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Four top quark production:
observation and beyond
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~10% of the data it will collect in its lifetime.

C The C\MS experiment has collected only

P

It

GHENT
_ UNIVERSITY

T
i -
|
T
|
o 803602£9.9

i
80350 80400 80450
m,, [MeV]

204q]

¢ 3 &

x
‘I-..vbu-
e "".}

. y o9
n e X : s
Fi ' . 5 % 9

. H %2 .
aa sl e

s i :
2010 2015 2020 2025 2030 2035

a0
>

%.® 2ae



==

CMS Simulation (13 TeV)

Made in Gh'ent!

Electrons
@®-- This analysis

O | EPJC 80 (2020) 75
Muons
==l = This analysis

O  EPJC 80 (2020) 75

Prompt-lepton efficiency

=2 10—1

Re-analysis of Run 2 data 0"
Nonprompt-lepton efficiency

e Improved lepton identification
e Improved b-tagging

e Better analysis strategy
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ATLAS and CMS observe
simultaneous production of four top

£ Top2023 fvone

@TopConf2023

Niels Van Den Bossche needs two hands to hold all the tops he has (4 to

be precise). It's the heaviest final state ever measured at the LHC and q ua rks

ATLASexperiment and @CMSExperiment see more of it than they
expected (and they just can't get enough of it!) #TOPQ2023 #4toy The ATLAS and CMS collaborations have both observed the simultaneous production

of four top quarks, a rare phenomenon that could hold the key to physics beyond the -1
4— Standard Model ‘ '} 38' fb . (1'3 TIeV)
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‘ CERN Seminar

Data'/ Pred.

* Production cross section 12 b
(g % 107%) i

* Expecting = 2000 events in Run 2

* Multiple final states

* Very rare but distinctive
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https://www.youtube.com/watch?v=dosvq03vwII&ab_channel=FaculteitWetenschappenUGent
https://www.youtube.com/watch?v=dosvq03vwII&ab_channel=FaculteitWetenschappenUGent
https://www.youtube.com/watch?v=dosvq03vwII&ab_channel=FaculteitWetenschappenUGent

Four top, three top or new physics?

o (ttt) [fb]

10 15 20 25_30
o(tttt) [fb]

Two ongoing analyses in our group:

S EERE
ATLAS
Vs=13TeV
Obs:

= 68% CL
—95% CL
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Exp:
---68% CL
---95% CL

% SM
= Best Fit
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e Interpretations of the four top observation

e Fourtopinrun3

o Improved b-tagging
o 20% higher production rate
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Four top, three top or new physics?

o (ttt) [fb]

ATLAS

{s=13TeV, 140 fb™'
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CMS Private Work Simulation

Two ongoing analyses in our group:
e Interpretations of the four top observation
e Fourtopinrun3
o Improved b-tagging
o 20% higher production rate ;
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Associated top quark
production: ttW
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ttW: an important piece of the puzzle

_ CMS 35.9 b (13 TeV)
§1'6__ *  ttV best fit = £V theory [1]
b-%’ : — 68% CL contour
e Ghent started with the 2016 ttZ/ttW measurement 1.4] = S OLERE
o Both processes seemed to have larger cross sections than
T 1.2
SM predictions!
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Data / Pred.

CMS 35.91b" (13 TeV)
* 1tV best fit = iV theory [1]
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ttW: an important piece of the puzzle

e Ghent started with the 2016 ttZ/ttW measurement :
o Both processes seemed to have larger cross sections than SM preds! "}

Gy [Pb]

14 — 95% CL contour

e With Tu Thong we worked out a completely new analysis strategy
and performed the full Run 2 inclusive cross section measurement.
o Great work together with Oviedo 02" o4 08 o8 1 12
o  With 7.5% uncert. most precise measurement to date!
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Data / Pred.
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ttW: an important piece of the puzzle

e Exploit the high quality UL dataset to perform new measurements
o Continue the great work together with Oviedo
o First CMS differential cross section results and first CMS
charge asymmetry measurement!
o a process that really catches the attention of theorists
o rich future ahead with Run 3!
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Higgs-charm coupling — the next highlight of Higgs physics

