170
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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

» Can probe by measuring the angular distributions of the W
boson decay products 4

* New physics could alter the polarization

H*
b t

N

19.8 b’ (8TeV)
00 SRR BN LI RN LI OTY L e v B

1,_.
0.9 —— Standard Model
e —— Longitudinal
0'7 —— Left-handed < 3000
Right-handed % 2500
0.6 2
%%o.s £ 2000
° X
0.4
031 FO ~0.7; FL~O3, R""‘O
0.2
0.1 a1
(1)
008 08 04 202 0 02 04 06 0B 1 R Y A N S T ‘
= -1 -08-06-04-02 0 02 04 06 08 1

coso 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-quark are

correlated

» Top quark decays before spins

decorrelate

— It decays before hadronization (1~10-2°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

CMS 35.9fb" (13 TeV)

—= 0.5F 1
_g‘z - ¢ Unfolded data
© — POWHEGV2 + PYTHIAS8
—lo L -~ MG5_aMC@NLO + PYTHIAS [FxFx] -
0.4 ....NLO, SM L
| -~ NLO, uncorrelated —
: ------- NNLO, SM . N
0.3 sasa s RaLS) .
0.l agreement with SM ]
- S o R N B
105+ Stat Stat @ Syst |
2w —
8 ‘g e —
|_
0.95 ! .
0 /6 /3 n/2 2n/3 5m/6 L%
A9 |
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How else is Top produced?

PRD102(2009)182003, PRD81(2010)054028

 Single top quark production

q>thh<q, >S_Ch<t Y
cs(13TeV) =217 pb 10 pb 72 pb

P t Resonance Production?
X Top Color-Assisted Technicolor
OR
D t 2?2777
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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
—o (My>1TeV at 13 TeV) =8 x o(My>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
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Boosted topology

JHEP 1209(2012)029, TOP-16-013, PRL 124(2020) 202001

- < J?;g . Top - € 253fb (13TeV)
t p . ev/c, “ __IIYllYllllllllIlllIll[[lll 5
erg‘e je b-tag discriminant 4.2 -\ A %) 160; CM_S‘ ® Data 1
& (O] 1400 Preliminary []Signal 7
W jet To] N ]Qcb E
~ E ; Fit Unc. 1
7 \ 4‘2 120_ NFi nc ]
7 . Type 1+2 § 100 ]
\ W sof .
, 60 .
/ §F=='l & ZETTTTRTIT T T LT i 1
L. CMS .. ] 40F 3
. } ol ests. Simulation ] N N ]
Mass jet ~ Mtop i S ‘:‘_i‘..'..supp/em?ntary: 20:— { .
1 ¢ LN ] _ LAl .1:
I .. L L. P 1 $
- ) Jet 2: Jet Pruning ok : M S 2
il e i SR PSR £ 0 20 40 60 80 100120140160180200
Jet 2 + 3 : Mass = 167 Af 4 ‘ LR Lead. jet lead. subjet mass (GeV)
oo e 4 ‘k: I ]
Jet 1 : Top Tagging see also CDF note 10234 2f - T e .
gt 5%9-1 GeVic, v Eoe o, 1024':‘ 2 ] 2.53 b (13 TeV)
SUJG(SA -37#1-7-'\..I.l.‘...Jm..4....%..0‘.1: 250_x :M||||!||||I|||lx||||_
mass = 186.7 GeV/c2, —) X % tt 3 2 1 0 1 2 3 - C ‘S' ° D_ata .
minMass = 87.2 GeV/c2 |£Z) —| n [ Preliminary g [ISignal
200} i ¢ [Dacb
: yFit Unc.

