~ Probing the SM:
Top quarks and beyond




SM confirmed by the data

Standard model of elementary particles
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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 m2 = m02 4 gZAZ

t h
E *Q LRS- *_% - - ‘} - 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 A
. 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
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Role of top quark physics
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 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? 10

L LIl

- @ eu/l+jets 5.02 TeV (L = 27.4-302 pb~')

1

102

T IIIIIIII
| llllllll

= NNLO+NNLL
PRL 110 (2013) 252004

NNPDF3.0, m =172.5 GeV, us(mz) =0.118
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N -
NS

— Are the couplings affected? 6 8 10 12‘5 (Te\;)“
— Main background for many NP searches o -  wasana
'ratios cl>f LHC parton luminosities: 13 TI'eV /8 TeV ;I’
| /
* Monitoring of production mechanism ¢ | ~-%; /
. : = oL T 7 ]
* Is there any sign of NP in top g " :
production/decay? 5

MSTW2008NLO
1 R ; A

. 1(|)0 . . T .1IOI00
M, (GeV)
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Role of top quark physics

 Top quark physics after the Higgs

CMS Preliminary, 19.7 fb ', |s =8 TeV, l+jets
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— Heavy particle, preferential coupling?
— Special role in EWSB mechanism?

— Does it play a role in non-SM physics? :
— Are the couplings affected? ey Cz“:k:f":'s“°”'fg:L:”gfg’"mj“‘“‘°"°Z“‘° :

[TeV] 0.5 .

— Main background for many NP searches o B
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« Monitoring of production mechanism
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Study characteristics

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

event selection region

Drawing by C. Campagnari
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Regions hard to explore

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

Top quarks (mostly) produced in pairs Top Pair Branching Fractions
W
- “w'v - 460/0
B _ 9
t+jets 15%
1%
T::D 20/3/
; ] 1‘\’5\) 2'\;:/; oo u+jets 15%
\: -“:@ N \\/\*L‘\'L , 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

M. Gallinaro - "Top quarks as probe to New Physics" - Physics@LHC - March 29, 2023 9



Differential cross section

EPJC 73(2013) 2339, arXiv:1610.04191

* Measure differential cross section 1 do.s
: tt

— Test perturbative QCD

— Test BSM scenarios (Z’ decays, etc) O+t dX

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

» Good agreement with expectations
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Differential cross section (cont.)

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

2.3fb7 (13 TeV)
o F CMS  elu+jets « Data
8 r parton level Sys @ stat
a 15w Stat
= E +_”_,, ----- Powheg P8
= Q ---MG5 P8
o= 3 =
®2 100 b e ¢ NLO+NNLL'
E R NNLO
E ———
1072
............. oscaogesicatiscacancaces
sz °F § J
S0 1 S R B S
3
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M(tf) [GeV]

 Correct for detector effects and acceptances

* Softer top pr (CMS), agreement in ATLAS at highpr s 35917 (13TeY)

r | Dile ton arton level i

— Due to momentum reshuffling, P.Nason, cern.ch/event/301787 o 105_ _:_p §

— FSR shower changes mass of final state partons. light partons f_(f i T ]

can build sizeable mass, and t/tbar do not radiate 88 _ o

— short term solution: consider difference as uncertainty ok e e ]

» Impact on ttH/SUSY/etc searches, tails of ttbar events e seno rmepey ]

. . C Stat @ Syst '—|—:

* Measure ttbar invariant mass Blg WS e
— Rate/shape reproduced within uncertainties ) ,
400 500

ptT (GeV]
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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) O+t dX

» Cross sections measured as a function of py, 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)
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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 @ s

* 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 N '3|5|91:‘b|(|13'Tf:V)
Single lepton | e,u + jets + 2b-jets 24/81 > CMS Signal-like =~ +Data

. . ; O [Jti—evt,vbb
All-hadronic | jets + 2b-jets 36/81 - Bl i—other
Tau dilepton | er, pt +2 b-jets 4/81 § [JSingle t quark

m 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

£ o +—.~+_‘_ 8= —_———— N N

o oY )
|

oo e

50 100 150 200 250
miss
m(e, p7**°) [GeV]
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CMS-HIG-12-052

Looking at tau decays

7+ — hadrons
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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 V) — = 1.066 & 0.025
’ BW — ev,) + B(W — uv,)

BR(W—-ev) —— _“_PLQ”A”(%M) s
e
- <708, averages

| l0.|8I - I0.|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?)

e/ q 0.95

o5

CMS

LEP

B(W — ev,) [§(10.83 £0.01 £0.10)%]f (10.71 4+0.14 +0.07) %

B(W — yvy) (10.94 £+ 0.01 £ 0.08)%{ (10.63 +0.13 £0.07) %

B(W — tv,) [J(10.77 £0.05 £ 0.21)%]f (11.38 £0.17 +0.11) %

B(W — h) (67.46 £ 0.04 £ 0.28)% -

with LU

B(W — (v) (10.89 £ 0.01 4 0.08)%]f (10.86 £ 0.06 + 0.09)%
(

35.9fb ' (13TeV

CMS

90

0.95

+ LEP
x SM
ATLAS
—— CMS
1.00 1.05 1.10 1.15
B(W—1v,)
B(W—ev,)

W —ev,

W pv,

W — v,

(67.41 +0.18 £+ 0.20)%

359 (13TeV)

CMS <+ CMS
—a CMS LFU (68%,95% CL)
a 4 LEP
LEP LFU (68% CL)
w/ LFU
B(W — fv) = (10.89 + 0.08)%
B(W — qq) = (67.32 £ 0.23)%
-
—

0.100 0.105 0.110 0.115 0.120 0.125 0.130 0.135 0.140

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:
* Dilepton final state

R =

BR(t — Wb)

BR(t — Wq)

=~ |Vil?

t

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

[lViw| > 0.975 at 95% CL|

CMS, Vs =8 TeV, J'Ldt= 19.7 fb! <
£ 12000 F= ) (o))
3 - ee events : 1y events : 2jets ep events k!
u = e Data | | '
10000 [— Ola : |
— tt | i
8000 - [] Single top quark | I
- [z Il (data) | |
6000 |— Bw : : 3jets
W, multijets, other f | |
- 5 2 jets
4000 219t : '
LS . 3jets 4 jets
2000 3 jets J
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b-tagged jet multiplicity
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0.8 R -rrrrrrmrr e s NN e eremeanee e N e R NN e AN e N\ | T
N T T A T T A O A I

012340123401234012340123401234012340123401234
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Top quark mass

