Probing the SM:
Top quarks and beyond
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Top cross section at 7/8 vs 13 TeV
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Interesting physics with Top quark

L, 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-correlations Lifetime and width Rare decays

New physics (SUSY) W helicity CKM matrix elements

Flavour physics (FCNC) Spin Calibration sample @LHC
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Multi-differential cross section

TOP-20-006

Multi-differential cross section as a
function of top and ttbar kinematics,
decay products and additional jets

Sensitive to SM parameters m; and ag
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Top quarks as window to BSM physics

Top quark affects stability of Higgs mass Contributions grow with A:
t W/Z h mZ2 = m02 + gZAZ

- +O = . - *_{i} e Cancellation?

Solutions:
* Naturalness: There is no problem

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

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

* New space-time structure

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

T T T I T T T I T T T T | T T T I T T T
Tevatron combined 1.96 TeV (L < 8.8 b ) —
CMS I+ets, dilepton 5.02 TeV (L = 27.4 pb”) CMS Preliminary September 2019
CMSep7TeV (L=5fb")
CMS l+jets 7 TeV (L = 2.3 fb™)
CMS all-jets 7 TeV (L = 3.54 fb” b)
CMS ep 8 TeV (L = 19.7 fb)
CMS I+jets 8 TeV (L = 19.6 fb” )
CMS all-jets 8 TeV (L = 18.4 fb” b)
CMS ep 13 TeV (L = 43 pb™, 50 ns)
CMS dilepton 13 TeV (L = 35.9 fb bl
CMS |+jets* 13 TeV (L = 42 pb 50 ns)
CMS l+jets 13 TeV (L = 2.3 fb™)
CMS all-jets™ 13 TeV/ (L = 253 f; b)
CMS t+e/p* 13 TeV (L=35.9 fb™)

* Preliminary

10°

* Top quark physics after the Higgs
discovery
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Inclusive tt cross section [pb]
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— Heavy particle, preferential coupling?

— Special role in EWSB mechanism?

— Does it play a role in non-SM physics? 10 NNPDFo0. 2 1755 00,0 fols)iiﬁi"ioooﬂf ; (M'T[J?‘flg
— Are the couplings affected? s L
— Main background for many NP searches Is [TeV

100 ———— . N —— ’ .
r ]
[ ratios of LHC parton luminosities: 13 TeV /8 TeV [

» Monitoring of production mechanism ¢ | %

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

10 |

luminosity ratio

MSTW2008NLO
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Role of top quark physics

* Top quark physics after the Higgs

. = 1055-4 T g CMS Preliminary, 19.7 fb*, Fma:rav,luts
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Special role in EWSB mechanism® i SS s ;Joﬁ
— Does it play a role in non-SM physics? V) mmme ] ?
. WA o e A I T’;’T’r*ﬂr
— Are the couplings affected? R i et B el 0
— Main background for many NP searches oasf BT G
q q
pro@les sin op
. . . . it w
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vy b
* Is there any sign of NP in top . )
. o6 o7 Toms os b
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Study characteristics

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

event selection region

Drawing by C. Campagnari
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Regions hard to explore

tt, production, t,— b f f i?/?ﬁ c i?/ﬁt}a Wb ’)E?/fﬁ t g”(? Status: ICHEP 2016

; 600 L I L I | | L I T T | L I | | L | |
8 - ATLAS Preliminary 1s=13 TeV -
—_ T Bt /itowhy tOL 13.2 fb”' [CONF-2016-077) .
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Top quark decays

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

-

46%

v "\ v

ttjets 15%

4 u+jets 15%

“ :‘-@ 7 w @ v 40
. LW\>® ¥ etjets 15% o
: -2 "dileptons” "lepton+jets"
* Dilepton (ee, uu, en): 18
— BR~5%, 2 leptons+2 b-jets+2 neutrinos | i
* Lepton (e or ) + jets /
— BR~30%, one lepton+4jets (2 from b)+1 neutrino "%y @econdany vertex
+ All hadronic i
— BR~44%, 6 jets (2 from b), no neutrinos Promptracks b-jets always present
b-jet reconstruction plays important role
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Differential cross section

arXiv:2402.08486

 Measure differential cross section

— Test perturbative QCD 1 thE
— Test BSM scenarios (Z’ decays, etc)
 Cross sections measured as a function of p, n, invariant

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

CMS Dilepton, parton level 138 fb"' (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

I q
* cross section measurement including ts @ _,
v, q

* Includes only 3™ generation quarks/leptons o
« Syst unc: tauld, fakes t —
Channel Signature BR b
Dilepton(e/u) | ee,uu,eu + 2b-jets 4/81 35,9 b (13 Tev)
1077 7T

Single lepton | e,u + jets + 2b-jets 24/81 " + Data E
: . . < [Jti—oevr,vbb 3
All-hadronic | jets + 2b-jets 36/81 P Biiother -
Tau dilepton | e, ut +2 b-jets 4/81 § E&“Elﬁ tquark -
m +Hets E
Tau+jets T + jets + 2b-jets 12/81 BDrell-Yan 3
[]Dibosons i
* If top quark plays special role in EWK symmetry ﬁ‘j{fgznw
breaking, couplings to W may change :
[l [l . 0_ -
« Charged Higgs may alter coupling to W E%:%_ — -
» Search for final states with taus: charged Higgs <85~ *f**\ﬁ*\ o |
‘g 0 50 100 150 200 250
o my(e, p7**) [GeV]
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Looking at tau decays
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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 2BW = i) 1.066 + 0.025
| T BW = el,) + BW = uy,) '

P,
- <008, ayprages

.\\...\...5.\.I.\IL

0.8 0.9 1 1.1 1.2
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Lepton Flavour Universality

arXiv:2201.07861

Resolving an old discrepancy

Strategy :
Use W bosons
from top quarks

Many more Ws
than at LEP

from LEP
CMS LEP
B(W — eue) (10.83 + 0.01 + 0.10)0/0 (10.71 + 0.14 + 0.07) %
B(W — ) | (10.94+0.01+0.08)% [(10.63 £ 0.13 % 0.07) %
B(W — 17;) | (10.77 £0.05+0.21)% [(11.38 £ 0.17 £0.11) %
B(W —h) | (67.46 +0.04 +0.28)%
with LU
B(W = v) | (10.89 £0.01 £0.08)% (10.86 = 0.06 + 0.09)%
B(W - h) (67.32 + 0.02 + 0.23)0/0 (67.41 + 0.18 + 0.20)%
35.00 (13TeV 359 ' (13TeV)
11 ' S CMS -
) CcMSs - —n.-f gmz LFU (68%,95% CL)
- } W ev & + LEP
10 Ty ¢ B LEP LFU (68% CL)
w/ LFU
[ B(W — &v) = (10.89 £ 0.08)%
Ky . B(W — qq') = (67.32 + 0.23)%
S 105 / [ N
? ? / : ’,/ W—pv, -
4|7 B LEP /
0.95 x SM - .
ATLAS | W—ow i |
—— CMS %
0'98.90 0.95 1.00 1.05 1.10 1.15 f
B(W—H’V,) 0.100 0.105 0.110 01B1(SWD_12£D\,) 0.125 0130 0.135 0.140
BW—ev,)
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How does a top quark decay?

