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. Who ordered top quarks?
¢ What are they?

¢ How are they produced?
o Why study them at the LHC?

. An assortment of top cross section measurements

¢ Top pair production at 13.6 TeV and 5 TeV
¢ Top + W production at 13.6 TeV

o Top pair production: invisible component

. A brief word about the future



Top quarks: intro

+ Heaviest known fundamental particle with mass mi,, = 172.5 GeV

¢ Only quark which decays before hadronizing

o Most direct experimental access to quark properties

Other quarks Top quark

W+




Top quarks: intro

Decays to W boson and b quark with >99% reliability
o W boson can decay into quarks or a lepton and neutrino

o hadronizes, forming a b-jet




Top quarks: new in town

First observed at the Tevatron in 1995

o pp collisions at center of mass energy
Vs =1.96 TeV

¢ Limited measurements possible

Now, the LHC has become a top factory

The only place in the world where top quarks
can be produced + studied

Many precision measurements possible!
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Top quark experimental sighatures

leptons from top quark decays have
high transverse momentum (pr)

Easy to ID and reconstruct in detector

J

< CMS Experiment at the LHC, CERN
v i,-f-; Data recorded: 2016-Jul-14 23:45:11.547328 GMT
2 .| Run/Event/LS: 276811 /2968707874 /1776
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Top quark experimental sighatures

leptons from top quark decays have b-jets spawn a b-hadron which travels a bit
high transverse momentum (pr) before further hadronization
Easy to ID and reconstruct in detector Can be distinguished from other jets b-tagging
y, y
‘M5 CMS Experiment at the LHC, CERN
B ronvent) Lo 276311 1 s0gsT0T8PA 1 1776, %
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—————— impact
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presence of additional light jets J




Top quark experimental sighatures

leptons from top quark decays have b-jets spawn a b-hadron which travels a bit
high transverse momentum (pr) before further hadronization
Easy to ID and reconstruct in detector Can be distinguished from other jets b-tagging
J J
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Top quark production modes

At the LHC most common production
mechanism is top quark anti-quark pairs:




Top quark production modes

At the LHC most common production
mechanism is top quark anti-quark pairs:

Single top quark production modes: J

s-channel t-channel tW production
q
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Top quark production modes

At the LHC most common production ...and many other associated modes
mechanism is top quark anti-quark pairs: ttH, ttW, ttZ, tH, tW/Z, tttt...

Single top quark production modes: J

s-channel t-channel tW production b :
q
! g t
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q
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Cross sections

L 2

L 2

2

*

Often the first and simplest thing to measure in high-energy particle physics
Units of area - @LHC often measured in picobarns

The master formula:

Nevents :- o (process)

Integrated luminosity cross section
[fb] [pb]

Intuitively, o gives the rate of production of a physics process (under fixed collision rate)
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Top quark production modes

At the LHC most common production
mechanism is top quark anti-quark pairs:

Single top quark production modes: J

s-channel t-channel

q t q
q
1%
14
_ 1

q b b

o =11 pb o = 214 pb

¥

ttH, ttW, ttZ, tH, tWZ, tttt...

...and many other associated modes J

tW production

1
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c =179 pb
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Whats going on at the LHC?

CMS has been collecting LHC proton-proton collision data since 2010

at various center of mass energies (Vs)

o Run 1: 2010 - 2012
6 fblat Vs =7 TeV
23 fblatvVs=8TeV

¢ Run 2: 2015 - 2012
160 fb! at Vs = 13 TeV
302 pbat Vs =5 TeV

¢ Run 3: 2022 - ongoing (2026)
196 fb! at Vs = 13.6 TeV
...as of two weeks ago!
still in early stages of analysis

y
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CMS = 2010,7TeV,45.0pb™
m— 2011,7 TeV, 6.1 fb~'
m— 2012, 8 TeV, 233 fb™"
m— 2015, 13 TeV, 4.3 fo™
2016, 13 TeV, 41.6 fo™!
e 2017, 13 TeV, 49.8 fb™!
m— 2018, 13 TeV, 67.9 fb™"
— 2022,13.6 TeV, 41.5 fb™
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The LHC: a top quark factory

The Tevatron experiments recorded
about 10 fb? of int. luminosity:

~75 000 top quark pairs produced

_/
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The Tevatron experiments recorded
about 10 fb? of int. luminosity:

~75 000 top quark pairs produced

_/

At the CMS experiment,

over 100 000 000 top quark pairs
have been produced...
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The Tevatron experiments recorded
about 10 fb? of int. luminosity:

~75 000 top quark pairs produced

_/

At the CMS experiment,

over 100 000 000 top quark pairs
have been produced... this year

J
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Inclusive and differential measurements

Inclusive cross sections J

+ Overall “rate” of a process

+ Precise measurements and
comparison to prediction

+ Varies with c.m. energy:

Vs :5TeV — 13.6TeV
Gpp—)tf . 69 pb % 924 pb

i doda (1)

T ; Jo-fa(l)
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Inclusive and differential measurements

Inclusive cross sections J

+ Overall “rate” of a process
+ Precise measurements and

comparison to prediction

+ Varies with c.m. energy:

Vs

:5TeV — 13.6 TeV

Gpp—)tf . 69 pb % 924 pb

¢ doda (1)

4 dota(d)
I pru\,

Differential cross sections J

+ do,/dx: probe dependence on
some variable “x”

+ Detailed examination of SM
and BSM predictions

+ Many possible measurements,
including parameter extraction

1

CJ (700"’5
I
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Top quarks come in pairs

+ Top quark pair production has different final states

tt final state characterized by
leptons from W decays:

dilepton / lepton(£)+jets /

+ Leaves distinct signatures:
o dilepton: 2 high-pT leptons, 2 heavy b-flavor jets *cleanest channel”
o leptontjets: 1 high-pT lepton, 2 heavy flavor jets, additional jets

o all hadronic: all jets = top taggers, boosted regime

20



Outline

<o

an assortment of top cross section measurements

Top pair production at 13.6 TeV and 5 TeV
Top + W production at 13.6 TeV

Top pair production: invisible component

A brief word about the future
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Top quark pair production

Recent inclusive results at the highest and lowest LHC energies

+ og measured at 6 energies ever,
now 5 energies at LHC experiments

T I T T T | T T T | T T T I T T T T T T I T T T
L ATLAS+CMS Preliminary
LHCtopWG April 2024

—_
o
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NNLO+NNLL, PDFALHC21 (pp)

== NNLO+NNLL, PDF4LHC21 (pP)

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
My = 172.5 GeV, o (M,) = 0.118 + 0.001

+ @13.6TeV

o CMS provided first physics
measurement published in LHC Run 3

*+ @5.02TeV

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

ATLAS comb., ee, uy, ey, l+jets (5.02 TeV, 257 pb™) [2]
CMS comb., ey, l+jets * (5.02 TeV, 302 pb") [3]
LHC comb., LHCtopWG, ep (7 TeV, 5 fb™) [4]
LHC comb., LHCtopWG, ey (8 TeV, 20 fb") [4]
ATLAS, eu (13 TeV, 140 fb'1) [5]

CMS, eu (13 TeV, 35.9 fb'1) [6]

ATLAS, l+jets (13 TeV, 139 fb'1) [71

CMS, |+jets (13 TeV, 137 fb'w) [8]

ATLAS, eu (13.6 TeV, 29 fb'1) 9]

CMS, ee, up, ey, l+jets (13.6 TeV, 1.2 fb™") [10]
[1] PRD 89 (2014) 072001  [6] EPJC 79 (2019) 368

Inclusive tt cross section [pb]

—_
o
N

(X aml g | 2 £ 2 29|

10 — [2] JHEP 06 (2023) 138 [7] PLB 810 (2020) 135797 —
— [3] CMS-PAS-TOP-23-005* [8] PRD 104 (2021) 092013 -
o Recent update to measurement from - drevmnel fhsimen 3

special LHC program in 2017 at 5 TeV

T T T T T T T T T T T T T T T T T T T T T T
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o Low luminosity: 302 pb 28 gof ——— : l . :
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Top quark pairs @ 13.6 TeV