; I~ NN l m, world comb. = 1o III,"’L:
- Top quark mass is a fundamental S s0s [ 1w wammonrmerts || Deane
parameter of the SM I el B
yy R vv.‘ 80.45 = /}:
. .,( % JOOR e —
80.35 | iy 0365 - 0.015 Gev
omyclog my, i
80.3 [—
* Precise measurement needed for checking g sF .+ (\@-‘“@ e
. oW =) W
consistency of the SM | S

* 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:2302.01967

. . 45>_<.10.3 . 363fb (13 TeV)
» Select lepton+jet final state 3 4o CMS i mgbes
A unmatche Z+jets
— Best channel to measure my,, © 35 ' ot E%ﬁ‘caenat.myd églbc?tsgl#lt”et_:
o 30F E
— well defined final state (1 lepton, 1v, 2b W) 5 25 L poeseev
. L
* Select ttbar events: hadronic decays (m,,, my)
: _— : : 10
» Kinematic fit: constrain W mass, top-antitop masses _- -
. . . ©)
— In-situ JES calibration _- - =
* Measure m,,, and JSF -~ 877020 a0 400
P P * m{* [GeV]
10’ 36.3 b (13 TeV) s N- t
T U T -
$ oo cMs mire Cmgell 1,0 b O v
O) Ff +jets (Jtt unmaiched  mmZ+jets ] \ 3
N 25 2 Cbramy 5o/ \ w
*g 20 mé" =172.5 GeV / |
S e Pao >f02 q VV |
1| C -
: itte -
10} [ W / t t
J | i b
o ’
2.5 gt S /
IR e \ /
[0} 05 A T e it / \
Q 60 80 100 120 140

eco [GeV]
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Top quark mass

arXiv:2302.01967

« Updated measurement (I+jets ch.)

« Likelihood method (m™, m,"¢%, m,/m/ R,
* |n-situ constraints via nuisance parameters

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

qreco)

N 36.3 fb’ (13 Tev) — 36.3 fb (13 TeV) 36.3 fb (13 TeV) 36.3 b (13 TeV)
S3000f 5 5 : 5 : ‘
< CMS +Data— s f'tl 68% CLD %Ll < | CMS  Date-rost. f'tl 68% CLD 95%CL| CMS .« pata—Post- ml sencLlJosucl) < [ CMS < pata—postitll] 8% cLl] 95% CL
e + jets 1 4000 u + jets 04* e + jets 04— U+ jets
2000+ ~ Tl migeo myeee) P02 Mppoim® R | L migeo mieee) P02 Mpoim{® R

2000 I | I
1000 I 2F ] ol
=z =z " ] £ : : : £ : ‘. :
7] » 1.05 + 1.02 + 1.02
K e 8 1.01 2 1.01
3 3 0.95 | L o9 L o
o PR B A RN AP § 20 A w AR IR A ?I“|T| 50-98 50.98
(= 150 200 250 300 350 A 150 200 250 300 350 8 oL ' ' ‘ ] g IOl ' ' : ]
fit fit
m;"[GeV] m;"[GeV] Template Bins Template Bins

m, = 172.20 = 0.31 GeV| =*=0.18%
= most precise measurement to date
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Top quark mass results

e accurate (~0.2%

@ Recognized by European Physical Society

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

CMS 2011, dilepton
EPJCT2 (2 ot

CMS , lepton+jets
2) 105, L=5.0 b

CMS 2011 all-jets.
A sat

CMS combination
WioL=50 1

n combination

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

volume 74 -number 4 - april - 2014

Particles and Fields

173.49 + 0.69 £ 1.21 GeV

17354*033+ 96 GeV

(valuo

173.18

(valuo £ s

175
m, [GeV]

@ Springer
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measurement

ATLAS+CMS Preliminary
LHCtopWG

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

LHC comb. (Sep 2013) LHCiopwG 3
World comb. (Mar 2014)
ATLAS, l+jets

ATLAS, dilepton

ATLAS, all jets

ATLAS, single top
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ATLAS, all jets

ATLAS, l+jets

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

CMS, l+jets
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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

RRESRARDY

]

* 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)
——8—— 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)
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Dilepto!

pton
JHEP 07 (2011) 049, 36 pb“

Dilepton
EPJC 72 (2012) 2202, 5.0 fb™'

All-jets
EPJC 74 (2014) 2758, 3.5 fo™'

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

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

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

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

CMS Run 1 legacy
PRD 93 (2016) 072004

Dilepton
EPJC 79 (2019) 368, 35.9 fb™'

Lepton+jets
EPJC 78 (2018) 891, 35.9 fb™'

All-jets
EPJC 79 (2019) 313,359 fb™'

Lepton+jets, all-jets
EPJC 79 (2019) 313, 35.9 fo™'

Single Jet, p_> 400 GeV
PRL 124, 202061 (2020)

Single top
TOP-19- 009 (2020), 35.9 fb™"

Tevatron combination
arXiv:1608.01881 (2016)

World combination
ATLAS, CDF, CMS, DO
arXiv 1403.4417 (2014)
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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 AL LA BN BELENL BN
; [~

0.9 -~ Standard Model

o8 —— Longitudinal T N 1 single top
—— Left-handed < 3000 .DYﬂ'.ets
0.7 = B ultijet
Right-handed < 2500
0.6 8
z %o_s £ 2000
© .
0.4
0.3 FO ~0.7; FL~03, R""‘O
0.2
0.1 g 1
1)
0108 06 04 02 0 02 04 06 08 1 o R N T S e .
= i -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 E [ AGropwar Freliminary Vs = 13 TeV (Nov. 2020) _
. = B ATLAS, L = 36.1 b ]
» Top quark decays before spins = 04 T EurPhys.1.C80(2020) 754 ——
decorrelate g [ femerwoioeomonoe |t
<1 0.35— _ _ . H . = _]
— It decays before hadronization (t~102%°s) = T p T ATHAS Powhearvines | ' -
. ) . -0 B CMS Powheg+Pythia8  r——ajp— 7
spin information transmitted to decay products 0.3 “ | -
— No need to reconstruct full ttbar system - | -
. . . c T T _ NNLO (NNPDF3.1,1_=p1_=Hy/4) i
» Spin correlation depends on production 0.251 Phys. Rev. Lett. 123 (2018) 082001
mode - agreement with SM -
02 | | | | |
° It may dlﬁer from SM eXpeCtat|OnS (Ejo 1.0 :_# .......... A, — ﬂ .......... LS L S =
— Decays to charged Higgs and b quark (t—H*b) §§ [ - "ﬂl'ﬂ”}["’u};‘i
— Other BSM scenarios 0.95F oo s B NSO =

0 /6 /3 /2 on/3 56 T
Parton level| A¢(I*, IN) |[rad]