Vi

b

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

* the W is real:
— can decay W—lv (lI=e,u,t), BR~1/9 per lepton
— can decay W—qq, BR~2/3
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* Measure R:
* Dilepton final state

Events

Cross section in the R measurement

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

BR(t[) Wb)
BR(t] Wq)

R[]

~ |Vip|?

o (tf) = 238 £ 1 (stat.) = 15 (syst.) pb[:6%
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[[Ven| > 0.975 at 95% CL|

CMS, s=8TeV, [Ldt=19.7 fb’

= ee events : Ly events : 2 jets ep events

~ e Data I I

. O« | 1 =

— | I

= [JSingle top quark | |

- []Z- li(data) : :

. Ew | | 3 jets

= Il w, multijets, other : . :

— 2 jets | 2 jets |

- I

3jets 3jets 4jets

I 4 jets 4 jets
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Top quark mass

T L I T T I T
68% and 95% CL contours i§ m, world comb. = 1o

Y E 7

 Top quark mass is a fundamental S 505 [ M fitwlom, andm, measurements | | - csoaw

E; - fit w/o M,,, m and M, measurements —0=0.76 ©0.50,,; GeV 7]

parameter Of the SM 80,45 :_ I direct M, and m_ measurements i - _:

80.4 E .

80.35 [ o - 50385 + 0015 Gev =

dmyeclog my, - .

80.3 [ —

* Precise measurement needed for checking . ;m,tf,?f’?‘{' ]

consistency of the SM F 1 1
140 150 160 170 180 190

m, [GeV]

* 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 fb ' (8 TeV)

- Select lepton+jet final state 3 12000 Wcorect T Bt
— Best channel to measure my, o 10000 T8 unmatched 5 &t
. . E’:’ BDD':':_ S After P, selection ]
— well defined final state (1 lepton, 1v, 2b W) % so00L a fltted top-
- Select ttbar events: hadronic decays (myy,, My) g 4000} N
[17]
» Kinematic fit: constrain W mass, top-antitop masses z,
— In-situ JES calibration .- 32
~ o
* Measure my,, and JSF PRe a
-— -
}25000_0'"15 Lepton+jets, 19i?m (8 Tev) 7 s B g
D - Wt correct B Single t \
(O] [ [ tt wrong R W+jets / \
> 20000F [ltiunmatched [ @D multier \
— L+ Data [ Diboson I
E 15000__ After F'wselectinn n I
& 10000l fitted W |
E | mass {1
& 5000f 1
O [ | .
E 05— I G B M PR B
Q "% 50 100 150 200 250 300 my = 172.44 & 0.13 (stat+]SF) + 0.47 (syst) GeV
Mz [GeV]
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arXiv:

S3000f
<

2000F

1000

Data/Post-fit
o 4

o o
a;

2302.01967

Top quark mass

Updated measurement (l+jets ch.)

Likelihood method (m, mye® myreco/mfit, Ry reco)
In-situ constraints via nuisance parameters

Main systematics: b-flavour component of JEC, FSR

36.3 b (13 TeV)

CMS « Data—Post- fnl 68% CLD 95% GL|
e + jets

Lot
200

mft[GeV]

250 300 350 0

3637 (13TeV) ) , 38317713 TeV) . 36317 (13 TeV)
. 5 5
% CMS -paa Post f,,. 68% CLD 05% CL| < CMS . pata—postitll 8% CL[] 95% CL| < CMS - pata—postitll] s8% L[] 95% CL
4000 M+ jets 0.4- e +jets i 0.4l U + jets
My Sloge0z Mppim Rgg” mEe mle oz migimt Rg®

N

MY

= | | ) = =
pO ‘ T |A [T w1.020 P — — —t - w1.02— p— - - f
51.051 s . [ g 1_0:} 8 1'0-1|
[0 o o
gosst Tt H B itk 5 0.99 5099
3 T50 200 250 30 350 9 098t ' J ‘ T 8™ ' J ' '

m{*[GeV] Template Bins Template Bins

m; = 171.77 £ 0.38 GeV] +0.22%

= most precise measurement to date
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Top quark mass results