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

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

* Look at jet substructure
100 150 200 250 300

* Measure mass (no neutrinos) 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

Proi'on

hlgh pT hlgh pT

Jets \ ‘4— ‘ ->‘/ Jets

Proi'on

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 \
— Recombine jet constituents with new algorithm (I) i N
— Filtering: recombine n sub-jets min d(i,)) o
— Trimming: recombine sub-jets with min py

®
« Minimum distance between jets is R o . e

|
0/
/

0
@
0
=g

[
\ (@
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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

Pull

— search for bump in the inv. mass spectrum 36 fb' (13 TeV)
— progressive loss in reconstruction ability g E CMS e
. . 4 N o[ Preliminary —— Dilept
due to jet merging g ,W @ 10" — Cariition
— reconstruct My, in different categories o< DN 10k == H e
(e/u, n-jets, n b-tags) @ o ] F
— |+jet events: full event reconstruction {3’5‘
. . . 10
— Subdivide in categories S
§1o-2—
10_3;_....|....|.,,.|‘...|....|..
1 2 3 4 MgKKFreV]
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ttbar+Higgs

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

« direct measurement of Higgs couplings

oL,
?"

T TTTTIT

-
9}
(@)
O
*
Z
=
O .
m 4
é =
= ul
| Je] [ IS |
LHC HIGGS XS WG 2016

o(pp — H+X) [p
o
LI II
11 ll

-—b
lll
\15
5
\ 4
< \o
3‘21
z \Z
o It
OO
8 2
. N9
> I*
b \Z
m
z
=
1

TTTTTT

Cross section for ttH at the LHC: 107"k £
0.13 pb (8 TeV) E
0.61 pb (14 TeV) / ,-'i,"l;;'_,f;;.:-v il .

1 0—2 i [ . I | E
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(t£bb) / o (tt]7)

« Anomalous tt+jets could signal BSM
final states

e First direct measurement of typical bkg
to top-Higgs coupling
—Irreducible non-resonant bkg from ttbb ile men: =§L°':he,s =§L',‘3t'§t ;

* Improved theoretical understanding of i L
ttH(bb) crucial to ttH and NP searches

‘ Oiapi/ i = 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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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)

2]
g 1061 CMS ¢ Observed
S 3 [ Background
LL [ Supplementary [ Uncertainty
10°E O tTH (u=1.26)
F ttH (u=1.00)
10%F
10°k
102}
10F S
A e : : : —
g 2.5¢ *
—  20f 3
. : ]
4 15¢ .« o 3
O 10- A=. L .el .3. 1 I=A L .‘. ..n PRI | P

10 -05 00
log, (S/B)

35

30F

51fb (7TeV)+197fb (8TeV)+359fb (13TeV)

e T~

C —_ Comblned :

C CMS ----- SM expected ]

C — 13 TeV -
— 7+8 TeV ' ]

3(')'__

26_-

35

IJ'tfH
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Event selection

* Improve sensitivity ‘ |

thanks to progress in bW—bigrq’ [ et
data analysis strategies = i
that use advanced 2 4
algorithms Z .

g b-jet‘\

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

PRL 120(2018)231801, arXiv:1806:00242
e Use s§veral e.vent categories | - 196 W% |
 Establishes directly tree-level coupling to an ,uttH —0.26

up-type quark

511b" (7 TeV) + 19.7fb" (8 TeV) +35.9 1b ' (13 TeV) = I— — : : S—
® Observed C .
CMS w— Y0 (stat @ syst) & O 9—_ ATLAS =
- . _— 0 (syst]. : f =~ :
AHOWW) S mp—— L D) E (g gb = Theory (NLOQCD + NLOEW) E
fH(ZZ") - % 07;_ ism CIJyombmed data _;
- © - =
L : 0.5F =
fiH(x ) [ e————— : :
- 0.4 ]
tiH(ob) ———— 0.3C E
7+8 TeV IS — - E
- : 0'25 Vs=13TeV, 36.1-79.8fb" ]
13 TeV - 0.1 = s= 8TeV,20.3fb" —
C b d ? O: | | | | | | | | | | | | 1 | | | | | | | | .
e ....l....;....l....l....l....l....l.... 6 8 10 12 14 16
-1 0 1 2 3 4 5 6 s
Vs [TeV
ttH [ ]
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ttH/Z with boosted Z/H