M. Gallinaro - "Top quarks as probe to New Physics" - Physics@LHC - March 29, 2023 24



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 29777
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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 200 - 350 GeV
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Boosted topology

JHEP 1209(2012)029, TOP-16-013, PRL 124(2020) 202001, arXiv:2211.01456

Jet3: . <% 253m uaTew
M d T p(478GeV/C Top]et “ __llv L L L B R 5
o7 Je b-tag discriminant 4.2 A o 2 160¢ chs « Data ]
& (O] 1400 Preliminary []Signal 7
W jet To] N JQcb E
7 \ 3 120 . SFtue 3
: Type 1+2 § 100;— —
W sor- E
S cmMs ] 40" £
) » | o[ Jeits. Simulation ] 20: N 1
Mass jet ~ Mto j E . i 88 | Supplementary | E E
] P 1l i " o b I I L I B e a
S AR T NN, P i B S i
Jet 2: Jet Pruning ob Al cet %ﬁ&%l e
e g‘a“sss“ D e T PUINL R ER P £ 0 20 40 60 80 100120140160180200
[Jet2 + 3 : Mass = 167 AR e T S e Lead. jet lead. subjet mass (GeV)
LENN J R - LN ]
Jet 1 : Top Tagging see also CDF note 10234 of . ATl ]
pt 589.1 GeVic, b e, et 2.531b” (13 TeV)
3 SUbjetS, (e al K ‘."' i ° 'm . ‘sub=‘ "‘ ‘,u'=‘ .?\r‘ b N L R R L R A R I L
mass = 186.7 GeV/c2, Sy X — tt 3?3 é _‘1 6 41 2r g %J 250¢ CMS' : : * Data g
minMass = 87.2 GeV/c2 n O [ Preliminary | ; [JSignal
© ook A : [JjQcb B
; : §yFit Unc.
* At high energy, particles produced beyond threshold T
’ S 150}
L

» All-hadronic topology oo sk
— 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) ° N
— Filtering: recombine n sub-jets min d(i,)) o
— Trimming: recombine sub-jets with min py

®
« Minimum distance between jets is R o ° @

\
0/
.

@
)
0
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Top quark pair resonance

CMS-B2G-17-017, EPJC78(2018)565, arXiv:1810.05905

35.9 fb" (13 TeV)

sUiows ol

» No resonance expected in SM @ . e, S

- Why is top so heavy? i\ £ & wp o i J
— new physics? & st o
— is third generation ‘special’? 10_11
 Search for massive neutral bosons _ i
decaying via a ttbar quark pair & o
—

* Experimental check
— search for bump in the inv. mass spectrum

35.9 fb' (13 TeV)

_ . . . ags ,/ 3 E
progressive Iosg in reconstruction ability g _lcms oo 05% GL s
due to jet merging w I'? g 0E Diepton_
. . . u—”: - ° m§ 2;_ _— mge-.epon
— reconstruct My, in different categories o< NI e on
- - ; v X, 10
(e/M’ n-jets, n b tags) 4@ e 13 —— g, (LOx 1.3)
— |+jet events: full event reconstruction I8 _
.. . . 107 N
— Subdivide in categories : ——ee =
102
10°E | I Ll | Ll
1 2 3 4 5
MKK [TeV]
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ttbar+Higgs

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

« direct measurement of Higgs couplings

I pa—
—
g
p—

b,
D

T TTTTIT

o
9]
(@]
O
+
Zz
=
(] .
m =
é -
= ul
| S ol 8 (1)
LHC HIGGS XS WG 2016

o(pp — H+X) [p
o
LI II
11 ll

-
lll
\B
)
VoL
s \o
L -
Zz
z |2
@l | =
o \©
3 18
S |
z |+
b \Z
m
Z
=
1

TTTTTT

Cross section for ttH at the LHC: 107" e
0.13 pb (8 TeV) i
0.61 pb (14 TeV) / _ g ol ’
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

PLB776(2018)355, arXiv:2003.06467

+ Study rate of ttbb: | o(¢£bb) / o (tEjj)
- Anomalous tt+jets could signal BSM final states " S

« 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

_cMms 2.3 b (13 TeV = M n
€“10 ""'_""""'"""_"_'""_'""""""'-""""—g 3.5 Best fit
= I .t!bP mtiLF .s"'_'glet ] A= " Dilept —— 68% CL contour
g [CJttbj [Ett others WZ+jets 1 e P Creelon 95% CL contour
10° mticc mtiv }Data SE | vps ° -
u T o | —@— POWHEG + PYTHIAS |
; 3 :
2.5/ -
1
o 1.4 ? ; : ; 2\ -
= S S NS SRS W_—— S
% 177 Clger s s /i'r Z. z | | |
Q 06! - : 0.01 0.015 0.02 0.025
5 0 1 2 3 =4 VPS
Number of b-tagged jets tibb / tij
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ttbb (cont.)

* Inclusive and differential cross section of t(t)tbb production

CMS-TOP-22-009

— Use I+jets decays
— Challenging to model due to non-0 b mass

« Leading bkg for searches/measurements
« Test of perturbative QCD

10-3 CMS Preliminary _ 138 fb~! (13 TeV)
— e e
CMS Pre//m/nary 138 fb (1 3 TeV) ‘T> 5ﬁ * Powheg+OL+_P8 ttbb 4FS + Sherpa+OL tfb5_4F_S
§2) N ; e Data (o) i * Powheg+P8 tt 5FS v MG5_aMC+P8 tibb 4FS
§ 10°E™ 1 lepton (e/n), =5 jets, =3 b 3 Ott+light O, 4t 4+ Powheg+H7 i 5FS v MG5_aMC+P8 ti+jets FxFx 5FS
L . .ﬁB 3 a I *A $
10° 5 @tic 33 4 U
3 OSingle t - |
104 ?: .tix ° 2; *‘* *A'
3 [JV+jets I *
3 7 1 syst+stat B Vangra?
107 = mstat TH et
C . L VgV
1025— OII\IIIAJ
E ? Data Syst. + stat. unc. Syst. unc.
b L L
1OEF S 1.25F +‘**AY + ; ]
R I B B B B (4] AW : \{ o
O 1.4fF 0100 ™ A'% ok +'* A
D B e ) oy
g . = i ' f ]
Y S ———— s o, L
065, — ‘ 100 200 300 400 500 600 700 800
3 4 5 6 max
Number of medium b-tagged jets Phase space: > 6 jets: >4b mpe> [GeV]
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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, 11, bb)

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

&)
g 1061 CMS ¢ Observed
S 3 [ Background
LL [ Supplementary [ Uncertainty
10°E O tiH (u=1.26)
i ttH (u=1.00)
10°F
10°F
102}
10F <
. ] : : : —
E%» 2.5F *
- 2.0F s
. g Y
2] e — =
o) ey (] L] ]
O 10 Acl L .el .e. " I=‘ ! .‘. | ... | | I