arXiv:2402.08713, Phys.Rep. 1115(2025)116

CMS Preliminary March 2018
b hadron lifetime - 0. L
TOP-12-030 (2013) —eflp—— 173.50 = 1.50= 291 GaV
ATLAS+CMS Vs=7,8TeV
) Kinematic endpoint 4,904 0.80+1-
volume 74 - number 4 - april - 2014 ATLAS+CMS combined total E‘quTsa(l;me:: 25;1“ s @ 17380=080*170 ;. Gev
............
stat uncertain '
total uncertainty stat brjet energy peak ——— 172201172266 GoV
total (= stat = syst) [GeV]
ATLAS M= Le
) pton+J/v/ ————e 173502300 0.90 GeV
@ R P d||eptoq 7 TeV E———— 173.79+ 142 (+ 0.54 = 1.31) JHEP 12 (2016) 123 ’ :
lepton+jets 7 TeV e 172.33+ 1.28 (= 0.75+ 1.04) Lepton+SecVix 170082020°158 . Gov
Particles and Fields all-jets 7 TeV ——s——  175.06=1.82 (= 1.35x 1.21) PRD 93 (2015) 082005 re— 07
dilepton 8 TeV = 172.99+ 0.84 (+ 0.41+ 0.74) Dilepton kinematics oss
. o ———— 171.70£ 1.10%=5% 5 g GeV
lepton+jets 8 TeV e 172.08 = 0.91 (+ 0.39+ 0.82) TOP-16-002 (2016)
all-jets 8 TeV ———t— 173.7221.15 (£ 0.55= 1.02) sin "
gle top enriched L +0.87
combined HeH 172.71= 0.48 (= 0.25 = 0.41) EPUC 77 (2017) 354 | 17260= 0777 pge GoV
CMS CMS tt+] shape, 8 TeV ® 16980+ 1 10++38 GeV
dilepton 7 TeV I — 172.50 = 1.58 (+ 0.43+ 1.52) TOP-13-008 (2016) 34
lepton+jets 7 TeV ——e—t— 173.49 + 1.06 (+ 0.43 £ 0.97) oftf) 748 Tev 173804170 cay
all-jets 7 TeV ———rod 17349+ 1.41 (= 0.69= 1.23) JHEF 08 (2016) 020 ° e
d|Iepton_8 TeV e 172.22+ 0.95 (+ 0.18 = 0.94) CMS 748 TeV (2015) 5| P
lepton+jets 8 TeV HeH 172.35+ 0.48 (+ 0.16 = 0.45) PRD §3 072004 (2018) emER s
a]l-jets 8 TeV e 172.32+ 0.62 (+ 0.25+ 0.57) World combination , 80 0272071 Gy
single top 8 TeV HE—H 172,95 1.20 (x 0.77 = 0.93) g&fffp&g—jgﬂg D
Jhy 8 TeV F 4 173.50 + 3.14 (+ 3.00+ 0.94) L |“ L : R T .
secon.dary vertex 8 TeV —te— 173.68+ 1.12 (+ 0.20= 1.11) 160 170 180 190
combined HeH 172.52+ 0.42 (+ 0.14 + 0.39) m, [GeV]
i ATLAS+CMS LHCtopWG :
i) dilepton H-H 172.30+ 0.59 (+ 0.29+ 0.51)
lepton+jets H=H 172.45+ 0.36 (+ 0.17 £ 0.32)
all-jets HH 172.60 = 0.45 (+ 0.26 + 0.36)
other : = 173.53+ 0.77 (= 0.43 = 0.64)
combined HiH 172.52 + 0.33 (= 0.14 + 0.30)
i @Springer oo b o e b B e
oty abens - 165 170 175 180 185
m, [GeV]

<0.2% uncertainty
m, = 172.52 £ 0.14 (stat) £ 0.30 (syst) GeV
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W boson polarization

arXiv:1612.02577, PRD 93(2016)052007

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

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

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

* New physics could alter the polarization

19.8 b’ (8TeV)
DD T T T
CMS

1—
09 - Standard Model
—_— Long“Udlnal Single lop
0.8 o . WOyt
o Left-handed c 3000 Bttt
' Right-handed g 2500 :
L 08 Q
°
0.4
0.3E- Fo ~07, FL~O.3, R~O
0.2
0.1 % .3: =N o . oo
u'1-L-L:°.-B '01-6 :°'4I4r2 ID Ilu'zln‘4 Ioru U.ﬁ 1 gD-B;II|I|||||||||||||||-|||||||||—|-||||||||
= 1 -08 -06 -04 -02 0 02 04 06 08 1

*
cosd Leptonic cos(6)
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Spin correlation

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

* Top quark produced are not polarized

—...but spins between quark and anti-quarkare __ CMS 959 fo” (13 TeV)
correlated Ll§ Tt + Unfolded data
. o | —POWHEGV2 + PYTHIA8
» Top quark decays before spins —lo | MG5_aMC@NLO + PYTHIA8 [FxFx] |
AF -
decorrelate Bl
— It decays before hadronization (1~10-2°s) = - - NNLO, SM _ _
spin information transmitted to decay products 0.3 s 2
— No need to reconstruct full ttbar system .1; .......... 7
« Spin correlation depends on production 02l . agreementwith SM
mode 1 05 ™ Stat " Stat ® Syst ' ]
. |
=@
- It may differ from SM expectations - .
— Decays to charged Higgs and b quark (t—H*b) 0.951 | : i

— Other BSM Scenarios 0 /6 TC/3 TE/I2 271:/3 57[/6 I
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Pseudoscalar excess at ttbar threshold

arXiv:2503.22382
« In the search for H/A resonance into ttbar: H/A-tt CMS 138 fb~1 (13 TeV)
observed excess of data at threshold t+ Data mmm tX Unc.
— Dilepton decays of top quarks S tt  Wmm Other
1 1
— Signal extracted via 3D profile likelihood fit 8103 +3 < Chei <1 3 <Chan <1
— Experimentally challenging (1% of incl.xsec) -~
. %]
« ttbar bound states near ttbar threshold predicted by SM €
(4]
o CM$ | 138 fbl‘l (13 Tev) &0 .
a 1 —— % FOpQCD + BG T
= b 7N % Observed
= o/ \. — 215D
© 8 _i, /N, A =mm- £3SD 8
ore ol i T + 1.1/ Postfit (FO pQCD + BG + n.)
ey : h
! i 1 \ O
0 3‘\\ \1 5 Q-lo 9+*+ {_# ++|++LI * |
LN | o LA R B
_5 \.\. 1 : I'IO-
\ - i =
“10b \\ ,-’! 2 0.9~ N oln)=8.8%17pb
N v -~ : i L " "
-7 seudo-scalar © 400 700 1000 1300
e s 1o & 15 20 25 _)30 _ - mi [GeV]
o() [pb] Gineo=6.4 pb (PRD 104, 034023)
Excess compatible with o(n,) = 8.8+ 0.5 (stat) 13 (syst)pb = 8.8 1 pb
pseudo-scalar hypothesis
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How else is Top produced?

5(13TeV) = 217 pb 10 pb 72 pb

P t Resonance Production?
X Top Color-Assisted Technicolor
OR
p t 7?07

M. Gallinaro - "Top quarks as a probe to New Physics" - Physics@LHC - February 18, 2026 25




Probing top quark production

* Differential measurements

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

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

=Unique opportunity to probe boosted production at 13 TeV

partially merged,
boosted W

un-merged fully merged

for AR~1.0

< 200 GeV 200 - 350 GeV
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Boosted topology