Search for tt+ boosfed Z/H—bb

CMS Pre//m/nary 138fb (13 TeV)
—-—Drreet—aeeess—te—tep Z and top-H couplings o |
2
« Signal strengths and differential cross section A
C_ | — —
 Search for EFT effects -
t 3 PR
. Seqt e
~ A2
N \ Z
Capt -
. A2
g t
Cotb |
CMS P rel/m/nary 138 fb (1 3 TeV) CMS Preliminary 1381b" (13TeV) A2
':‘E;' L & 68‘7 CL * SM B s F T T 68% CL interval
< 3k ° ’ eSt flt ......... RN _' = SM ttH 95% CL upper limits :
[ . —95% CL : 1 " 1ckeaas — Obs. mesen | Cow | - = Others proflled
. : : . . ] f Median exp. [195% exp. A2 —— —Others flxed to SM
102k
— i Sbw L s
T . i} A2 e 95% CL interval
] — Others profiled
s , L__E___:____:___:___j _— i Ct_z | --- el Others ﬁxed tO SM
el A2 T
E ol e — 40 o0 10 20 30
T = - CL interval [TeV 2]

Simulated p! [GeV]

Mtz
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Consistency with SM

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

35.9-137 fo'' (13 TeV)

E>|> 1 Ill T T T T TT1TT T T T T 1T lll T T LI III] t T ]
i > 3 3
g 20| ATLAS | mHo 1y Z f CMS wZ, "
= V5 =13 TeV, 245 - 79.8 fb~ s - [ ]
& my = 125.09 GeV, |yu| < 2.5 H— ZZ S L my = 125.38 GeV ]
'y Psw = 50% H— WW gl>"" E p-value = 44%
15 —H- 77 o L .
i — Combined b, .-*
, i 102¢ te-t .
10 "f'
_3 /"" ¢ Vector bosons
10 %,/' ¢ 3" generation fermions :
5 ¢ Muons ]
- 4L = SM Higgs boson
|| 11 III |||| 1 |||
0
- — 680/0 CL P 950/0 CL +Best Fit OSM c% 1.5 :||| T T TTT || T T TTT ||| T T T T TT |||
L | O L i

A Y oo ek -

0 20 40 60 80 100 o ? 4
&“ 0-5—l|l 1 1 1 ||lll| 1 1 1 IIIIII 1 1 1 llllll 1 ]

0 goF [PD] 10" 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,2Z)

arXiv:1808.02913, JHEP08(2018)011, arXiv:2201.07301
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to EW couplings of the top ~ “ o} e et wELS SRR Y
L N=0 ; ' E
R TR . 4 leptons
CMS 1381 (13Te) | . e 5 : ;
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§ 0'04; —agsmvdmms E - — ¢ .
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Top-Z coupling

PRL 122(2019)132003

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

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

Events /0.13

2-3 jets, 1 b-tagged :

CMS 774" (13 TeV)
ST T R (R PR S N R N I [ B T
& Data [ tZq
- @mmwz B tiz
L[] Nonprompte/ (4
X/ tX mm Xy"
|~ [ Multiboson BZ Totalunc. |

.0
8 15§_C|Stat. unc.  [_]Total unc. * " E
A PR SRS SPEP 3 3 S SO 1
3 o.5;—¥ S ¥ _
o % -0.5 0 0.5 1
BDT output
M. Gallinaro - "Top quarks as probe to New Physics" - Physics@LHC - March 23, 2022 A7



Flavor Changing Neutral Currents

FCNC: top couples to light quarks (u/c) and neutral bosons (y,Z,H,Q)
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—2Zu | 7x10717 -~ - <1077 <1079 ~
t—Zc [1x10~1 <1079 < 10~10 =t =00 <100
t—gu |4x10 4 ~ ~ <10 <2070 ~
t—ge |5x10712 = 10 <10°% = 1077 =10t = 19
t—>~yu |4x10716 —~ - < 107% <1072 -
t—=vyc |5x1071 iy | g o0 | <107® <10r?  <107®
t—hu [2x10717| 6x10°° - o | | o < |1 ~
t—=he |[3x107%| 2x10°3 <8 || g et [ R ot | ) o . < [
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Flavor Changing Neutral Currents