10 -05 00

log, (S/B)

35

30}

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

T T ——rp

C —_ Comblned g

C CMS ----- SM expected ]

r — 13 TeV 7]
— 7+8 TeV f ]

3(')'__

26_—

35

IJ'tfH
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Event selection

* Improve sensitivity ‘ |

thanks to progress in bW—rbigrq’ [ et
data analysis strategies = i
that use advanced R 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 1031
 Establishes directly tree-level coupling to an .uttH —0.26

up-type quark

511b" (7 TeV) + 19.7 fb" (8 TeV) +35.9 1b ' (13 TeV) = I— — : : , -
® CObserved C ]
CMS w— Y0 (stat O syst) & O 9—_ ATLAS =
I . _— 0 (syst]. f >~ ]
AHOWW) S m—— L D) E (g gb = Theory (NLOQCD + NLOEW) E
fiH(ZZ") P % 07;_ ist ) CIJyombmed data _;
- © - =
P : 0.5 =
fiH(x'7) [ e————— - .
- 0.4t ]
tiH(bb) ——— 0.3C =
7+8 TeV D S— - E
- f 0'25 /s=13TeV,36.1-79.8fb" J
13 TeV - 0.1 = s= 8TeV,20.3fb" -
C b d ? O: | | | I 1 | 1 | | | | | 1 | | 1 | | | | | :
e aaa sl s s a4 ; aaaad g a gl g gl e s b esaalaaag 6 8 1 O 1 2 1 4 1 6
-1 0 1 2 3 4 5 6 7
s [TeV
ttH [ ]
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Associated production of Higgs w/ top quark pair is crucial process at LHC

ttH: status and prospects

It allows direct extraction of top Yukawa coupling
Experimental uncertainties are now at O(20%) level
Experimental precision of O(2%) at end of HL-LHC

pp — ttH

WR = pr = M +mp/2

LO
NLO
NNLO
ATLAS
CMS

101 |-

pe Hed [

=
=)
° oL
10 0.5 1—
0.4 1
107 1F T
13
S
T
Q
z
=
Q
2
&
—10E

8 13

27
V5 [TeV]

50 100

o
gaH

Oyar

Oun

{s =14 TeV, 3000 b’ per experiment

—— Statistical

T

 Total ATLAS and CMS

5 HL-LHC Projection
Experimental

—— Theory Uncartainty [%]

Tot Stat Exp Th
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311813 21
§.7 33 24 40
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0
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: ttH/Z with boosted Z/H

Search for tt+ boosted Z/H—bb

300-450 GeV >450 GeV
{ 2016 Data M Single top

Stat.+syst.  titf, tby, ttW, tHW, tHq
Mtt+LF/cc MW+ jets, DY +jets

Events / bin

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

tt+bb

1
« Search for EFT effects g
s
<05 H . '
© i i i i i
t © o 3 6 9 12 15 18 22 26 30 34 38 42 46 50 54 58 62 66
g 2016 analysis bins
CMS 41517 (13 TeV)
£ , | Postiit p2/H cand; 200-300 GeV 300-450 GeV >450 GeV
S 104 F {2017 Data M Single top
Z € 0 .1 .2 .3 . 4.5 Stat.+syst. ~ tEt, tby, tEW, tHW, tHq
o108 ' : ! ! ! [Mtt+LF/cc MW +jets, DY +jets

W ttH .

107"
g}g
CMS 138fb™' (13 TeV) CMS 138fb (13 TeV)  gos| . ;
T | | | : | = F T T 3 © o 3 6 9 12 15 18 22 26 30 34 38 42 46 50 54 2015$ana1$szisbin§6
. = T ) imi ]
5. 3L ¢ Best fit —68% CL 1= i SM ttH _ 95% CL upper I|m|°ts ] CMS 5071 (13 ToV)
o 3 Obs. [68% exp. IS " 2 cand .
- o, = 10 3 X E S, | Postfit pY : 200-300 GeV . >450 GeV
* SM 95% CL 9] E ---Median exp. C195% exp. 1 3'°F $2018 Data M Single top
2 ,,,,,,,,,,,,,,,,, [ R [0} — E g Stat.+syst. i, tEy, tW, tHW, tHq
— ) T e T TN oo 1 @« & Mti+LF/cc MW+ jets, DY + jets
. n 5 r ] tt+bb  MtH : ]
@ 102k 4
o E E
o S ]
10"
C 10-1
] 1 o
s . T E 1:5 r
» 10— 1 sosf : :
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-"E' ___________________________ 2018 analysis bins
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F 1 1 3
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Mtz
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Consistency with SM

JHEP 08(2016)45, ATLAS-CONF-2015-044, arXiv:2207.00043

CMS 138 b (13 TeV)
S 59| ATLAS — Ho S [ Mmaieesese Wz
= Vs=13 TeV, 245 - 79.8 fo~' — Hs 77 @ I R
m my = 125.09 GeV, |yH| < 25 r “""
g Pow = 50% H— WW = 101k _
15 H o :
— Combined ol I b
* g 102§ v 4 1
10 ; ""

} Vector bosons

I Lot § rd . . A
103k 3" generation fermions |

2" generation fermions

.‘.
T
ro-

"""" SM Higgs boson

_68°/OCL - 95°/OCL +BeSt F|t QSM N Eus L L L Lo L Lo L
| | = 1.4p T T T T T T I ™
P 12F 1.05F =
0 20 40 60 80 100 o : + ﬂ :
o 1.0;— -------------------------- * ----------------------- 1‘00—--- --u--f---.:
0 ggF [PD] % 0.8F :
o 0.6‘“1 ool ool 1 | M
10~ 1 10 102
VBF+VH: boson in production Particle mass (GeV)

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

) o 10¢ EMS : : : | | 359 (13TeV) » CMS 3591 (13 TeV)
 Measurements gives access s F ¢Data |tz mtw mwz § gsf ¢Data iz W2z ]
to EW couplings of the top ~ “ 1w} e e B S
10° N=0 s ' ;
P I TR 4 leptons
CMS 13817 (13Te) | . 5 : ;
> E”I”HIHHM" serve H'i -E - —. . .
§ 0'04; —agsmvdmms E - : m— ¢ :
. 0.035— [7] Theory unc. = 10 ;
— - y2/dof=52/5 3 |
i_ 0.03;_ ----- (/IGS+HERWIG7_; ; 3 |eptonS
O .02} 4 1723 s 2 s s 2 3
3 - 1 N,
o 0.02 =
- 0.0155— —f 5 CMS 35.91b" (13 TeV) i
0 015_ é __8__‘ 1'6__ * 1tV best fit = iV theory [1] §7_ HW theory
et pY > 20GeV | o i s e
A - B 1.4+ o contour 4_ __________________________
R e e Combine 3- |
O “F P Yaskand ad - 2?
» 0;% t . and 4-lepton 12+ i
o R 100 150 200 250 300 i - T ¥R g [ob]
g o) [GeV) final states I ’
Measure: : 1z theory
0uq(pp — tty) = 173.5 £ 2.5(stat) == 6.3 (syst) fb  os-
. . . g Y N T T e
= Consistent with SM predictions T