July 5, 2022: stable beams at 13.6 TeV

E T I T T T T T T T T T T T T T T T T T T | T
2 03— ATLAS+CMS Preliminary
c [~ LHCtopWG April 2024
je) - NNLO+NNLL, PDF4LHC21 (pp)
— L
(@] -
) — [ NNLO+NNLL, PDF4LHC21 (pp)
n |~ Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 1
Z’; Myp = 172.5 GeV, o (M) = 0.118 + 0.001
@] .
3 Y Tevatron comb. (1.96 TeV, <8.8 fb™) [1]
s > @ ATLAS comb., ee, pp, e, l+jets (5.02 TeV, 257 pb™) [2]
= 10° % CMS comb., ey, l+jets * (5.02 TeV, 302 pb™) [3] -
() - ¥ LHC comb., LHCtopWG, ey (7 TeV, 5 fb™) [4] .
= — A LHC comb., LHCtopWG, eyt (8 TeV, 20 b [4] —
g ~ B ATLAS, eu (13 TeV, 140 ib™) [5) 7 e W ST e T
—_— B A CMS, en (13 TeV, 35.9 ™) [6] . CERN Control Centre
8 - [0 ATLAS, l+jets (13 TeV, 139 fb™) [7] -
= A CMS, l+jets (13 TeV, 137 fb™) [8]
— -1 —
@ ATLAS, e (136 Te.\/, 29107) [9] " CMS Experiment at the LHC, CERN
@ CMS, ee, pp, ey, I+ets (13.6 TeV, 1.2 fb”) [10] Data recorded: 2022-Jul-05 14:48:56.743936 GMT
[1] PRD 89 (2014) 072001  [6] EPJC 79 (2019) 368 b Run / Event / LS: 355100 / 51596902 / 53
1 O — [2] JHEP 06 (2023) 138 [7] PLB 810 (2020) 135797 —
— [3] CMS-PAS-TOP-23-005* [8] PRD 104 (2021) 092013 —
— [4] JHEP 07 (2023) 213 [9] PLB 848 (2024) 138376 .
— [5] JHEP 07 (2023) 141 [10] JHEP 08 (2023) 204 * Preliminary _|
Il | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 I 1 1 !
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o8 1“ : v ’
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Top quark pairs @ 13.6 TeV

Prompt measurement using ~ 1 fb* of data

from early weeks of 2022 data-taking

L ATLAS+CMS Preliminary
LHCtopWG April 2024

—_
o
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NNLO+NNLL, PDF4LHC21 (pp)

=== NNLO+NNLL, PDF4LHC21 (pP)

1000

Data up to 2022-08-23

2022 (pp 13.6 TeV)

CMS

Online

BN LHC delivered, max: 867.4 pb~'/day |
] CMS recorded, max: 753.2 pb~!/day

[~ Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
| Mg, =172.5 GeV, o, (M,) = 0.118 + 0.001 800
Tevatron comb. (1.96 TeV, <8.8 fb™) [1]

ATLAS comb., ee, p, ey, +jets (5.02 TeV, 257 pb™ [2]
CMS comb., ey, l+jets * (5.02 TeV, 302 pb") [3]
LHC comb., LHCtopWG, eu (7 TeV, 5 fb™) [4]
LHC comb., LHCtopWG, ey (8 TeV, 20 fb™) [4]
ATLAS, eu (13 TeV, 140 fb™) [5]

CMS, e (13 TeV, 35.9 fb™) [6]

ATLAS, l+jets (13 TeV, 139 fb™) [7]

CMS, I+jets (13 TeV, 137 fb™) [8]

ATLAS, e (13.6 TeV, 29 fb™) [9]

CMS, ee, pu, eu, [+jets (13.6 TeV, 1.2 fb™) [10]

[1] PRD 89 (2014) 072001  [6] EPJC 79 (2019) 368
[2] JHEP 06 (2023) 138 [7] PLB 810 (2020) 135797 —
[3] CMS-PAS-TOP-23-005* [8] PRD 104 (2021) 092013 =
[4] JHEP 07 (2023) 213 [9] PLB 848 (2024) 138376 .
[5] JHEP 07 (2023) 141 [10] JHEP 08 (2023) 204 * Preliminary _|

600 1.2 fb'l

Inclusive tt cross section [pb]

—_
o
N

400

- B

200
0 =, H‘Hf I
S (0o

\)\\)\\)\\)\\)\\)\\)\\)\\)\\)‘_}\)Q\)Q\) Rt
W oW Wis Wie Win ¥ a ¥ Wao V) s w PO RIR R g PO P

Integrated luminosity (pb~'/day)

(X amla | 2 E L 29|

A 2
Date (UTC)

10

T T T T T T T T T T T T T T T T T T T T T T T T

Channel

€, €€, Uy,

— use information from multiple channels
to constrain nuisance parameters in-situ

N
—
1I|IIIIIIII|I1‘ —|||||

Ratio to
Prediction
&
-
.’-

.+ PR T N T T T S T [ S T S AN T

2 4 6 8 10 12 114
Vs [TeV]

24



+ Bins:
» |Lepton flavor
Ly b-jet multiplicity
Ly Jet multiplicity

Events / bin

Data / pred.