« Expect small signal from SM

..but signal may be large in BSM models

Final states:

Wb th

: ;” o .

t "

14 ‘ i B & )

g v
Couplings:

t—ug t—uH
t—cg t—cH

Ogg—t X B(t — Wb) <3.4pb B(t — Hc) <0.40%

; 0'qg—>t X B(t -—> Wb) < 29pb B(t — HU) <0.55%
M. Gallinaro - "Top quarks as probe to New Physics

b t
‘% o/ 2
2 o
")oooroao 074\ ’ & :
rr}f’: e N
i— ug, i— cg — W ¢
t—uz, t—cZ -tz
B(t = Zu) < 0.022% SM o(th) s 101’-8_7 b
B(t — Zc) < 0.049%
" - Physics@LHC - March 23, 2022 49



Top quarks and rare decays

arXiv:1711.02547, PLB779(2018)358, EPJC78(2018)140, PRL 121

Heaviest fundamental particle

Study naked quark, decays before hadronization

Strongly interacting with EWK sector and Higgs
Anomalous couplings: Wtb vertex may include BSM terms

ATLAS+CMS Preliminary

LHCtopWG
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Eur. Phys. J. C 80 (2020) 428
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Each limit assumes that
all other processes are zero

ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS
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[9] CMS-PAS-TOP-17-017
Theory predictions
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Vector-like quarks

Predicted in many BSM models, aim to solve bt
the hierarchy problem -
— in multiplets: singlet, doublet, triplet
— left- and right-handed component with same quantum W-,H,Z
numbers
VLQs can mix with SM quarks and modify the S
couplings to the Z/W/Higgs bosons _1
35.9 o' (13 TeV)

Search for VLQ single and pair production "N; ‘ cms | %8

M,=15TeV | 114/

— Most searches assume VLQs couple/decay to SM particles = os
(bosons and 3 generation quarks) A

Busy events, a lot of top quarks, bottom quarks,
leptons and jets in final state

— Example: 2 tops in final state, look for resolved/merged top 02
quark decays

— use top/H/W/Z taggers to find hadronic decays 0

M, =1.3TeV |

0.6

02 04 06 08 1
B(T — Ht)
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Vector-like quarks

U:15:3

* Predicted in many BSM models, aim to solve ¢
the hiera

Vector-like quark pair production Resonances to heavy quarks Excited quarks

W+ H,Z

Q- qW 2(1.2%) = tt = 1g S=312 ;
— in multip To1tH 2(10%) - tt roigseir [ J
T R~ & b* = tW (kus) 701b!
left- and o e o e - W-,H,Z
B - bH W = tb (M<Mw) b* = tW (Ka=1) 70 b : / \ ’ ’
n u I I l be r‘ B - bz W = th (Me-Mw) t* = tg (Kuke=1) 70 11
N
B~ tW Z(1%) - tt 0 04 08 12 16 2
V L Q X5/3 = tW 2(10%) - t Observed limit 95%CL (TeV) [). ’ : t
° S Cdal °
X5/3 = tw Z(60%) =1t
. Hiad gkK - 1t [
CO u I I n q 0 03 06 09 12 15 , Resonances to dibosons
N Observed limit 95%CL (Tev) 1
served limi e -
; W =t (MaMw) radion = HH 61b 35.9 fb (1 3 TeV)
-li i i 4 —— —— —— —
Vector-like quark single production —_—— W = WH p— T T 1 16 o)
° earcn Ic | CMS 1 '"* g
TotH % +HE0%) 1 15 2 25 3 35 4 45 5 z - zH 131b — 1
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— Example =

quark de
— use top/H/W/Z taggers to find hadronic decays 0

new physics searches with heavy SM particles

SIS
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02 04 06 0.8 1
B(T — Ht)
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Scalar top quark

« SUSY is one plausible extension of the SM )2(1)
* due t~o the heavy top quark, mass splitting between t , 7
and t , can be large, such that the lighter stop t 1 can )21— 7
be even lighter than the top quark i,
 Decays dictated by mass spectrum of other SUSY o similar K £
particles signature as in T
ttbar ¢
* Light stop:
mg, S ™My

T— byt — bW)??