CMS 138 b (13 TeV)
Eo Fcmmon T e
e Probing the Higgs sector at all scales E S W.,Z.x“' 5
o Second generation — important next step 1
o Higgs-charm: 2% branching fraction © 107 E
— very small signal on huge background & P _ c? b
— plus challenging c-jet identification 102¢ \l‘ = .
i ‘ f Vector bosons
103k ) ¢ 3" generation fermions _
F M ,"' n . . 3
o State of the art — from VH(cC) measurements: | &~ $ 2" generation fermions
o ATLAS: [k | <4.1@ 95% CL g T SM Higgs boson
107k 3
o CMS:|k|<3.4@95%CL S 14 preeee e
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"9 1 0._ ............................. + .................... 1.00 '"H"."f o]
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Best individual limits on Higgs-charm Yukawa coupling!

Analysis of ttH(H—cc) with Run 2 data

— Only 2000 signal events expected

— Large contributions from UGent team

— Physics briefing and PAS released for Moriond

Successful collaboration with
CERN, Brown, NKU Athens

14



Best individual limits on Higgs-charm Yukawa coupling!

e Analysis of ttH(H—c¢) with Run 2 data
— Only 2000 signal events expected
— Large contributions from UGent team
— Physics briefing and PAS released for Moriond

e Best limits on Higgs-charm coupling yet!

k| <3 @ 95% CL

t

ol

_2AIn(L)

CMS Preliminary 138 fb~! (13 TeV)

Successful collaboration with
CERN, Brown, NKU Athens

i chlﬁ.‘?.?'Hmws.o @95% CL ™ Ko fixed — Observed 1
I \K(;Iﬁffwcc) <42 @95% CL  # Kpfloat. -- Expected |

““““““““““““““““““““““““““““
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Best individual limits on Higgs-charm Yukawa coupling!

e Analysis of ttH(H—c¢) with Run 2 data
— Only 2000 signal events expected
— Large contributions from UGent team
— Physics briefing and PAS released for Moriond

e Best limits on Higgs-charm coupling yet!

k| <3 @ 95% CL

t

ol

_2AIn(L)

CMS Preliminary 138 fb~! (13 TeV)

CERN, Brown, NKU Athens

Successful collaboration with

Beating the High-Lumi

projections from 3 years ago!

-+ Ky fixed — Observed

-4 Kp float. --

[ IKolgirio g < 3.0 @95% CL

E kel 9% ) < 4.2 @95% CL Expected |
,
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a> 3 b BV | I [
-'I _E N ATLAS Preliminary
> o5 Projection from Run 2 data
2 =T s = 14 TeV, 3000 b
] i VH(- cg)

— Combined (exp.)
— 0 lepton (exp.)
— 1 lepton (exp.)
— 2 lepton (exp.)

Expected constraint of
|K,c| < 3-0 at 95% CL

(¢c0¢) WIOYSIYD "V Jeullisas NH4O
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https://indico.cern.ch/event/1120561/attachments/2382382/4070852/ASC_HiggsCharm_CERN.pdf

Best individual limits on Higgs-charm Yukawa coupling!

_ CMS Simulation Preliminary 13 TeV
Key ingredients from UGent: 8 | (o0 everts, pr > 25 Gev, Il < 24 vo |
. p= 104 udsg jets ParticleNet E
e Jet flavor tagging S [ ocjels 3 Doeplet ;
. . . . @ | W bjets o
— First time ParticleNet in Run 2 & 109 |
— Custom calibration § Looms BT
1025 x1.7
101;_ N x1.0) :
1007

C3 C4 B1
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Best individual limits on Higgs-charm Yukawa coupling!