CMS

1.21 fo! (13.6 TeV)

10° Prefit
# Data mmtt Single t W-jets
10 QCD mmZ+jets mmDiboson Uncertainty

10°
10°

10

1.4

_ ee (1b)

1.2
2

ee (2b)

uu (1b)

08F
0.6E

tt

Y

uu (2b)

eu (2b;

e+jets (1b)

7,

e+jets (2b)

u+jets (1b) | u+jets (2b)

7//’?/4"//

%47

1 1
-~ g

1 1 1 1 1
Nod-amd

1 1
am

1 1 1 |
~—ndrand

1 1
am g

1 1 1
oswd

1 1 1
o< wd

1 1 1 1 1
mswdosrwd

Number of jets
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*

Bins:
» Lepton flavor
Ly b-jet multiplicity
Ly Jet multiplicity

b-tag efficiency scale factors
determined by fit

SMpred. 07 = 924+ obb

Events / bin

Data / pred.

CMS

1.21 fo! (13.6 TeV)

10° Prefit
# Data mmtt Single t W-jets
10 QCD mmZ+jets mmDiboson gz Uncertainty
10°
102
10
1
1'45_ e (1b) [ ee (20) [ up (1b) | pu (2b) [ e (Ob) (1b) [ ew (2b) [e+jets (1b) [ e+jets (2b) | w+jets (1b)] p+jets (2b)
128 . Y , , ; y «
= 7, ‘ y
14 5% % 74 A
% ¥ 7 .‘+W% ALY e 7 /W
oo T4
0.65 ¥ ¥

F

F

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
*-qu.mmq.*-mmq.moo;'-NJE,'-ngmmqmvmgmvmgmvmgmqmg

Number of jets
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+ Bins: 5
» Lepton flavor g
Ly b-jet multiplicity B

Ly Jet multiplicity

+ b-tag efficiency scale factors
determined by fit

Data / pred.

+ SMpred. (71313—9244r obb

Result

o = 881 + 23(stat. + syst.) £ 20(lumi.

CMS

1.21 fo! (13.6 TeV)

10° Prefit

# Data mmtt Single t W-jets
10 QCD mmZ+jets mmDiboson gz Uncertainty
10°

102

10

1'45_ ee (1b) | ee (2b) | pp (1b) |pp (2b) | ew (0b) | en (1b) |en (2b) |e+iets (1b) | e+jets (2b) | p+iets (1b) | p+jets (2b)
12 . Y .,
E 2 ; 2 Y, 7 y v
14 2.5 % 7 / A
Z ke’ .‘+W% M /2 2% %
o8- T
0.6 T T Tl e T

—Nm¢mm¢vmmgmm$

)pb |

1 1 1 1 1 1 1 1 1
PN&Pqummqmvmgmvmg

1 1 1 1 1 1
mswdosrwd

Number of jets
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https://arxiv.org/abs/2303.10680

CMS

1.21 fo! (13.6 TeV)

+ Bins:

Uncertainty

kE: 10° Prefit
» |epton flavor 2 1o }OCD mZrets mbisgson
Ly b-jet multiplicity oo
|_ . . . 102
»Jet multiplicity
10
o o 1
+ b-tag efficiency scale factors .
determined by fit B P e
+32 N
+ SMopred. o = 924",5pb S ol M4

T T

Result

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Number of jets

0 = 881 £ 23(stat. + syst.) = 20(lumi.) pb |

Data / fit
o

-

08;

.
<

[ ]
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oM = 888 & 34(stat. + syst.) = 20(lumi.) pr T LT
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https://arxiv.org/abs/2303.10680

Inclusive cross section @ 13.6 TeV

Uncertainty breakdown: J

Source Uncertainty (%) = Resulting uncertainty in 0,
Lepton ID efficiencies 1.6

Trigger efficiency 0.3

JES 0.6 .