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

el - E L 253 10 (13 TeV)
Mer ed et p(478GeV/C, Top,et X RPN R R RR RS RN RN AR R
g‘ J b-tag discriminant 4.2| -, ) ' % 160: cMs » Data ]
4 l .\ w - (O] L Preliminary [JSignal
: T W jet w 1407 Qco
- Type 142 & 100f e
PR - = L ]
p — e iy 80r -
V P —— 60; ]
S CMS ..’ ] 40F E
| — | o[ S eeitn. o Simulation E ]
Mass jet ~ Mtop i Fo - By “ '_.,.Supplem?ntary: 20 E
/4' 1} . . e 2 '..I'. ; _ r : w‘||:1‘:7
) ) VA 8 F = 05 %
Jet 2: Jet Pruning ob i %,0,2 =
S pLesac Sovic , : e £ 0 20 40 60 80 100120140160180200
mass = 68.8 GeV/c2 Feoe <o ] . .
Jet2 + 3 : Mass = 167 SIS . WS KRR Lead. jet lead. subjet mass (GeV)
oo L gt DL )
Jet 1 : Top Tagging see also CDF note 10234 of .. e ]
pt 589.1 GeV/c, R cp Basf2ii=2 . 2.53 107" (13 Tev)
3 subjets, 1 -3%.":."1‘&.1.,.‘51 a=s “‘.4.0:4'."."1’_,2.',?1: o50F 'M rrorrrTr T T Tl T T
|mass = 186.7 GeV/c2, — % —y tt 3 0 1 2 3 - Cl 'S' « Data ]
|minMass = 87 2 GeV/c2 1 [ Preliminary ISignal
F Qco
200 ) B
i E9Fit Unc.

Events / 5 GeV

« At high energy, particles produced beyond threshold 150}
« All-hadronic topology 100]

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

* Look at jet substructure
. s 100 150 _ 290 250 300

* Measure mass (no neutrinos) Leading jet mass (GeV)
27
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Boosted topology

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

pp — X — tt

« Simple approach to merge neighboring jets

Pro’ron
hngh pT hlgh pT
Jets \ ‘4' ‘ *‘/ e
Merged Jet
Profon Mass JeAt ™ Miop

» 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 N
detector by choosing initial jet finding e ey
I H / . \
algorithm @ @ % \
* Impose jet selection cuts on fat jet S \\ . o |) L
— Recombine jet constituents with new algorithm (I) ~ N
— Filtering: recombine n sub-jets min d(i,) ® @
— Trimming: recombine sub-jets with min pr
« Minimum distance between jets is R s ° -
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Top quark pair resonance

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

lAyl >1.0; 2 b tag 36 o' (13 TeV)
e e R BEaE

§ o cws o
« No resonance expected in SM @ Yoo p T e e
. <9 / 107
* Why is top so heavy? ,
— new physics? 1
— is third generation ‘special’? .
» Search for massive neutral bosons [ A S
. . . = ol P
decaying via a ttbar quark pair S A ¥
) PR IR BT A
« Experimental check ’ 00 G
— search for bump in the inv. mass spectrum | 36 fb" (13 TeV)
— progressive loss in reconstruction ability ECMS o
due to jet merging  Gemeitn
— reconstruct My, in different categories < N 10 — ASGuen (019
(e/u, n-jets, n b-tags) “Q 9 |
— |4et events: full event reconstruction ;:‘ ;
1017
— Subdivide in categories 3
8102
107 | | ! !
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ttbar+Higgs

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

« direct measurement of Higgs couplings

I R IIIII""I""I""I""I'E
31025_ M(H)= 125 GeV =£
& ; q oacﬁ*NLDEWj §§
I'IOE— E
L. : . qart (NNLO qcp + MOED f——1
g : ovoew |
@) 1?/%ti%;nnﬁ] __-_§
L e i
_ ) / QCD*NLD
Cross section for ttH at the LHC: 107 0 — 3
0.13 pb (8 TeV) / / :
0.61 pb (14 TeV I :
P 07| :
ttH ~1% of total Higgs cross section 's""7""s'"'9'"'16"'11'"'12'"%5‘"'1[4T" '\qu
s [Te
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ttbar+heavy flavour

arXiv:1411.5621, PLB776(2018)355

- Study rate of ttbb: | o(tEbb) / o (t£j7)
« Anomalous tt+jets could signal BSM

final states
* First direct measurement of typical bkg
to top-Higgs coupling 1 M 23107 (13 TEV)
—Irreducible non-resonant bkg from ttbb 5 P 5EEE e ers =§1'}§t':‘_§
w10 mticc mttv tData 3

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

‘aﬁbg /7 = 0.022 + 0.003 (stat) = 0.005 (syst)‘

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

Number of b-tagged jets
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ttbar+heavy flavour

arXiv:1411.5621, PLB776(2018)355

+ Study rate of ttbb: | o(tfbb)/ o (t)
« Anomalous tt+jets could signal BSM final states 9

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

 Improved theoretical understanding of ttH(bb) o
crucial to ttH and NP searches
,oMs 2317 (13 TeV) 2 M

g10 i=F mtibb WMLF  @Singlet 835 * 68 L contour

S [Jttj [t others [Z+jets o | Diepton 95% CL contour

w10 Wittt MtV tData 73 o [ VPS —@— POWHEG +PYTHIAS |
al _
2.5; 1

Q 2 7]

9 [

w1 _ . 1

a_— S T S KT SO S N AN S S

8 0.6 0 - g - 5 —3 a4 0.01 0.015 0.02 VPS 0.025

Number of b-tagged jets tibb / tfj
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Higgs couplings to top quarks

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

* Direct study of Top-Higgs Yukawa coupling
» Explore all accessible Higgs decay modes
* Independent analysis of different final states

(WW, ZZ, vy, 11, bb)

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

2]

"GC: 10° CMS ¢ Observed

> 3 [] Background

L Supplementary [ Uncertainty

10° O tTH (n=1.26)
ttH (u=1.00)

104_

103 -

10%F

10F &

. 1 : S S S
g 2.5¢ *
- 2.0_ _E
% 150 NN
o ) _ [} . 3
O 10— T

-30 -25 -20 -15 -10 -05 0.0

log 1 O(S/B)

35

30

510" (7 TeV) + 19.7 b (8 TeV) + 35.9 b (13 TeV)
L L L L AR

I T
— Combined
----- SM expected / i
— 13 TeV 7
— 7+8TeV ! 1

ttH
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Event selection

pp— ttH
* Improve sensitivity &gx_:g:&g"”"’ﬁ'
thanks to progress in ow-—sbiara |l ey
data analysis strategies , = b-jot
that use advanced e e
algorithms Z
b-jet.‘
« Analysis workflow more
efficient thanks to & o
compressed data format o 1 \e-
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Observation of ttH