_ CMS Simulation Preliminary 13 TeV
Key ingredients from UGent: £ | HHoc0) ovents, pr > 25 GeV, I <24 o
. "‘E 1045— udsg jets ParticleNet E
e Jet flavor tagging S [ ocjels 3 Doeplet
. . . . o | = bjets 1o
— First time ParticleNet in Run 2 & 109 |
— Custom calibration § wome Tasls |
10° s
101;_ x0.9] N |
e Difficult ti+heavy flavor jets backgrounds

— Detailed uncertainty model ool
— Thorough stress tests and validations

18



Best individual limits on Higgs-charm Yukawa coupling!

Key ingredients from UGent:

Jet flavor tagging
— First time ParticleNet in Run 2
— Custom calibration

Difficult tt+heavy flavor jets backgrounds
— Detailed uncertainty model
— Thorough stress tests and validations

Fully hadronic channel
— Excellent QCD background rejection
— Thorough validation by Maarten!

Rejection factor

I
4’ ttH(H—cc) events, pr > 25 GeV, |n| < 2.4 20
10 E udsg jets ParticleNet E
P cjets 1 DeepJet X2
| mm bjets
x1.9
10%
x1.9 x1.9 x1.6
x1.8
| x2.1 el x1.5
102}
E Leb 1.3
x1.1 1.0
x1.1 x2.2
101 x1.0]
F x12 x0.9
10°
LO Cco C1 c2 C3 C4 B1 B2 B3
1 CMS Simulation Preliminary 138 tb™! (13 TeV)
10 - T \_ T N T ju
oL — fiX —— ftex1c Qcb
100k — fisligt ~— ti21b ]
rejected

CMS Simulation Preliminary
F I I I | I

Fraction of events

10-4F

10-5L

1
1e-05 0.0001 0.001 0.01

0.1

1.0
Dacop
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The future of Higgs-charm coupling at UGent

] CMS now
Future projects: CMS Simufa o is ~here
e Extending ttH(cé) to Run 3 0T A naidinn Peairagy 168 15V
. . 1 5 | tt events, pr > 20 GeV, |n| < 2.4, €.=35%
— Even better flavor tagging at CMS in Run 3! 8 [ bjet rejsction 1000
— Improved background models for Run 37? % 25" WisgjeLre]echan ]
a Run 2 we are"n3 —:175
: ~here iy
e ttH(cc) with boosted Higgs boson decays?  20- | s
— Great potential to contribute more | Allof Run 2 1125
15 was ~here :
i \ 100
10’ x3.9 _:75
; Js0
5 z
[ 25
v DeepCSV _ Deeplet L ONET - OPar 0
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Measuring the important backgrounds — tt+charm jets

Current UGent project: Run 2 differential tt+charm measurement (by Dati + Jan)

Goals:
— Improve understanding of tt+charm
— |Is modeling sufficient?

Key ingredients:

— Jet flavor tagging

— Separation from overwhelming
tt+jets processes

Publication goal: End of the year :)

Data / MC
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—
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T T T — ]
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400
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¢ Data

%////////W//fﬂ////f%’:%’” 7///////////5/

N

I
50 100

| I
150 200

300
minAR
Mgp

!
250

21



CMS Management Visit to Ghent University, 23 Apr 2025

Precision measurement of
single top quark production
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Precision top physics __Fill 8381 (2022, 13.6 TeV)

= [T [

LHC is a precision machine! _g . 3 B

And Ghent is on top of it! g ok ]
e high precision luminosity g |

o measuring / calibrating beam positions x5 :—Y(DOROS) —

o leading uncertainty in tt cross-section - — -to+ — +to- !

e high performance lepton identification e T-ma—

e many forefront cross-section measurements
(see other presentation)

New in town: t-channel single top

Joscha@Moriond,
tt with 2022 data




" n ® Fixed-target DIS
- ¥ Collider DIS
a precision story o ==
L ] « Collider gauge boson production