O IPD]

M. Gallinaro - "Top quarks as probe to New Physics" - Physics@LHC - March 29, 2023 41



ttW (cont.)

arXiv:2208.06485, arXiv:2301.04245

. . . N - 4
» Cross section slightly higher (2c) wrt SM predictions q g
» (anti)top quark produced preferentially in the direction of
incoming (anti)quark t
» Measure charge asymmetry using leptons from ttbar decay J W
A _ A
CMS 138" (13 TeV)  Af = N(Ap” >0) - N (Ay” <0)
g O T T T N (An? > 0) + N (An? < 0)
,% 500:——+— JHEP 11 (2021) 029 = 2 poof .
o) B 68% CL ] s ol ATLAS . ; ??;ta g:woco) -Sr/(Ew)
4501 ° _: 160 §R=slfnrnz\:;/139 ° B v-conv. i mz
- = 95% CL . b Postit Wz/zZ+jets [l Other 7/, Uncertainty 3
4001~ ] 12op : : :
i 00 ! i, ;
ssob ] oY | L
i 60 L ;
300 | .
250f— I —f Ei ié ,/-f)y/-/w«/7/4////74//{/%////-/#‘///%//A/%////f)///-////#-///ﬁ-ﬁ/(/,/-
El oo v e b b by IE = SH‘”MOW SRI&IOW Sli,b*h/ SR’“’“ﬁ/ Sliedlo S/ied/o S/ieb‘hi S/q‘eb‘h/
2007450 500 550 600 650 Yo e oy g ey e oy o

O [f0]
W AL (1iW)PE = —0.112 + 0.170 (stat.) + 0.054 (syst.)
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itV

Both CMS and ATLAS collected enough data to measure very

rare(~1pb) processes
Test SM predictions, challenging calculations
High potential for NP discovery

— Sensitive to EFT operators, tV couplings etc.
— BSM models foresee larger cross sections

ATLAS+CMS Prelimina =
LHCIOpWG ry Vs = 13 TeV, November 2022
oy = 07270 g(scale)£ 0.01(PDF) pb I o, = 08670 5g(scale) 0.02(PDF) pb I ofyhe" " x 20 = 0.03877 3g3(tot)pb x 20 o P*"x 6 = 0.15% 0.03(tot.)pbx 5 o = 0.7 0.14(tot) pb
JHEP 11 (2021) 29 E Eur. Phys. J. C 80 (2020) 428 E JHEP 10 (2018) 158 Madgraph5 + aMC@NLO Madgraph5 + aMC@NLO
FxFx@2J+NLOZ+NLOg NLO(QCD+EW)+NNLL I NLOQCD : NLoQcb NLO QCD
Gmeas. T (Stat.)+ (syst.) fotal - stat :
-1
0.87+0.13+0.14 pb ATLAS, Lint: 36.1fb
tw = Phys. Rev. D 99 (2019) 072009
0.87+0.04+0.05 pb : ————— CMS, L =138.0fo
- arXiv:2208.06485
: -1
0.99+0.05+ 0.08 pb I —t ' ATLAS, L, =139 fo
’[TZ F Eur. Phys. J. C 81 (2021) 737
0.95+ 0.05+ 0.06 pb } i CMS, L =7751b"
5 JHEP 03 (2020) 056
- - -1 .
i 0.040+ 0.001 *%9% ppx 20 : ATLAS,L =139fb", Vis1
tt’Y+tW’Y dilepton ep ~0.002 P! I—-I--I—I: HER 09 (2(I)n£0) o9
i 0.175+ 0.003+ 0.006 pbx 5 : —rom—i CMS, L =1381fb" Vis2
’[TY dilepton : JHEPO5 '(gozz) 091
tty l+jets 0.798+ 0.007+ 0.048 pb ——fo—i CMS, L =137 1fo", Vis3
: JHEP 12/(2021) 180
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 I 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Gy [PD]
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Top-Z coupling

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

PRL 122(2019)132003

CMS 774fb (13TeV)
A I B
& Data ;th
- mmwz iz
L[] Nonprompte/ (4
X/ tX = Xy"
|~ [ Multiboson BZ Totalunc. |

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

2-3 jets, 1 b-tagged :

Events /0.13

.0

8 15E E [ Stat. unc. []Total unc.

S e *H“”H
o) 054 E
8§ % os 0 05 1

BDT output
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Flavor Changing Neutral Currents

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 | 7x10°Y7 —~ - <1077 <10°% —~
t—Zc | 1x10 4 <1076 <1071 <1077 <100% <10°°
t—gu |4x10 M - - <1077 <10°% —~
t—ge |H5x1012 <104 <10°% <1077 <107% <107
t—~yu |4x 10716 - - <107% <107°? -
t—=ve |5x101 <1077 <10°° <107% <107? <10°°
t—hu |2x107Y7] 6x10°6 - <107% <10°° -
t—=he [3x107%| 2x10°3 <107° <107° <107? <104
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FCNC.: top couples to light quarks (u/c) and neutral bosons (y,Z,H,g)
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Flavor Changing Neutral Currents

« Expect small signal from SM

..but signal may be large in BSM models

Final states:

Wb tHq
pl‘\}s m——i
u,c b S‘\’Fe
W : ) 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%

 Ogg—>txB(t—=Wb)<29pb  B(t—Hu)<0.55%
M. Gallinaro - "Top quarks as probe to New Physics

b t
gib@ '/ Z
2, ?
";oooroao o;(\ ’ a q
r'4 P~ w
& X z
t—ug, t—cg ,——
t—uZ, t—cZ | Snd 74
B(t = Zu) < 0.022% SM o(tZq) = 10787 fb
B(t = Zc) < 0.049%
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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

i oy, =059 0 (scale) £ 0.01(PDF) pb

i Eur. Phys. J. C 80 (2020) 428
i NLO(QCD+EW)+NNLL

Gineas, + (Stat) + (syst)

i o, =086 (scale) £ 0.02(PDF) pb i
Eur. Phys. J. C 80 (2020) 428
i NLO(QCD+EW)+NNLL