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

» Use several event categories 1031
 Establishes directly tree-level coupling to an Haa = 1.26 —0.26
up-type quark
511k (7 TeV) + 19.7 b (8 TaV) + 35.8 b’ (13 TaV) [ S —— — —
CMS & Chsenved -8_ i ! | ]
— ek (E1AL ) EYEL) —_ . ]
o =, T 09 ATHAS -
FHWW®) . —— et (S EyEy = 0.8} Theory (NLO QCD + NLO EW) E
Bz B - % 0.7; $SH (?yombmed data é
i i © §ab E
fiH{ry) ‘——-—— 0'65 ]
i ! 0.50 E
HH(r 7} |- ——— : ]
B 0.4 =
fiH(bb) ———— 0 3;_ E
7+8 TeV ~—-—-— E_ _E
i 0 25 Vs=13TeV, 36.1-79.8fb" 3
13 TeV - 0.1 fs= 8TeV, 203 fb" =
. E E 1 | | | 1 | 1 | | 1 | 1 | | | | | 1 1 | .
O | e "% "8 10 12 14 16
-1 D 1 2 3 4 5 B 7

Vs [TeV]

{iH

M. Gallinaro - "Top quarks as a probe to New Physics" - Physics@LHC - February 18, 2026

36



ttH/Z with boosted Z/H

Search for tt+ boosted Z/H—bb

arXiv:2208.12837

CMS 1381 (13 TeV)
» Direct access to top-Z and top-H couplings ceo |
: : : : A2
« Signal strengths and differential cross section
N R R
 Search for EFT effects -
8 t T .
A?
Z
C(,pt -
_ A2
g t
Cotb |
AZ
CMS 138fb" (13 TeV) CMS simulation 13TV oy 4 68% CL interval
Sl vomn o | Bofenirae | cwmmowe] AL| T CQmesfedsy
*3r :Sﬁ/ls e oL ] S’) W4 b - EZX10. — Others profiled
2k e - M Single top --ttHx10 1 Cbw L B
1 £ 15 [ W, thy, tEW, tHW, tHq % Stat. unc. 1 A? —— 95% CL interval
i 12 | paHcand. - 450 GeV | — Others fixed to SM
0 4 10 _i7- DNNscore>08 1 Ciz| T — Others profiled
1 . . I |—: L ] A? T
-2 R , - > e 3‘=e=e:-;';:'?:"’:‘::-:‘-f?-?ff'?'s-?"“‘:f-.f.-_.-?-:f::"f’f:?f?-‘?'f._ s ] -10 0 10 20 30
| IR : ‘ Confidence interval [TeV ]
_ | I | | | ] |
3 —4 -2 0 2 4 050 75 100 125 150 175 200
Heez msp [GeV]

M. Gallinaro - "Top quarks as a probe to New Physics" - Physics@LHC - February 18, 2026 37



Consistency with SM

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

35.9-137 fb' (13 TeV)

E>|> 1"' o L
=y I I I ‘ > E_ F"‘E
S 59| ATLAS | Mo < [ CMS wZ, "]
— V5=13 TeV, 245 - 79.8 fo~ = — i - ot ]
@ - my = 125.09 GeV, |yu| < 25 H— ZZ 1 o 10k m,, = 125.38 GeV i
g Peu = 50% H— WW e]>"" £ p-value = 44% It
15 —H— 77 v ’,*"

- — Combined b,.-*

i | 10 et E
10 E "‘.'
Sl ',-"' ¢ Vector bosons ]
i | N g, ¢ 3" generation fermions 3
5 . ¢ Muons 1
oY o ey SM Higgs boson i
B 1 EIII 1 1 1 1 lllll 1 1 111 IlJI 1 1 11 IIIII 1 E
0
- — 680/0 CL - - 950/0 CL +Best Fl't QSM - % 1.5 :lll T T T TT \\l T T T T T1TT \I T LI lllI T ]
SR BT T H ................. PR
0 20 40 60 80 100 ] ;
&6 0-5 7||| 1 1 11 | I\\l 1 1 11 1 I\\I Il 1 L1 IIIII
T ggF [PD] 107 1 10 107

Particle mass (GeV)

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

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

» Use multi-lepton final states
— 2 same-sign charge leptons, 3 or 4 lepton final states
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ttV production (V=y,W,Z)

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

8 10 (::M|5 T T T T T T 35i91b1[13chVJ a cMS 35-9ﬂ3|'[13 =
* Measurements gives access 5 E +%?xlﬂ gz ITSN t mwz S 35 *:3(;;? TF':Z liz E
. = . dare onprompi L are onpromp
to EW couplings of the to Yo N0 : o 4 :
p g p _- ' Ny, =1 N> 1 25 4 Ieptons _
CMS 138 fb ' (13 TeV) . : t
3 0'04; —— MG5+PYTHIAS 1 F 5 —— ¢ 15
= 00357 [7] Theory unc. = oL : i 10
oy s w2 ldof=52/5 1 E : :
i_ 0.03;_ MGS+HERWIG7_; . 3 |eptOnS 5
S 00251 3 L e e 0 5 L
=) E ] N. N
D o0z = k i
- 0.0155— —f — EMS 35.9 167 (13 TeV) s
E 3 ‘é © * 11V best fit = iV theory [1] <5 o HW theor
0'01; T G E 2 | —— 68% CL contour $ 6 : !
0005:_ PT :} 20 EVE B N 5|
E F - 14 —— 95% CL contour 4
I e a Combine 3- :
DU S e e s Wh St I S and 4-lepton 2 :
3 " 50 100 150 200 250 300 final stat ®
& p1(y) [GeV] Inal states f o
Measure: : 27\ [ wzieon
Taq(pp — tty) = 173.5 £ 2.5(stat) £ 6.3 (syst) fb  osf
. . T Y T S T
= Consistent with SM predictions 0z 04 05 08 1 iz
Ciw
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Associated production: tty, ttZ

CMS-TOP-23-002, arXiv:2507.17498

« ttbar+isolated photon e ttbar+Z , WW/ZZ multilepton final

- Direct access to ty coupling states
« Measure: * Probe lepton flavour structure
— tty inclusive and differential cross section w/different quark generations
— R=tty/tt: further enhancement in sensitivity » Study dim-6 EFT operators
- Charge aSymmetw AC — U(A|y| > 0) - J(Aly‘ < 0) CMS | TTTT ‘ T \.I T ' I.I T ‘ TTTT ’ I1\38If\b-|l(\1\3l-re;vll)
c(Aly| > 0) + o(Aly| < 0) o Bestfit (profiled) =——-2AInL<1
* Bestfit(fixed) - -2AInL<3.84
N x10° CMS Preliminary 13807 (13TeV)  _ x10° CMS Preliminary 138 o™ (13 TeV) ;
8 0‘92— t Data I tytota (D o ; t Data I iy prod. I tiy decay cht+22) TT?T?+"'TL,
2 osE ty ¢+ N w0 2 25F ty+) [ oters I twy ¥ 3
‘g 0.7; B 7y 18R zyrsh I Others l% E B zy sR Zy FSR Nonprompt c‘(;:3q)(11+22) H
::j) O.SE— Nonprompt 1/////////| Postfit Unc. F ¢ c$u1+22) _._
Zi;: ' ; L s cflLl+22) -----
0,35— ote o ___._ .......
0.2} - @@ oy e — ——
0.1E " Coa 01 3
0 05;555 S =
E; 1.2 -g 11?1_ cs_‘a) oty | L e
5 e Tty e 6, :
8 08F * bata/ postit § g:gé: :g:}z;:g}n . ‘
e L e R B R L R - v I A P T