LI_ Collider gauge boson production+jet
O ] e
i i i o S
LHC is a precision machine! = B
e detailed studies of the proton i:
e quantum tests (e.g. entanglement) ﬁ >
t-channel single top offers both: §
A . 1024
° . polarized top quark b-quark pdf © :
! S SRETE VR 1 L
f CcMS 35.91b" (13 TeV
L R L LI LB = .71 7L7] 77,7 Al B
1.68 + 0.05 : Lod !
—slat @syst E :
/ Vi - B oltq]
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t-channel single top: a precision story

Previous CMS measurement 2016 only
Aim for higher precision

o full run 2 UL dataset (higher stats)

o advanced techniques from multi-lepton

analysis (TOP lepton MVA)
o innovative machine learning
(ttHcc experience)

ATLAS+CMS Preliminary
LHCtopWG

ATLAS, L_=140fb"
arXiv:2403.02126

CMS, L, =3591b"

PLB 800 (2019) 135042

April 2024

G/ ghannel = (STAL) £ (SYst.) % (lumi.)

1 221£1£13=2pb

i 207+2+30+£5pb

!
150

| | | |
200
6I-channel [pb]

I Lo
250

300

Private work (CMS data/simulation) 59.8 fb~' (13.0 TeV)
14000_"'I'"‘I""\""I""I""_

[72]
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Associated top quark
production: ttZ, tty, tZg

Joscha Knolle
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Precision ttZ cross section measurements

g t b "
/ w t
g t q q’

2016 data: £16%

’ 6CMS 35.9 o (13 TeV)
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| — 68% CL contour
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VA

2022+2023 in progress
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http://dx.doi.org/10.1007/JHEP08(2018)011
http://dx.doi.org/10.1007/JHEP03(2020)056

First observation of tZq production

77.4 17" (13 TeV)

CMS

100

Events /0.13

50

T ] T
@ Data
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[ JtEX/tX

(] Multiboson
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CMS has observed a new production mechanisom of top quarks in association with a Z boson
£35.  CMS Experiment ©@

&7 433K subscribers

The CMS Collaboration presents
The CMS PhD Thesis Award of the Year 2022
to
Willem Verbeke
Ghent University
Faculty of Sciences, Department of Physics and Astronomy, Belgium

1,302 views 6 Dec 2018
Didar Dobur and Willem Verbek
together with Z bosons.

for outstanding research conducted in association
with the CMS experiment, described in the thesis titled:

“Searches for undiscovered processes using
the multilepton final state in proton-proton collisions at CMS™
et
CERN, June 2023 Claudia-Elisabeth Wulz
Chairperson of the CMS Collaboration Board

Phys. Rev. Lett. 122 (2019) 132003

CMS

JHEP 02 (2025) 177

138 b (13 TeV)

LA L L B

LA I L LB

e Measurement
tZq (inclusive) | Theory
H=H | Stat. unc.
! =i Total unc
tZq (£7) H——H
. i
tZq (¢7) H—-—H}
N |
tZq (¢})
R(?Zq (m) I=
|
A E—i H
Eall D n I| 4
i sari=-£2 upddle
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02 04 06 038 1 12 14 16 1.8

Observed / Predicted

inclusive cross section
with 12% precision

+ differential (with DESY)
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http://dx.doi.org/10.1103/PhysRevLett.122.132003
http://dx.doi.org/10.1007/JHEP02(2025)177

Most precise tty cross section measurement

=
V
b
e-l—
v
. . : b
inclusive cross section
with 3.9% precision
CMS 138 o' (13 TeV)
2 o I Olbserved I -
< 140_—i —— MG5+PYTHIA8
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http://dx.doi.org/10.1007/JHEP05(2022)091
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CMS Management Visit to Ghent University, 23 Apr 2025

