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Mass {Gev/c?)

Introduction

 Top quark serves as key in understanding the SM and beyond.

Main reasons:

Mass «  Most massive elementary particle in SM:
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m, =172.5 +£0.33 GeV (LHC Run 1 combination)

s

* Its high mass makes it sensitive to BSM physics postulated at

high energies (EFTs as mechanism...)
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Introduction

Mass {Gev/c%)

* Main reasons:

Mass

m, = 172.5 + 0.33 GeV
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Top quark serves as key in understanding the SM and beyond.

Higgs boson

Fermions couple to Higgs through
Yukawa couplings:

\/imf

v

Yf =

Since top has the highest mass, it suffers
the strongest coupling to Higgs boson

Crucial to understand and probe EWSB
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Introduction

 Top quark serves as key in understanding the SM and beyond.

* Main reasons:
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Higgs boson Interactions - N o |

“““““

) N gy
« Top quark experiences -
D) strong, ~ weak  and N H .
my electromagnetic

interactions.

Present in many processes that allow us to
measure with high precision the SM and its
parameters.

This costs too much
energy! | think Il
hang out down there,
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Introduction

Handful of observables that can be measured.
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Production
cross-section

Top Width

Top Spin

Resonant
production

Production
kinematics

Top Spin
Polarization

Top Charge

Rare/non SM Decays W- 7

Branching Ratios

[Vis/
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W helicity

Anomalous
Couplings

CP violation
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History

* Claiming of discovery in 1995 by CDF and DO at Tevatron (pp collider).
10s of tt events

7 events DO

PRL 74, 2632 (1995)
PRL 74, 2626 (1995)
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History

* Run 2 of Tevatron: from discovery to first precision measurements (2002-2005).
10003 of tt events

10s of tt events
or

T
17 events DO

Fitted Mass  (GeV/c?)

3 19 events CDF

Reconstructed Mass  (GeV/c?)

PRL 74, 2632 (1995)
PRL 74, 2626 (1995)
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History

LHC: top factory. Scrutiny of the top quark far beyond anything previously achieved.

10s of tt events
or

17 events ]

DO

 Fitted Mass  (GeV/c?)

3 19 events CDF

% im0 w0
Reconstructed Mass  (GeV/c?)

PRL 74, 2632 (1995)
PRL 74, 2626 (1995)
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History

» At hadron colliders the dominant production process is in pairs, dominated by strong interaction.

* Also electroweak mediated production of single top quarks (~1/2 of tt events)

Tevatron pp @ 1.96 TeV (LHC pp @ 14 TeV)

— Strong Interaction
t

g g
~ A gt € Y ‘*859/0(109{9)
E -

t
o~7.2( 984

}» < ~15%(90%)

— Electroweak Interaction —

Number of tt events (*)

Tevatron
LHC 7 TeV
LHC 8 TeV

LHC 14 TeV
(@ 10% cm2s™)

~95M/year

t (*) Produced/experiment

m=172.5 GeV
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Experimental Setup

» CMS experiment at LHC (CERN).

» Described in previous talks.

LHC:27%nt”
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Oviedo’s contribution in top

* Oviedo’'s experimental HEP group has

collaborated and leaded many physics
analyses in the top quark sector

This talk will cover the two most recent
results:

tt cross section measurement at 5.02 TeV [1]

tW cross section measurement at 13.6 TeV [2]

07/05/2024
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https://cds.cern.ch/record/2895219?ln=en
https://cds.cern.ch/record/2893766?ln=en

Inclusive tt cross section [pb]

Ratio to

tt@5.02 TeV

Prediction

tt cross section measured widely at LHC at different CM energies.

Plenty of measurements at 7, 8 and 13 TeV (Runs 1-2), not so many at 5 TeV.
Special interest is low Pileup (~2 interactions per bunch crossing).