Alyl(t, 1) 3 2 A 0 1 2 3
Wilson coefficient value

= measurements are consistent with SM predictions
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Lepton Flavour Violation

arXiv:2504.08532

» Top quark(s) production followed
by cLFV decay: B(t—utq)
—Final state with: p, t,,, multiple jets
« Set most stringent upper limits

on Wilson coefficients related to
cLFV interactions

c 107 . 138 fb (13 Tev) 138 b (13 TeV) 138 fb™! (13Tev)
c T T T T T T T T T qlg Frrr ot 1] T I — T T 7T ‘ T T T I llllllllllllll
o CMS i Singlet | Other o 45¢ 95% CL upper Ilmlts 7 T 95% c|_ | it ]
< 10° . . '; u CmS CLFV Exp. 68%exp. Obs. ] %J 141 CMS CLFV ;5;:& (Isr;ol/sexp Obs.
2 5 DCLFV $ Data  Statssyst JagE = Scalar - =, C Scalar «oo..... -
c 10 Vector s (2) = vV 1 r N
o e 35F Tonsar o 1 e 12 Vector - T
> 5 9U9F ensor -------- — J = Tensor -------- —_
= F 1O
5 25, . .
2 . ]
5E 3 ]
'd ]
@ 3 .
o
B Nl .I.'QI | R SN A it l: B
CDﬂ i i o L . 0.15 0.2 0.25 ) . . 02 025 03
102 10" 1 10 102 B(t — pr u) x 10° Ciud A% [TeV?]
DNN score
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Top-Z coupling

PRL 122(2019)132003

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

CMS 77.4 67 (13 TeV)
C T T T T I T T T T I T T T T I T T T T |
& Data [ tZg
T Cwz mm tiz
L [ Nonprompte/p [@EAZZ,
X/ tX /= xy"

I~ [ Multiboson BZ3 Totalunc. ]

CMS Experiment at the LHC, CERN
.\ 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

F []Stat. unc. [] Total unc.

o] 3

© 15§ E

R S S TP S S 2 9 SN

S paptvt et

8 % 05 0 0.5 1
BDT output
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Flavor Changing Neutral Currents

FCNC: top couples to light quarks (u/c) and neutral bosons

(Y’Z’H’g)
Forbidden at tree level in SM

Very small rates predicted
Deviations would give hint for NP

Process SM 2HDM(FV) 2HDM(FC) MSSM  RPV RS
t—=Zu |7Tx10°%7 = —~ <107 <10t —~
t—Zc [1x10 1 <1078 <10 <1077 <107% <10°°
t—=gu |[4x10 4 - —~ <1077 <108 —~
t—ge |Bx1012 < 10°¢ <1078 <107 <1w% <10t
t—yu |4x 1018 - —~ <10°% <10°? —~
t—yc |5x1074 <1077 <107° <107% <107 <107®
t—=hu [2x107Y7| 6x10°°F —~ <107% <107* —~
t—he [3x10°W ] 2x109 <1079 <10°% <1077 <10°%
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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 w I

F-;_(\»P-E m%

u,c b P‘E‘

S 2%

W ' e |

Couplings:

t—ug t—uH
t—cg t—cH

Ogg—>t X B(t = Wb) <3.4pb B(t — Hc) < 0.40%
 Ogg—¢ X B(t—= Wbh)<29pb B(t = Hu) <0.55%
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t—ug, t—cg
t—uZ, t—c’Z

B(t — Zu) < 0.022%
B(t — Zc) < 0.049%

SM: tZq
oW g
t—tZ

SM o(tZq) = 1077 fb
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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: Witb vertex may include BSM terms

=+

. tttt

=+

ATLAS+CMS
LHGfopWG

S Ewr.Phys.J. C B0 (2020) 42
I NLO(QCD+EW)+NNLL

: ﬂ”w=059'£:;f5mle)tDﬂI(PDF}ph
2020, 428

Preliminary
t oy, =086 § Si(scale) = 0.02(PDF) pb
© NLOGOD-EW AL

Omeas T (StaL) (syst)

0.87+0.13+0.14 pb

= n,g‘.!::' % 20 = 0.038"§ aftot.Jpb x 20 B s;:'“" %5 = 0.15+0.03(tot.Jpbx 5 0.77+ 0.14{tot) pb
S JHEP 10 (2018) 158 & Madgraphs + aMC@NLO aphS + aMC@NLO
I NLOQCD I NLOQCD aco

Vs = 13 TeV, March 2022

ATLAS, L= 36.1 fo'

ﬁW Phys. Rev. D 99 (2019) 072008
077 ‘53 ‘Siteb -
; 0,99+ 0.05+0.08 pb Y S ——
ttZz :
0.95+ 0.05+ 0.06 pb [ S R ——
ﬁY+tW‘{ dilepton ey 0.040 0.001 *355 pbx 20 I—-I-H—l
ty diepton 0.174+ 0.003+ 0.006 pbx 5 B [
Ty I+jets 0,798+ 0,007+ 0.048 pb [S-—
L L L | L L L | L L L 1 L L L | L L L | f L L
0 0.2 0.4 0.6 0.8 1
GOy [PD]
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t—Hu
t—yc
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ttZ
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N, Tt
¢ gy d
— A,
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v tZ
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Z

ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS

LHCtopWG

March 2022

Each limit assumes that
all other processes are zero
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Vector-like quarks

EPJC79(2019)364

* Predicted in many BSM models, aim to solve the ' b,t.t
hierarchy problem

— Produced through strong interactions W
— left- and right-handed components with same W 1
gquantum numbers
» VLQs can mix with SM quarks and modify the b, .t
couplings to the Z/\W/Higgs bosons
« Search for VLQ single and pair production - 3?"*’*“7“?””"’1_6 =
— Most searches assume VLQs couple/decay to SM .I =1, 149
particles (bosons and 3™ generation quarks) g 12 é