Heavy neutral lepton
searches with prompt &
displaced signatures
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Beyond the Neutrino: Searching for the Heavy Siblings

Heavy Neutral Leptons (HNL) are capablg of CMS Preliminary 35.9 - 138 fo-' (13 TeV)

explaining phenomena that SM leaves still open: L F M'ajcl)lrgga' DAL R WIS
. oL

a Neutrino masses > 10 _osesivad

Q Baryon Asymmetry in the Universe = Brpscid

101
a Dark Matter

1072
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%

14
v/ Electron channel

____ Same-sign 21 + jet

JHEP 01 (2019) 122

Prompt 1¢ + 2 displaced £
JHEP 07 (2022) 081
Prompt 1€ + >=1 displaced jet ]
JHEP 03 (2024) 105 .
Prompt 1¢ + MDS
arXiv:2402.18658
Prompt 3t=(e, p, 1)
arXiv:2403.00100

Prompt 1¢ + 1 displaced { & jet
5 CMS-PAS-EX0O-21-011
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Ghent has made significant contributions to the field mn [GeV]

with 4 PhD students graduating on this topic!
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Production of HNL at the LHC

HNL mix with the SM neutrinos
= HNL can be produced in processes that generate high amounts of v

=> production from heavy meson decays: B — { N X
- production via weak boson decays: Z— v NorW — £ N

¢+ prompt

¢+

£"=/q prompt/
displaced

Y/ q

b— cIN

v Higho(pp —bb) X Lowo(pp—-W—1 v)
v’ Clear experimental signature for both prompt

X Challenging due to lack of trigger
& displaced searches

= Recent CMS result using
B-parking data JHEP 06 (2024) 183 = Most explored N production channels
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https://doi.org/10.1007/JHEP06%282024%29183

Ghent searches for HNLs in a nutshell

¢ prompt > EXO0-22-011 (3{’prompt)
i o First constraints on tau neutrino couplings
'~ /g prompt! for m>m,, Most stringent to date.
- displaced '
v q N ) ‘ 138fb"(13|TeV) ] . 138fb"(13TeV2
> EXO-17-012 (3¢ prompt) ¢mmm 2 [oms cms /
BRTAS h\fi.’:o\;:ﬁ;,q:mo ----------- ] h\jj?\;j::z\i/ﬂgo:on 3
o First paper that whipped out a large phase b ]
space previously unexplored. '
o — I Iss.lstp"lqsuTev;
Z% 1 CcMS s?fj.‘t/.:.c;;;zz‘;lmns
107! [ + 2 std. deviation

I + 1 std. deviation
—— Observed

Observed,
prompt N

—— DELPHI prompt
—— DELPHI long-live
— L3

— ATLAS
—— CMS 8 TeV

1 10 ' 162 i (Ge‘\(};
> EXO-20-009 (1 prompt 2¢ displaced) ¢mmm
o First CMS search for displaced HNL sig.

> EXO-21-011 (1¢ prompt 1¢in j displaced)



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.221801
http://dx.doi.org/10.1007/JHEP07(2022)081
http://dx.doi.org/10.1007/JHEP02(2025)036
http://dx.doi.org/10.1007/JHEP06(2024)123

Ongoing work: displaced HNL signature in the LRSM

Phys. Ri‘f’,ﬂ*ﬂ»llw 18{2018) Private work (CMS data/simulation)59.83 fo=! (13.0 TeV)
J— > 400000F ™~ T T T T
standard + displaced 8 I €M W +jets (W v)
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New HNL signature from St ; f
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--------------- g O e L TINENIRA }(}y o
never explored before: S oo ¢ 1
e o ] M
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) 1 prompt 4 (e /p) + 3 35 4 45 5 55 6 65 71 15 pr(t1) / GeV

1 displaced jet
encompassing a {

First presentation of the analysis in the EXO LLP group last month.
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https://indico.cern.ch/event/1519166/#10-search-for-long-lived-heavy