I
108 ATLAS+CMS Preliminary
LHCtopWG November 2023

NNLO+NNLL, PDF4LHC21 (pp)
B NNLO+NNLL, PDFALHC21 (pp)

[~ Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
Myp = 172.5 GeV, e (M,) = 0.118 + 0.001

T TTTTT

102
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L11ill

Tevatron comb. (1.96 TeV, <8.8 fb™) [1]

ATLAS comb., ee, up, ey, l+jets (5.02 TeV, 257 fb") [2]
CMS comb., ey, l+jets (5.02 TeV, 27.4-302 fb™) [3]
LHC comb., LHCtopWG, ep (7 TeV, 5 fb“) [4]
LHC comb., LHCtopWG, ey (8 TeV, 20 fb") [4]
ATLAS, ep (13 TeV, 140 tb™) [5)

CMS, e (13 TeV, 35.9 fb™) [6]

ATLAS, I+jets (13 TeV, 139 fb") [7]

CMS, l+jets (13 TeV, 137 fb™) [8]

ATLAS, ep (13.6 TeV, 29 fb™) [9]

CMS, ee, py, ey, l+jets (13.6 TeV, 1.2 fb™) [10]

PRD 89 (2014) 072001  [6] EPJC 79 (2019) 368
JHEP 06 (2023) 138 [7]1 PLB 810 (2020) 135797
JHEP 04 (2022) 144 [8] PRD 104 (2021) 092013
JHEP 07 (2023) 213 [9] arxiv:2308.09529

JHEP 07 (2023) 141 [10] JHEP 08 (2023) 204
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Inclusive tt cross section [pb]

tt@5.02 Tr=l

ATLAS+CMS Preliminary
e tIcross section me LHCtopWOG o, summary, {s = 5.02 TeV  November 2023 S 69. 5+ ° pb
* Pl'enty Of measuref| Sc’\;;e_jzz:[:m%?_;:(gﬂ(z)m3) 252‘*’%080( total stat (NNLO |n QCD)
* Special interestis scale & PDF & ag uncertainty o, * (stat) + (syst) + (lumi)

T T T T T T T T ATLAS (ee Uu, e”‘)

g HEP 06 (2023) 138, L _ =257
108 ATLAS+CMS Preliminar J 06 (2023) 138, 57 pb”
LHCtopWG November 204

If—'—'ﬂ
NNLO+NNLL, PDFALHC21 (p ATLAS, l+jets I—H—| 68.2+09+29+1.1pb
He

65.7+45+1.6+1.2pb

=10t0 13.6 TeV < u>=>52

JHEP 06 (2023) 138, L =257 pb’”

= NNLO+NNLL, PDF4LHG21 (p)

= Czakon, Fiedler, Mitov, PRL 110 (2013) ATLAS combined

67.5+£0.9 +2.3 +1.1 pb
| My = 1725 GeV, o, (M) = 0118 £ 0.00) | JHEP 06 (2023) 138, L =257 pb” P

- CMS, I+jets H—e—H  689+65%6.1+1.6pb

JHEP 03 (2018) 115, L _274pb

CMS, et H—o—H 60.7+5.0+2.8+1.1pb

JHEP04<2022>144L = 302pb" L —~ Reference measurement

r .
| CMS combined 63.0 + 4.1+ 3.0 pb has 8% of uncertainty, and

JHEP 04 (2022) 144 L =27.4-302 pb

27.4 -3( R " o 4o .
PDF4LHC21 J.Phys.G 49 (2022) 080501 Stat|5t|cauy dominated

10 —

C : NNPDF4.0 EPJC 82 (2022) 428

- : — : — : i | MSHT20 EPyc st (2021)341 ° Purpose of reducing this
2§ ME i CT18 PRD 103 (2021) 014013 uncertainty.
o O E
=5 1:-
r‘c“;{o_gf_ 4 o e b b b by

g —5 20 40 60 80 100 120

G, [pb]
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tt@5.02 TeV

Goal: measure the tt cross section at 5.02 TeV in the semileptonic final state with the 2017 data 302 pb-1.