— FCNC decays

+ Busy events, a lot of top quarks, bottom quarks, | "1
leptons and jets in final state |

— Example: 2 tops in final state

— use top/H/W/Z taggers to find hadronic decays 0 02 04 06 08 1
B(T — Ht)
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Vector-like quarks

EPJC79(2019)364

* Predicted in many BSM models, aim to solve the

q b.t.t
hi h o .
I e ra rC y Vector-like quark pair production Resonances to heavy quarks Excited quarks
0w 20129 ~ 1 v g =2 [T Sl | [ W+ H.Z
- P rOd U C T—H Z'(10%) — tt totgS=1/2 [ Gl SR ‘
I f Toz gKK ~ tt b* = W (k=) 701b
- e t_ an T— bW W b b* = tW (Kn=1) 60 1b. . -
B - bH Wt (bt b W () - 2 W~ H. Z
q u a n tu B-bZ W = tb (MM 1" = tg (KuKas1)
B - tW ze%) [ 0 04 08 12 16 2
(] V LQS Ca n X5/3 = tW Z(10%) = tt j Observed limit 95%CL (TeV) h. r . r
X5/3 = tW

2/(30%) — tt

couplings| =

gKK = tt

0 03 06 09 12 15 Resonances to dibosons

W = th (MyeMr)

Observed limit 95%CL (TeV) 1
® h f Woo th (MyMw) radion — HH 61b T 35.91b7 (13 TeV)
ea rC O Vector-like quark single production o - W WH . T S R T R S =
o - 121 (50%) 1 6
ToH o “HE0% 1 15 2 25 8 35 4 45 § 7~ 27H p— | CMS =3
— gyt -
Most S T—tH Ic”:ﬁ Observed limit 95%CL (TeV) Gon = WW T |’\.}'|2I =1.5TeV 1.4 8]
T=tH [~
. =1.5 4 — X
- Leptoquarks Goux = 2Z 301b: My =13TeV
pa ICIE TH 1~ 2p
T=1Z ow=15 LQ->top+mu W' = VW HVT(B) 28 fb ' —
T—+1Z  casi5 g W' = WHHVT(B) 10 fb
- FC N C ” Hatopras 1S IeV Z' = VHHVT(B; T
B—+bZ ocw=15 LQesbmu (B) 18 fb N
T—-bW  cw=15 radion = HH 20 fb
0 0375 075 1125 15
[ ] B Yo+ tH =10 T
u Sy e Ve I o Observed limit 95% CL (TeV) 0 05 1 15 2 25 3 a
0 02505075 1 1.251.51.75 2 Observed limit 95%CL (TeV) a
| e pt ons ar Observed limit 95%CL (TeV) g ‘s ndepencin B

B2G

new physics searches with heavy SM particles

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

02 04 06 08 1
B(T — HY)

0
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Scalar top quark

« SUSY is one plausible extension of the SM X3
* due to the heavy top quark, mass splitting between t, ~ /
and t , can be large, such that the lighter stop t 1 can X1 Z,
be even lighter than the top quark W_"rfﬂ
 Decays dictated by mass spectrum of other SUSY o similar 4
particles signature as in \p
ttbar ¢
* Light stop:
mg, S my

T— by T — bWV

* Heavy stop:

t— t}f{) — bW}Z?
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Top and SUSY

arXiv:1603.02303, JHEP05(2020)032

. . . . CMS Simulation !
- If SUSY exists and is responsible for solution 5 Sy s eI
: 0 [ 1 (from ) Tty (1050100)x20
of hierarchy problem, naturalness arguments 8 [ B votrons - RS
suggest that SUSY partners of top quark 5 Elzow - DEBE(750400) x 20
(stop) may have mass close to my,, to cancel 0
top quark loop contributions to Higgs mass 107
I —t )’Z? — bW )'E? “heavy” N
~ ~ + ...,O 11H ” 1
t—>bxl —>bWX1 light 700 z{sgoV]
p$l95 e
« Small predicted cross section  _ ireeoiontioioniion smeowrae 4o 1978'6Tey
— for 175GeV: 40pb@8TeV ﬁ : ‘E‘ﬂsf’it‘wiy “ili,l,!‘mm.om |2 M e E
et Qe pomormi 1B g - Expeied i, ;
+ Stop pair production: [(EX7 X7 | T EEES A Ry
—similar to ttbar lepton+jet and dilepton ch. ;—°"Se’“e"'i“ff‘? Bl - -
—additional MET from neutralinos b | Ay 1E of
« change in ttbar cross section of- AL
. A % 1: 1
100; . —: 0'5: t—»ix m&o) 1GeV _g
AU TOR TR L TE R T a0
% [GeV] rrL[GeV]
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Top and SUSY

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

. . . . CMS 137 fb' (13 TeV)

* If SUSY exists and is responsible for solution ¢ fr TS s
. @ i & Lost lepton 1 (from t) X 1
of hierarchy problem, naturalness arguments O Tl

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

7 ~0 ~0 |« ” - ;-
t % txl % ble heaVy : i- Sorsees T i SRt SRS K s s dodpdis kekheoma, e
~ ~ ~ 11H ” 0 ! I = S ; = I -inal eio
f— by, — bW | light o
- Small predicted cross section  _ e & AT S e TeY
[ L ATLAS reliminan 15=13 TeV 1o - CMS — Observed =1g,, ]
— for 175GeV: 40pb@8TeV § | ELIIY  Eimeowsen 1§ 4 " expanet :
B me i1 (934 N ansoTs 1% 350 W Expected =to,, E
[ ] St . d t. t t X X L ! X M 3:2!b"{1604407773] : l'_mu 3.5: Expected =20,
Op palr pro UC Ion 1 1 [ = \s8Tev,20" Run 1 [1506.08616] c 3:
400 ) - D - =
—similar to ttbar lepton+jet and dilepton ch. | —°"Se'“e"“"f“i e PN
—additional MET from neutralinos '3 ' 1E 2F
. . C b -
» change in ttbar cross section 2ol .
5’ \ ] ig 1: ]
100f— i o 1
r 0.5 T —>i';Z°, m&o) =1GeV |
P i o] rE RPN BT R SR
e as s o T ke 50760 f70  fe0 190 _ 200
m; [GeV] m; [GeV]
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Top cross section: dileptons