* Heavy stop:

t—>t —>bW

t—)tx

M. Gallinaro - "Top quarks as probe to New Physics" - Physics@LHC - March 23, 2022 53



Top and SUSY

arXiv:1603.02303, JHEP05(2020)032

. . . . CMS Simulation i
« If SUSY exists and is responsible for solution 3. [ Eionemr BEsmwe ]
. - i s
of hierarchy problem, naturalness arguments I — e oo
@ 4t not from ) === t—by, ; X |
suggest that SUSY partners of top quark §F Elzow  -on DT (750400 x 20 ]
(stop) may have mass close to m,,, to cancel 10°
top quark loop contributions to Higgs mass 102
% ~0 bW ~0 7] ” L
L=l ) q = X1 | 'heavy
~ ~ _|__ ~O “j: ” 1
t_> le _> bWXl Ilght 300 400 500 600 700 800
prss [GeV]
» Small predicted cross section  _ grwemicomtioiowiiog sweoeras o te7eleTey
— for 175GeV: 40pb@8TeV. 8 LIS i eormeon A
. . . tz ~O ~O E 500:_ !iav\i}i‘j 12L13:31b::[CONF-2016»076] B E 3_53— ] ::p:::: :Z"" —f
* Stop pair production: |1 X1 X1 AT, ey g . e
4001— o ' J o — 3
—similar to ttbar lepton+jet and dilepton ch. | — e = fewarime - mmmasmes 3 2 of E
—additional MET from neutralinos oot Y £/N P A s 1E of v
- change in ttbar cross section g A
;/ : \ § 15 i 7
100;«;{; . R b"t"‘:'t"{zi",:r;(if)=1 GeV -
e Q6 ~"feo 10 180 190 500
mt~[GeV]
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Top and SUSY

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

. . . . CMS ! e
- If SUSY exists and is responsible for solution ¢ Fr g e e
H u>J10 = Lostlepton B 1/ (from t 1
of hierarchy problem, naturalness arguments o = Yoty 38 ot

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

f— t)?? — bW)Z? “heavy”
f_> b%i'— — bWX? “Iight” | I - I l I ' = Signal Regions

Obs./Exp.
O AN wh

« Small predicted cross section  _ essicvmioaiowiiog smeoeme g0 te76'6Tey
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] ] O O - EEt-owby t2L 13.3 fb™! [CONF-2016-076] N 3.5F oo, —

- [ BEEioo® 2167 [1604. T B Expected +20,,, 1

» Stop pair production: |7 X1 Xy R s g F i

.. . : 400~ . - o ! mil - ]
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Top cross section: dileptons

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

* Indirect searches

« SUSY models could produce X9
final states very similar (with »
- Xi
additional MET)
* For example: dilepton channel _- Nr—
. e
i, production, T b 1177 /T ¢ 7/ Tm WD T/ T t T ” 4'5:] EEMIERLENIERER RN LR
%‘ 450_LA.|’.ILA|S| L 1|—V o |,|_|| LI = , / 4:_ CMS fm—] Observedﬂom E
= 1s=8 TeV, 20 fb’ > - -
90._400:_ —S—nﬁ‘) t‘oL/t1Lcombined (3. o ” B "~ Expected ]
& g =i: wwbzﬂ/b”,%? :fll\-/v SC £ 50 3.5 || Expected =10, g
350 —_l %‘1 ZVjZ :::L t2L g ! { B Expected =20, , 3
—*?}b)fc‘fz" tc, tiL 0476180 190 200 210 3F =
' m; [GeV]
e e Observed limits  ===- Expected limits All IimiFﬁftgs%CL ' 5:

250

95% CL limit on signal strength
N

\Tllllllllllllllllllllll

2F
200 = C
150 4 . 1.5:
100 - 1k

— 0.5 ~ 0 =

E : | T—>tx1,r71(jx'1°)-1lGeV F
200 300 400 500 600 700 800 q5OI — 11601 — '170' — 11801 L '190' L '200
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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 g
* The SM cross section is 12fb@13TeV t
t
» Use dilepton and lepton+jets final states &
- Combination of kinematical variables and BDT t
« Search for same-sign dileptons, or >2 leptons _cus 137 ™' (13 Tev)
*g 10 BDT (post-fit)
:>j { Data Nonprompt lep. HEE Charge misid.
N it W ttH - Xy
102 N (tW e Rare e ttvv

« Consider multiple control- and search-regions
defined by MET, hadronic energy, number of -
(b-) jets, and p; of the leptons in the events

10°

—
S

 Measure cross section: o= 12.6“:;:3 fb‘

¢

2

N

\
——

o= NW

= e a= o=y BN S g g

Data / Pred.

N
SR3 -
X

CRZ
SR1 A
SR2
SR4
SR5
SR6
SR7
SR8
R
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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 g
* The SM cross section is 12fb@13TeV t
t
» Use dilepton and lepton+jets final states &
- Combination of kinematical variables and BDT s
« Search for same-sign dileptons, or >2 leptons § 2 amas | eDaan ot ]
W 200F Vs=13TeV, 139" [ttt [ Jtf+light —
F Signal regions Ott+>1c @tt+>1b ]
1805 1L,9j,4b [non-tt 7~ Uncertainty —E
160— Post-Fit *: normalised to tot. bkg. E

« Consider multiple control- and search-regions 140 .
defined by MET, hadronic energy, number of '
(b-) jets, and p; of the leptons in the events

 Measure cross section: o= 12.6fg:g fb,

Data / Pred.

+ Limits on Yukawa couplings: |y¢/¥iV | < 1.7 T T R T

BDT Score
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Dark Matter + ttbar

EPJC 77(2017)845, JHEP 03(2019)141
» Search for DM + ttbar(—l+jets,all hadr.) 8 Kb)

» Shape of MET distribution )
« Signature: ttbar+MET s
 Top-tagging categorization
 Signal events at large MET

9 o)
—
—_—
—
—

359fb 13T Vv
22fb(13TeV) 210000 ET T T L Ie)
_g 1600 =T CMS L B B N B § E CMS ¢ Data .ZII)+1ets
~ C m L B .
o 1400 - { Data E - 1, 2btag, SR B Z(vv) + jets IAWW) + jets
§ - | 4jets tt with matched jets - 1000? tt t-th
m 1200 :_ \:I I+jets tt combinatorial —: N Bvv.vH  [JFitunc.
1000 :— - Other background —: 10 - s Prosfit __t, tt+DM,
C = E ] m.=100 GeV
800 - - E —— !
- ] 10 '
a00 - £ —
400 - — 1
200} E m
- ~ (=]
M - i T— ————
S 8 o0gE T Pl ones T
&5 15F + s g S o6 S e, 1
; 1.0 ++##Y .A. Y 34 se® 000 " ‘l'.....'...l‘.m_ 2 ) -
- ) o . =
T osp 1, ‘ . | = L Of—— — :
-1.0 -0.5 0.0 0.5 1.0 B~ -2 7

resolved top tagger discriminant 200 250 300 350 400 450 500
p tagg p?'ss (GeV)
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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

M. Gallinaro - "Top quarks as probe to New Physics" - Physics@LHC - March 23, 2022 61



Physics with forward protons

CMS central detector

[ e AT L1
-

==l

(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 -

Roman Pots
LHC sector 56 4 00\
,00 ,g? 49 beam1
i 8
T LLLLLLY r ='H ][°‘]I =H°5[% ?ﬂ?
827 10 55 m — J ‘ beam 2
215078m —— 4]
CMS Prosinmy 2018 (a =1) CMS Proliainary 2019 (3 =1)