* Select events with:

* Exactly 1 lepton (electron or muon). f

* At least 3 jets (clusterings of quarks and gluons)

* Missing transverse energy > 30 GeV.

* Events are further categorized into 8 categories depending 3
on the number of jets and b-tagged jets, and the lepton
flavour (electron or muon).

* This selection enhances signal (tt ) contribution

07/05/2024 Javier del Rieago - U.Oviedo 15




tt@5.02 TeV

Goal: measure the tt cross section at 5.02 TeV in the semileptonic final state with the 2017 data 302 pb1.

* Select events with: CMS Preliminary ~302pb~} (5.02TeV)
] ata iats  KXRKK
700 ; tl:; ' = g’zjll—\tan ::::’::: Pre-fit
* Exactly 1 lepton (electron or muon). 6001 = W aco

B tchannel A/ Unc

* At least 3 jets (clusterings of quarks and gluons)
* Missing transverse energy > 30 GeV.
« Events are further categorized into 8 categories depending| £ 400

500 -

e+ jets

on the number of jets and b-tagged jets, and the lepton % 200
flavour (electron or muon).

200

* This selection enhances signal (tt ) contribution 100

U o

=

* Analysis strategy: perform a maximum
likelihood fit to median(AR(j, j’)) + MVA Score
(3j1b category). Random forest tt vs W+jets.

* Uncertainties: experimental (proper of the
detector), theoretical ( tt  modeling) and

Data / Pred.
=
o

o
8}

normalization of the background samples.

07/05/2024 Javier del Rieago - U.Oviedo 16




t f@ 5 ] O 2 Te V CMS Preliminary Og summary,Ys =5.02 TeV  March 2024

NNLO+NNLL PRL 110 (2013) 252004
"""" m,,,, = 172.5 GeV, o (M ) =0.118:0.001

scale uncertainty ) lotal stat
scale® PDF@ o Unceﬂﬂlnty O'ﬁi (Stﬂni (Sysi)i (luml)
EMS, etiets e i 610+27+33+1200
H-o-H 61.0+2.7+3.3+1.2pb
/ CMS-PAS-TOP-23-005, L_ =302 pb" PP
: |
. . . CMS, p+jets HeH
Result in agreement with previous | cMs-PAs-ToP-23.005, L =302 pb* 61.9+21£28+12pb
measurements and theoretical prediction. I ems, 1jets HeH 61.4+1.6+27+1.2pb |
\CMS—PAS TOP-23-005, Lm b* V4
. CMS el H—e—ij 60.7+ 5.0+ 2.8+ 1.1 pb
Lowered previous CMS reference JHEP 04 (2022) 144, L =302 pb’ P
measurement’s uncertainty by more than 3%. { cMS, combined 61.2£1.6£25+1.2pb |
CMS—PAS TOP 23—I][]5 L —3I]2 pb R -
. L. . ATLAS, (ee, up, ep) —=— 65.7+45+16+12pb
No longer statistically dominated. JHEP 06 (2023) 138, L= 257 pb” : P
ATLAS, Hjets
JHEP 06 (2023) 138, L =257 pb’ a3 68.2+0.9+2.9+1.1pb
ATLAS combined Haid 67.5+0.9+23+1.1pb
JHEP 06 (2023) 138, L =257 pb”
it PDF4LHC21 J.Phys.G 49 (2022) 080501

i NNPDF4.0 EPJC 82 (2022) 428
I I MSHT20 EPJC 81 (2021) 341

C"'1aI PRD 103 2021) 014013 |
20 40 60 80 100 120
o [ob]
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tW@13.6 TeV

* Subleading single top production mechanism at hadron colliders.

* Previous inclusive and differential cross section measurements at 7, 8 and 13 TeV by ATLAS and CMS
(Oviedo involved).