* Indirect searches

« SUSY models could produce %
final states very similar (with .
s X1
additional MET)
* For example: dilepton channel _- 071" 6 Te)
T, production, t- b £ . /T ¢ X0/ T> Wb T, /T t 7 P = 4'5:| rrrTTrT T rT T T T T T T T T T T T T T T T
% 450_LIA;-ILA|S| L [ R I‘l T 'I_‘I L L T I__ , , g’ 4:_ CMS . 0bserved=1oth _:
%_4005_ —B—ug t‘os::fc\zrigi:;d 3 :g 2 g E -~ Expected E
El?< - =§: w‘bz“/bfrif :fll\_/;ISC € 20 2 3.5:_ - Expected +1og,, _:
350__ __.lr_, W~EZ| tiL, toL g I ' g B Expecled 220“9 ]
- ;::;711" :2,11L 0575“T80 150 206" 270 o)) 3 2
300__ ! TTT;V[GGV m [ 7
- — Observed limits ---- Expected limits All limits at 95% CL 7] c N ]
C A i B ] (@] 2.5 £
250_— o/ —] 4+ ;
: . E 2
200 — = =
B 5 — -
150~ — O 1‘5: u
- 5 R :
100 — g 1: .
E 0.5F T-&,mE)=1Gev |
// L | B I B | I 1 I‘I I: 1 L 1 Il 1 I Il Il L 1 | Il L 1 Il | L Il Il 1 I 1 1 1 1 I—
200 300 400 500 600 700 800 q 50 160 170 180 190 200
m; [GeV] m. [GeV]
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Multi-top production

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

* Production of 4 tops is an attractive scenario in ¢
a number of new physics models g
« The SM cross section is 12fo@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 = cws 137 fb~" (13 TeV)
T BDT (post-fi
g t Data Ncnpprolt'np:[l)lep. Bl Charge misid.
w .ttt e tH - X
02 femss . W Rare e ttvv

» Consider multiple control- and search-regions
defined by MET, hadronic energy, number of 101 ]
(b-) jets, and py of the leptons in the events

—.w'M

-y
<

« Measure cross section: o= 12.61'2:3 tb

o =MW

.
3
_4{,_%
] W
3

Data / Pred.

—
-_- - o o o e = -

CRZ

SR1

SR2

SR3 4 =

SR4| =
3

SRS

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 t
« Search for same-sign dileptons, or >2 leptons § 2 amas T  owe e
W 200 Vs=13TeV, 139 1b .tEtt Dt}+llght =
o S Qe MU
. . ] 1602— Post-Fit - normalise/d to tot. bkg. —
» Consider multiple control- and search-regions 0= 1
defined by MET, hadronic energy, number of : '
(b-) jets, and py of the leptons in the events 60
60
40
: 5.8 20
- Measure cross section: 6=12.6725 fb e e
E 15'_ . g b
o : SM g%
o leltS on Yukawa COUpllngS: |yt/yt | < 17 -1 0.8 060402 0 02 04 06 08 1
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 o)
» Shape of MET distribution
 Signature: ttbar+MET --
« Top-tagging categorization
- Signal events at large MET ¢ o)

2217 (13 TeV) 35917 (13TeV)

=t L
_g 1600 =7 CMS L B B § E CMS ¢ Data Bz + jets 3
- ] T - - i .
% 1400[ t Data = F 4, 2b tag, SR .Z_(vv) +iets WM + jets ]
c a I+jets tf with matched jets . 1000~ tt X E
> | _ - . 3
w1200 1 I+jets t combinatorial ] - @vv.vi [EFitunc. ]
1000 B other background J[ — 100 P ) t tt+DM, 3
- H ] E — coPredfit T 100 Gev S
800~ 4 ] B ’ T
C ‘J ] 10 —=
600 |- t E —
400 [— — g =
200 — — -_._H__-H|....| ! 4
C 7 g’ 1.3;— N -

. .y a __*_ PR O ————rrrres
£ g ogf T —— é

& 15F + v . . 8 06k _+_—l— I
?U 1.0 ++'¢'¢¢"' Reeet eet 000 % %00 000000 2 » =
- | . _ m| . ]
8 0.5 ) ‘ ) ) ‘ ) &! 2 -
-1.0 -0.5 0.0 0.5 1.0 = s 2 =
resolved top tagger discriminant 200 2%0 800 350 400 450pmi55 (Fggv)
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Precision Proton Spectrometer

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

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

» Approved (2014), exploratory phase in 2015, data
taking started in 2016, pixels installed from 2017, X
full detectors in 2018 TECHNICAL DESIGN REPORT 0%

CMS-TOTEM
PRECISION PROTON SPECTROMETER

CMS+TOTEM

CERN-LHC-2014-021
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https://cds.cern.ch/record/1753795

Exclusive top quark production

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

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

* Couplings of top quark to photons are small

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

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

CMS central detector

(not to scale)

CMS-PAS-PRO-21-001

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

CMS-PAS-EXO-19-009

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

M. Gallinaro -

r!Jll;‘lllllr%

Roman Pots
,vsf & ,@‘&‘“ B beam 1

e II_[Q? ?m?smﬁ*

LHC sector 56

3,82

%2125 J beam 2
E120M 515078 m | ‘

"21571m
21955m

CMS Preliminary 2018 (u = 1)

Everes

o 3 8 8 & 8 8 3

PSP

37.2fb" (13 TeV)

CMS Preiiminary 2018 (i = 1)

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

i)
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=008
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"Top quarks as a probe to New Physics" -

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

Physics@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
Improved detectors
— Several technological challenges ahead as complexity increases
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Rich and extensive set of results

September 2020 CMS Preliminary
T f :
o 5 & @ 7 TeV CMS measurement (L<5.0 fb) 1
— {10° = @ 8 TeV CMS measurement (L<19.6 fb™) =
@) = = @ 13 TeV CMS measurement (L < 137 fo™) 3
o ie'?(z) — Theory prediction ]
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c 1 O E =n jet(s) 8
@) E B E
B (sl 1
® 10°F = E
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.9 1 I q] .
s E 2 .=
o s 3 E
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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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Theory cross sections: TeV vs LHC

Collider Tt [Pb] scales [pb] PDF [pb]
+0.110(1.5% +0.169(2.4%

Tevatron 7.164 _D_ZUOEZB%% —0.122%1.?%%
4.4(2.6% 4.7(2.7%

LHC 7 TeV 172.0 +a40.6%) A
LHC 8 TeV 2458 ) MR

LHC 14 TeV 953.6 e ren a0

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