————

Events

o 3 8 & 3 8 8 J

v

|
]
|
|
|

Events
g

g 8 8 B B 8

—

37.2 b (13 TeV)

o)
0.12 —
s CMS-Totem Preliminary — Observed
S zX Sump
S 0.10[ E2 95%CL
2 68%CL
E
=008
Q
2
8 0.06|- E
0.04
0.02- .
500 800 1000 1200 1400 1600
my [GeV]

"Top quarks as probe to New Physics" -

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

Physics@LHC - March 23, 2022

CMS—TOTEM prehm/nary 294 fb (2017, 13 TeV)
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Searches for new particles

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits: 1 TeV ATLAS Preliminary

Status: May 2020 JLdt=(32-139)fb7? Vs=8,13TeV
Model t,y Jetst ET™ [rdifib] Limit | Reference
T T — T T T I T — T T T T —T
« ADD Gk +&/9 Oeu 1-4] Yes 361 Mp 7.7 TeV n=2 1711.03301
2 ADD non-resonant yy 2y - - 367 | Ms I 86TeV  n=3HLZNLO 1707.04147
S | ADDGBH - 2j - 37.0 | My 89TeV. n=6 1703.09127
= ADD BH high ¥, p1 >lenu >2j - 3.2 M I 8.2 TeV , Mp = 3 TeV, rot BH 1606.02265
°E> ADD BH multijet - >3] - 36 | M 9.55TeV. n =6, Mp=3TeV,rot BH 1512.02586
S | RS1Gux -y 2y = = 36.7 | Gk mass I 41 Tev 1707.04147
© Bulk RS Gk —» WW/ZZ multi-channel 36.1 Ggk mass 2.3TeV 1808.02380
£ BukRS Gy —» WV - vqq 1eu 2j/1J  Yes 139 | Gk mass I 2.0 Tev k/Mp =1.0 2004.14636
w Bulk RS gk — tt Teu >1b,>1J/2) Yes 36.1 8Kk mass 3.8 TeV r/m=15% 1804.10823
2UED/RPP leu >2b>3j] Yes 361 KK mass I 1.8 TeV Tier (1,1), B(AMD — tt) = 1 1803.09678
SSM Z" — ¢ 2ep - - 139 Z’ mass I 5.1 TeV 19083.06248
SSM Z' — 11 2% - - 36.1 Z’ mass 2.42 TeV 1709.07242
» Leptophobic Z’ — bb ot 2b - 36.1 Z’ mass I 21TeV 1805.09299
g Leptophobic Z’ — tt Oe,u >1b,>2J Yes 139 Z’ mass 4.1 TeV rm=12% 2005.05138
8 SSMW -ty lepu - Yes 139 | W’ mass I 6.0 TeV 1906.05609
Q SSM W' — 1v 17 = Yes 36.1 W’ mass 3.7 TeV 1801.06992
8 HVT W - WZ - tvggmodel B 1e,pu 2j/1J  Yes 139 | W’ mass I 4.3 TeV gv = 2004.14636
3 HVTV - WV - qqqqmodel B Oe 2J - 139 |V mass 3.8 TeV av =3 1906.08589
(O] HVT V/ - WH/ZH model B multi-channel 36.1 V’ mass I 2.93 TeV gv = 1712.06518
HVT W’ — WH model B Oen 21b>2J 139 W’ mass 3.2Tev 8v = CERN-EP-2020-073
LRSM Wg — tb multi-channel 36.1 Wr mass I 3.25 TeV 1807.10473
LRSM Wg — uNg 2u 1J - 80 | Wg mass 5.0 TeV m(Ng) = 0.5TeV, g = gr 1904.12679
2 Claaqq = 2j ~ 370 |a | 21.8TeV 1, 1708.00127
Q  Clttqq 2e,pu - - 139 A 358TeV. ., CERN-EP-2020-066
Cl tttt >1eu 21b,21j Yes 36.1 A I 2.57 TeV [Cael = 4n 1811.02305
Axial-vector mediator (Dirac DM) 0 e, u 1-4] Yes 36.1 Mined TeV 89=0.25, g=1.0, m(y) = 1 GeV 1711.03301
s Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mmed .67 TeV g=1.0, m(y) = 1 GeV 1711.03301
Q VVyxx EFT (Dirac DM) Oe,u 1J,<1j  Yes 3.2 M. 700 GeV m(y) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) 0-1e,u 1b,0-1J Yes  36.1 my n 3.4TeV y =0.4,1=0.2, m(x) = 10 GeV 1812.09743
Scalar LQ 1% gen 12e >2j Yes 36.1 LQ mass 1! TeV B=1 1902.00377