* First single top LHC measurement at 13.6 TeV (data collected in 2022).

* Experimental challenge: irreducible tt background largely dominates signal contribution.

* Theoretical challenge: At NLO in QCD, tt and tW interfere

g b \

W t W

b

W t W

07/05/2024 Javier del Rieago - U.Oviedo 18




tW@13.6 TeV

Data recorded: 2022-Oct-02 11:51:56.796928 GMT

Event Selection W CMS Expe;iment at the LHC, CERN
Y

Run / Event/ LS: 359699 / 2633173907 / 1449

« At least 2 leptons (leading et pu*).

* Pairs satisfying: m(¢,¢,) > 20 GeV
» Categorisation: 1j1b, 2j1b, 2j2b

07/05/2024 Javier del Rieago - U.Oviedo 19




tW@13.6 TeV

Event Selection

« At least 2 leptons (leading et pu*).

* Pairs satisfying: m(¢,¢,) > 20 GeV
» Categorisation: 1j1b, 2j1b, 2j2b

Analysis strateqy

Events

Inclusive: maximum likelihood fit to 3 distributions:

* 1j1b: Random Forest MVA discriminating vs tt vs DY
*  2jlb: Random Forest MVA discriminating vs tt

*  2j2b: subleading jet pT.

Differential: study of the observables:
* pg of leading lepton

e profjet
* A¢(e,u)
* pileujet)
« m(epu,jet)

° mT(e' ‘Ll,,jet, p;"niSS)

07/05/2024

Data / Pred.
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tW@13.6 TeV

Results

Inclusive: gy = 84.1 & 2.1 (stat)*98, (syst) + 3.3(lumi) pb

Good agreement with theoretical prediction

87.9 + 3.1 pb

A

Inclusive tW cross section [pb]

x10° 34.7 fb' (13.6 TeV)

;12 L D L
(@ cus -« Data ]
O L Preliminary Total unc.
= 10 - Stat une.
= | tW PH DR + P8
= | 5 tWPH DS + P8
s gl ~ tW PH DR + H7
o F v tWaMG DR + P8
R o tWaMG DR2 + P8

E i o twaMC DS + P8
= 6 = tWaMC DS dyn. + PB |
5 |

2 4F
‘_9- L

Pred. / Data

o700 150 200 250 300 350
m(e*, i, j) (GeV)
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Differential:

Ratio to

— T T *|
100|— CMS Preliminary
| March 2024
- ¥ee, e, pu (7 TeV,4.91b7), PRL 110 (2013) 022003
80_— Aee ey, uu (8 TeV,12.2fb"), PRL 112 (2014 252
- ¢ en (13 TeV, 138 o), JHEP 07 (20 16 |
60— —
40— —
20— —
- E==m aNNLO+aN’LL, PDF4LHC21 (pp), JHEP 05 (2021) 278 |
" Mgy = 172.5 GeV, o, (M) = 0.118 £ 0.001 ]
| | P ||||||||||||\\| |
= =
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ko] E
g 1 E
Qos =
o L L1

4]
o]
~J
|
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-
o
=

13 14

Vs [TeV]

Compatible results between the SM expectations and the
measured cross sections are also observed.
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Summary

Top quark is a key piece in understanding the SM and Beyond.

Oviedo’s experimental HEP group has historically worked on that sector within
the CMS experiment at LHC

This year’s public results:

* Inclusive tt cross section at 5.02 TeV. Most precise CMS measurement
at that CM energy. Interesting scenario for the low pile-up.
oif = 61.2F18(stat)*35(syst) + 1.2 (lumi) pb

* Inclusive and differential tW cross section at 13.6 TeV. First single top
measurement of LHC at that CM energy.
oy = 84.1 + 2.1 (stat)*35, (syst) + 3.3(lumi) pb
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Thanks for the
attention!

Any question?

javier.del.riego.badas@cern.ch
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