Vs = 13 TeV, September 2020

iz -0.08 POy = 0.56 +0.10(tot.) pb
i Phys. Rev. D 83 (2011) 074013

i NLOQCD

total  stat

0

; . t—Hc
0.87 +0.13+0.14 pb T ATLAS, L, =36.11fb
: Phys. Rev. D 99 (2019) 072009
th 0.12 +0.13 CMS. L =36.1fb" t—Hu
0.77 51 ‘o2 b e+ > Sint~ OO
JHEP 08 (2018) 011
: t—=yc
1.05 +0.05 + 0.09 pb { ey ATLAS L o139 !
ttZ ATLAS-CONF-2020-0-218 t—)"{U
0.95 +0.05 £ 0.06 pb FE—— CMS, L =775
g JHEP 03 (2020) 056
H t—gc
_ : ATLAS, L =36.1f0",
tt'Y 0.59 +0.01+0.03 pb HIH p,(y) > 20 GeV togu
Eur. Phys. J. C 79 (2019) 382
1 1 1 | 1 1 Il | 1 1 1 | 1 1 Il | 1 1 1 ‘ 1 1 1 | Il 1 1 | 1 Il 1
0.4 0.6 0.8 14 16 toZc
Gy [Pb]
t—Zu
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LHCIOpWG

September 2020

Each limit assumes that
all other processes are zero

ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS
[1] JHEP 05 (2019) 123
[3] JHEP 06 (2018) 102
[5] JHEP 04 (2016) 035
[7] JHEP 02 (2017) 028
[9] CMS-PAS-TOP-17-017
Theory predictions

[2] JHEP 02 (2017) 079
[4] PLB 800 (2019) 135082 (LH only)
[6] EPJC 76 (2016) 55
[8] JHEP 07 (2018) 176
[10] JHEP 07 (2017) 003

—SM 2HDM(FV) EEJ2HDM(FC)

from arXiv:1311.2028 [CIJMSSM[Z]JRPV BRS
Pa—Y 12
~—@ ]
«—@ 131
—0 18]
Y I Y T I I | bisdoird! WA L ST® |[1?]
107° 107 107 107 10* 107

Branching ratio

Top quarks and rare decays

Y

w tZ



Vector-like quarks

EPJC79(2019)364

0:1:3

Predicted in many BSM models, aim to solve the

hierarchy problem W+ H,Z
— Produced through strong interactions
— left- & right-handed components with same quantum numbers W= H,Z
* VLQs can mix with SM quarks and modify the -
couplings to the Z/W/Higgs bosons -
« Search for VLQ single and pair production
— Most searches assume VLQs couple/decay to SM particles - 2 TWSFV: =
(bosons and 3™ generation quarks) '}‘ ?AMi - 1'i Q%
— FCNC decays %o_s Mi= 13TeV 1.2 x
» Busy events, a lot of top quarks, bottom quarks, leptons e ] 1' ?
and jets in final state Fos?
— Example: 2 tops in final state 0.4 06 8
— use top/H/W/Z taggers to find hadronic decays 0 04 =
0.2

0

02 04 06 08 1
B(T — Ht)
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EPJC79(2019)364

* Predicted i
hierarchy
Produce
— left- & rig
 VLQs can
couplings t

« Search for

Most sea
(bosons 4

FCNC de
* Busy event

and jets in
Example:
— use top/H

Vector-like quarks

Vector-like quark pair production

Q- qwW
Tt z(
T-tZ
T - bW
B — bH W - tb
B bz W o th
B - twW
X5/3 = tW

X5/3 = tW

T - bW
0O 03 06 09 12 15
Observed limit 95%CL (TeV)

W' —tb

W - tb
Vector-like quark single production ¢

t—lep
owo=1.5
t—lep
cz=2.5
t = had
cwo=1.5
t = had
cz=2.5

cw=1.5

T-tH
T-1tH
T-tH
T-tH
Ttz LQ

T2tZ c=15

LQ
B - bz

cw=1.5

T->bW  cw=15

Y- tH cw=1.0
0 02505075 1 1.2561.51.75 2

Observed limit 95%CL (TeV)

new physics searches with heavy SM patrticles

z(1.

Z(1%) = tt
Z'(10%) — tt

2(30%) — tt

Resonances to heavy quarks

2%) — tt t* - tg S=3/2

0%) — tt t* = tg S=1/2
gKK - tt b* = tW (Ki=1)
W > tb b* = tW (Ka=1)
(My<Mw) b* = tW (Kr=1)

(Mv>Mw) t* = tg (Kuke=1)

gKK — tt
(Mv<Mw?)
(Mv>Mw) radion = HH
z-Tt [P W - WH
— 12t (50%)
+UHE0%) 1 15 2 25 3 35 4 45 5 7> ZH
Observed limit 95%CL (TeV,
*CL (TeV) Gibulk o ww
<&
Leptoquarks Gouk = Z2Z
W = VW HVT(B)
->top+mu
W’ = WH HVT(B)
->top+tau 13 TeV
Z' = VHHVT(B)
LQ->bmu
0 0375 075 1125 15 radion = HH

Observed limit 95% CL (TeV)

B2G

)

Excited quarks

0

0

04 08 12 1.6 2
Observed limit 95%CL (TeV)

Resonances to dibosons

10 fb
13 fb Q
20 1b)
281b
40tb
181D
20 b

05 1 15 2 25 3
Observed limit 95%CL (TeV)

9model-independent

0:1:3

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 'y
ttbar ¢
* Light stop:
mg, S my

T— byt — bW)??

* Heavy stop:

t—>t —>bW

t—)tx
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Top and SUSY

arXiv:1603.02303, JHEP05(2020)032

 [f 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—tx) —bWi)
i—bx — bW

“heavy”
“light”

« Small predicted cross section

T, production, i~ b £ 7/t ¢ 7/ E> WD T 1T t 7,

CMS Simulation 137 b (13 TeV)
E 10° [ JLostlepton 88 Stat. unc. ]
0 I u (fomt) -~ -- T17,(1050,100) x 20
@ qsl. U (notfromt) - 5bX,(950,100)x 20 ]
(= — b w0 itk E
3 B z- v === Tt /by, (750,400) x 20 3
i ]

Status: ICHEP 2016

;-6007.\..|\||\|I|I\||‘|||
— for 175GeV: 40pb@8TeV 8 [ TN
—_— ~ g 500~ *}:x.bx
« Stop pair production: [£f x ? X {) : ;‘;;;W

—similar to ttbar lepton+jet and dilepton ch.