QG Scalar LQ 2™ gen 12pu >2j Yes  36.1 LQ mass 6 TeV B=1 1902.00377
= Scalar LQ 3 gen 27 2b — 36.1 LQ; mass 1.03 Te' B(LQy — br) =1 1902.08103
Scalar LQ 3" gen O-1eu 2b Yes  36.1 LQg mass 970 GeV[] B(LQY - tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X multi-channel 36.1 T mass 1.3 TeV SU(2) doublet 1808.02343
>0 VLQ BB —» Wt/Zb + X multi-channel 36.1 B mass 1.38TeV SU(2) doublet 1808.02343
© E VLQ T5/3T5/3|Ts;3 = Wt + X 2(SS)/>8eu>1b,>1] Yes 36.1 Ts/3 mass .64 TeV B(Tsy3 > Wit)=1, c(TssWt)=1 1807.11883
£ 3 VLAY Wbt X leu  >1b>1 Yes 361 |Ymass 1.85 TeV B(Y - Wh)=1, cr(Wh)= 1 1812.07343
VLQ B —» Hb+ X Oepu,2y 21b,21j Yes 79.8 B mass 1.21 Vv kg=05 ATLAS-CONF-2018-024
VLQ QQ — WgWg 1epu >4j Yes  20.3 r 1509.04261
.8 @ Excited quark ¢* — qg - 2j - 139 q* mass I 6.7 TeV only u* and d*, A = m(q") 1910.08447
28 Excited quark ¢* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q") 1709.10440
§<> € Excited quark b* — bg - 1b,1j - 36.1 b* mass 2.6 TeV 1805.09299
] g,:, Excited lepton ¢* 3eu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* 3eut - - 20.3 AN=16TeV 1411.2921
Type Ill Seesaw lepu >2j Yes  79.8 | N°mass 560 GeV I ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 36.1 Ngr mass 3.2TeV m(Wg) =4.1TeV, g1 = gr 1809.11105
% | Higgs triplet H** — ¢¢ 234eu(SS) - - 36.1 | HE* mass 870 GeV I DY production 1710.09748
£ Higgs triplet H** — ¢7 3eurt - - 20.3 DY production, B(H;* — (t) =1 1411.2921
(€] Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 EV DY production, |q| = 5e 1812.03673
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
\5=13TeV | v5=13TeV M| . P . . M| . PP
partial data full data 1071 10

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

— Several technological challenges ahead as complexity increases
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Rich and extensive set of results

September 2020 CMS Preliminary

'8_ - L = @ 7 TeV CMS measurement (L<5.0 fb™) 1
— 10° =° @ 8 TeV CMS measurement (L< 19.6 fb™) =
o) - - @ 13 TeV CMS measurement (L < 137 fb™) =
- >njef(s) — Theory prediction 3

C’“ 1 04 @ i 2z Z Z CMS 95%CL limits at 7, 8 and 13 TeV |
= 2n jet(s 3
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10 W'z 'wy' 2y WWWZ' 22 o ez waz 2z w2 w8, e e e e ew T Ty Twt Tty iz 1z ty Wttt ggHYDH VHWH ZH ttH tH T HH
EW,Zyy, Wy fiducial with Wy, Z-ll, l=e,u Th. Ao, in exp. Ac

All results at: http:/cern.ch/go/pNj7
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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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Exotic searches

Vector-like quark single production

mex BB((XX :«lvvvv)i: Resonances to dibosons (/s = 13 TeV)
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QQssinglet 82612016 | y 5 0, Srsss
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