— Observed limits ===~

—additional MET from neutralinos 300/
» change in ttbar cross section z00f-

[T

\s=13 TeV

10L 13.2 fb™! [CONF-2016-077]
1L 13.2 ™! [CONF-2016-050]
t2L 13.3 fb'! [CONF-2016-076]
MJ 3.21b7 [1604.07773]
Run 1 [1506.08616]

Expected limits

Lo b byl

L L L L L

(NN YIVJ T

300 400 500 600 700 800
sts [GeV]
19.7 o' (8 TeV
‘ T L 5 4.54 T T T T | | T T I T T T T I T (I T ? 2
g’ - CMS — Observed =10, E
o 4 L Expected B
) 5 | Expected =10,,, 3
§ 3.5 r Expected +20,,, ]
1o 3F =
»n ]
S 25 5
1E 2f ]
— B
-4 0O
X
To)
(o]
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T T T
500 600 700 800

0.5F - tSE:’, m&:’) =1GeV
1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 L 1 I 1 1 1 1 '-
L 950 160 170 180 190 _ 200
m.[GeV]
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Top and SUSY

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

. . . . CMS ! e
[ ] If SUSY eXIStS and IS reSpOnSIble for Solutlon g 3 LI I I N I I D O O B I—Io—l(:;b;e:\/eldl T I-IIZ‘I)VIVI T :1|3|7rb| 51?’]—!\/,)
H @ 1 = Lostlepton B 1/ (from t L 1
of hierarchy problem, naturalness arguments ~, 8 = vpatony B Toeen
£ e

suggest that SUSY partners of top quark ok
(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 ' ' ' = Signal Regions

Obs./Exp.
O AN wh

. Small prediCted CrOSS SeCtiOn ;‘ GOOT‘I?‘\prIOdIur“:)rI]’,iI“j|bflfl\%?I/I,i“rlcl‘i?l/’!f‘r\vvlblzlf/lil_:t\%?I | \Sltaltl;lsl IIC\HIEIP‘2(I)1I6 .C 4-54 L T I T | T | T I1l9.|7|fb;1 (ISIT?VIZ

oo} L ATLAS Preliminar \s=13 Te ] a E CMs — Ob: ed =10, E

—_ for 17SGeV 40pb@8TeV gc_ r —I‘%I%E/iﬁwbi?y IOng.-Zri\tj::[CONF-2016-077] ] § 4:— - Ex::cr:ed —:

- : 75050 5 F mies L 195 15" loONF 201507 1% 550 W Expected =1, E

. CEETa e ! o ) = “vr E ed +20,,, ]

» Stop pair production: |Z£ X1 X1 S - ] ;
o . r 400= - - - . 15 C
—similar to ttbar lepton+jet and dilepton ch. [ = exnedime = Bomedime - mmeaissnes 3 2 ¢
—additional MET from neutralinos e T - N N P
[ L] : , v v”’“ f % /j’?/ ‘\“\\ 1 : -
« change in ttbar cross section 2o 4818
:/ bff ‘vv‘\\y‘ ;3 1:

100~ ] 5 E

C s 0.5 T -t mE)=1Gev

7/ //l// :'.l;\ : q:1 1 1 1 1 | 1 1 1 1 | 1 1 1 ? | 1 I1I 1 I 1 1 1 1 I‘

o0 500 400 500 600 oo 800 5o 50 160 170 180 190 _ 200

m.[GeV]
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Top cross section: dileptons

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

* Indirect searches

« SUSY models could produce %2
final states very similar (with y
.y X1
additional MET)
* For example: dilepton channel _- 071" @ Te)
. e
i, production, t-> b % /t— ¢ ¥} /> Wb X, /T t %] ” 4'521 AL L
S ogsof-T TTTTTTTTTT | FrrrrrrTT 4 ,/ - CMS — Observed =10, E
‘%_mof_Aﬂ'gis@o oLt & i 4; -~ Expected .
& g =i: wwbzﬂ/b”,%? :fll\-/v SC £ 50 3.5 I Expected =10, f
3sof— _Hi Vo L 7 AR n Expected =20, .
;?::;)fc}’io to, t1L 0476180 190 200 210 3F —
' my; [GeV]
e e Observed limits  ===- Expected limits All I|m|tsat 95% CL 5:

250
200

150 A

—_
- O N

\Tllllllllllllllllllllll

100

95% CL limit on signal strength
N

— 0.53— ~ 0 - -

W - TegmG)=1Gev
200 300 400 500 600 700 800 q5OI — 11601 — '170' — 11801 L '190' L '200
I'Trt1 [GeV] rnr [GeV]
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Multi-top production

EPJC 80(2020)75, JHEP11(2021)118, CMS-TOP-22-013

* Production of 4 tops is an attractive scenario in 6 |[$4FF40
a number of new physics models g X

* The SM cross section is 12fb@13TeV

» Use dilepton and lepton+jets final states &

« Combination of kinematical variables and BDT 138 10" (13 TeV)

« Search for same-sign dileptons, or >2 leptons ' CMS ¢ owta  Background
102} Preliminary I itt Total unc.

Events / 0.3 units

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

* Measure cross section: y
o = 17.973 7 (stat) 5] (syst)fb T

05 I L L L | L L L L | L L L L
- -05 0 05

log, (S/B)
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Multi-top production

EPJC 80(2020)75, JHEP11(2021)118, CMS-TOP-22-013

* 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 § 2 amas | epaa ]
W 200F Vs=13TeV, 139" [ttt [ Jtf+light 3
180:— Signal regions Ottex1c @tt+>1b B
E 1L,9j,4b @ non-tt 7~ Uncertainty ]
160— Post-Fit *: normalised to tot. bkg. E

« Consider multiple control- and search-regions 140 1
defined by MET, hadronic energy, number of '
(b-) jets, and p; of the leptons in the events

* Measure cross section:, o
o = 17.913T(stat) 21 (syst)fb

» Limits on Yukawa couplings: ly./yiM| < 1.7 T T R T e

BDT Score

Data / Pred.
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Dark Matter + ttbar

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

« Shape of MET distribution )

X
H . ¢/a
 Signature: ttbar+MET S/ e
- Top-tagging categorizat x
op-tagging categorization
» Signal events at large MET > 5)
2.2 fp"! (13 TeV) T 3?|9fb' '(1'3|TeV)
§ 1600FT T T I § [ cMS ¢ Data .ZII)+1ets
~ - ] Ll B
2 1400f t Data = - 14, 2btag, SR .Z_(vv)+ jets I W(v) + jets
S - | 4jets tt with matched jets . 1000 tt t+X
> - _ = .
w1200 - | Iets tt combinatorial . C M. vH  [JFitunc.
1000 :— - Other background —: 100 - ] t, tt+DM,
- ] - o Pre-fit ~ m,=100 GeV
800 = - ——
- a 10 .
600 = _E —
400 |- — 1
E -
_ - ] 3\-? 12 ' [N P B W—
.g 1 5 - - % 081 T [ T ";:;:
0 - A Qo 06 T 1
-~ 10 5i¢ ....... Q‘.A,..QAQM..... 000 % Re0 o000 o _
8 * ++ ¢ ¢ s 2 —
@ 05~ T4 B e o — '
a - ' : - : oS —
-1.0 -0.5 0.0 0.5 1.0 5" -2 -

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
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Physics with forward protons

arXiv:2210.05854, TOP-21-007, arXiv:2110.05916, arXiv:2303.04596, arXiv:2211.16320

CMS " CM? 201;(»71) ‘
central detector Roman Pots 8 a0
LHC sector 56 TS 0 ot PPS collected more
CNG N «9 beam 1 E | - siona E .
= TAS [T e B e T N e ‘ & u v JeC 2505 ... Background than 1 OO/fb In Run2
= EieETe ~ e[ TTos] 200 1
T LT e 1500 P E
100" e
203 m 50;
<= | HC sector 45 219m : T ]
%6535 10 5 9 5 o 8 %0
~ — e BT T CMS-TOTEM profiminary 29415 (2017, 13 TeV)
g : _____ cms- TOTEM
o 1 Search for light-by-light Search for
E ] . N . .
o . ?catte:;ng V}[' A W'ﬂ: | exclusive top quark....
F . rwar r n n r : :
s orward protons, neutra pair production
S quartIC gauge Coupllngs --o- Median Expected
71} 4 SM(pred) 32 _ [ 68% expected
[ —— Observed 95% CL s [ 95% expected
S e I \ ""I al | |_ Obse”'led
H‘ﬂ.é”ﬂ.‘i‘”ﬁ.é”O”‘O.Z”‘0.4_‘12“0.6“_; » ‘1“H 2 HI3””4””5”“6
600GV g 3721 (13TeY) 10 CMS-TOTEM 100 (13 TeV) 95% ClLonc, ;[pb]
2 | CMS-TOTEM — Observed | 519 ' I
K-Dg * 1755 pp = ppZX 5;;;62?1 E %’ :gé_ + Observed data _§
c r ° ] [ = =
Search for S 010 68% CL @ 70 = Search for
IOUS Z/ % E 01250 E 605— ----- Prefit bkg. + expected signal (a'/A’=5*10° GeV?) 3 anomalous
anoma 3 ] £ E
l . 9 0.100} . S0 E .
Central productlon § X 0755 1 40; —— Prefit background + uncertainty §. h|g h_mass
(2% resolution on i j o e 1 yy—oWW/ZZ
R 0.050f ] 20F =
missing mass) oossl. ] 0 . . 3
0.000 :S(J)O‘ 800 7000 7200 1400 7600 e fg’iggwiggg 22;3 62297 vf,‘,ﬂ’,zgvfyﬁ’,ggzﬁ 2;; 62")575 lﬁ;’ew ’,ggz ’e’gzz"’g

my [GeV]
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Searches for new particles
1 TeV

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits| ATLAS Preliminary

Status: May 2020 I J£dt = (3.2 - 139) fb? V5=8,13TeV
Model t,y Jetst ET™ [rdifib] Limit | Reference
T T — T T T T — T T T T —T
u; ADD Gk +&/9 Oeu 1-4] Yes 361 Mp I 7.7 TeV n=2 1711.03301
€ ADD non-resonant yy 2y - - 367 | Ms I 86TeV.  n=3HLZNLO 1707.04147
S | ADDQBH - 2j - 37.0 | My 89TeV. n=6 1703.09127
5 ADD BH high 3’ p7 >lepu >2j - 32 | Mu I 8.2 TeV , Mp = 3 TeV, rot BH 1606.02265
£ ADD BH multijet - >3] - 3.6 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 2.3 TeV 1808.02380
< Bulk RS Gy — WV — fvqq lepu 2j/1d Yes 139 Gik mass I 2.0TevV 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" — ¢t 2ep - - 139 Z’ mass I 5.1 TeV 19083.06248
SSM Z' — 1t 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
» Leptophobic Z’ — bb - 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 ity 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 HVTW - WZ - (vggmodel B 1epu 2j/1J  Yes 139 | W’ mass I 4.3 TeV gv = 2004.14636
3 HVTV - WV —qqqqmodelB  Oep 2J - 139 |V mass 3.8 TeV gv =3 1906.08589
(0] HVT V/ - WH/ZH model B multi-channel 36.1 V’ mass I 2.93 TeV gv = 1712.06518
HVT W’ — WH model B Oep 21b>2J 139 W’ mass 3.2TeV 8v = CERN-EP-2020-073
LRSM Wg — tb multi-channel 36.1 Wr mass I 3.25TeV 1807.10473
LRSM Wg — uNg 2u 1J - 80 Wg mass 5.0 TeV m(Ng) =0.5TeV, g, = gr 1904.12679
—  Clqqqq - 2j - 370 |[A 1 21.8TeV 7., 1703.09127
(&) Clttqq 2epu - - 139 A 358TeV. ., CERN-EP-2020-066
Cl tttt 2leu 21b,21] 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 Mied 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 VVxx EFT (Dirac DM) Oe,pu 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(y) = 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
£ 2 VY Wbt X leu  >1b>1 Yes 361 |Ymass 1.85 TeV B(Y - Wh)=1, cr(Wh)= 1 1812.07343
VLQ B - Hb+ X Oeu,2y 21b,21j Yes 79.8 B mass 1.21 rv kg=05 ATLAS-CONF-2018-024
VLA QQ — WqWq 1en 4] Yes 203 [OiEsEescevi 1509.04261
5 @ Excited quark ¢* — gg - 2j - 139 q* mass I 6.7 TeV only u* and d*, A = m(q") 1910.08447
D 8 Excitedquark g° — qy 1y 1j - 36.7 q* mass 5.3 TeV only u” and d*, A = m(q*) 1709.10440
S E Excitedquark b* — bg - 1b1j - 36.1 | b* mass 2.6 TeV 1805.09299
] 3,:, 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) - - 361 | H** 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, g = 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 | - . P . M| . PP
partial data full data 10 10 Mass scale [TeV]
*Only a selection of the available mass limits on new states or phenomena is shown. I

+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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New Physics!!
. This is where to look
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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 (-14 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_ 5 L = @ 7 TeV CMS measurement (L<5.0 fb™) :
— 10° =® @ 8 TeV CMS measurement (L<19.6 fb™) =
o) - = @ 13 TeV CMS measurement (L < 137 fb™') =
- >njef(s) — Theory prediction ]
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EW,Zyy, Wy fiducial with Wy, Z-l, 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
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