b tagging efficiency 1.1 2 Iead.lng

Pileup reweighting 05 uncertainties:
ME scale, tt 0.5

ME scale, backgrounds 0.2 Ieptona b'tag eff'
ME/PS matching 0.1

PS scales 0.3

PDF and ag 0.3

Top quark pr 0.5

tW background 0.7 Not statistics
t-channel single-t background 0.4 limited

Z+jets background 0.3

W jets background <0.1

Diboson background 0.6

QCD multijet background 0.3

Statistical uncertainty 0.5

Combined uncertainty 2.5

Integrated luminosity 2.3 Lumi comparable to
Total unc. (with lumi.) 3.4 likelihood stat+syst unc.

-1o impact (obs.)
-1c impact (exp.)

CMS —e— Fit constraint (obs.) —— +1c impact (obs.)

Fit constraint (exp.) +1c impact (exp.)

Supplementary r=0.959 + 0.025
Eleciron ID SF —— g : ;
Muon ID SF P —— i ;
b tag SF {0.980 + 0.009'
tW cross section -—é—o—:-
Top pT correction -»—-
Diboson cross section 5 '-—0—--
Pileup -—u-o——u

ME renormalization scale (tt)
BG model stat. (u+jets) 2b 3
Muon reconstruction SF

JES: FlavorQCD

t-channel single top cross section
b mistag SF

BG model stat. (u+jets) 1 b 3j
BG model stat. (e+jets) 2b 3 j
Muon trigger efficiency (data)
BG model stat. (u+jets) 1b 4 j
BG model stat. (u+jets) 1b 5
Z+jets cross section : L ——— :

PDF o, N S S




From 13.6 TeV to 5.02 TeV
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x 0.9

T I T T T | T T T | T T
L ATLAS+CMS Preliminary
[~ LHCtopWG April 2024

NNLO+NNLL, PDFALHC21 (pp)

== NNLO+NNLL, PDF4LHC21 (pP)

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

(X aml g | 2 £ 2 29|

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

ATLAS comb., ee, py, ey, l+ets (5.02 TeV, 257 pb™) [2]
CMS comb., ey, l+jets * (5.02 TeV, 302 pb") [3]
LHC comb., LHCtopWG, ey (7 TeV, 5 fb™) [4]
LHC comb., LHCtopWG, ey (8 TeV, 20 fb") [4]
ATLAS, eu (13 TeV, 140 fb'1) [5]

CMS, en (13 TeV, 35.9 fb'1) [6]

ATLAS, l+jets (13 TeV, 139 fb'1) [71

CMS, |+jets (13 TeV, 137 fb'w) [8]

ATLAS, eu (13.6 TeV, 29 fb'1) 9]

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

[1] PRD 89 (2014) 072001
[2] JHEP 06 (2023) 138

[3] CMS-PAS-TOP-23-005*
[4] JHEP 07 (2023) 213

[5] JHEP 07 (2023) 141

[6] EPJC 79 (2019) 368

[7] PLB 810 (2020) 135797
[8] PRD 104 (2021) 092013
[9] PLB 848 (2024) 138376
[10] JHEP 08 (2023) 204

* Preliminary :
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+ Previous CMS measurements: CMs _ 302pb~! (5.02 Tev)

2017 data @ 5.02 TeV : low pileup, cleaner reconstruction J

o 27.4 pb (€+jets) JHEP 03 (2018) 115 mizh Sy prefit
o 302 pb! (dilepton ep) JHEP 04 (2022) 144 s0
+ New preliminary measurement in €+jets gm' AAAAA

channel with 302 pb* lumi: CMS-PAS-TOP-23-005

1.2 ,
© 1
(0] 1
p—
R EDL002020300, ototeX eleielotoltetitedi o oo ateseleliotolotetes
©
® * !
1
() 1
0.8 —L ,
o o) Ke) o) o) o] Ke) Ke)
— — o~ o~ — — o~ (o]
2) < 2) < ) <+ ) <

Signal dominated, range in purity from
~ 60% (3j1b) to >90% (4j2b)
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https://www.arxiv.org/abs/1711.03143
https://arxiv.org/abs/2112.09114
http://cds.cern.ch/record/2895219?ln=en

2017 data @ 5.02 TeV : low pileup, cleaner reconstruction J

Previous CMS measurements:
o 27.4 pb* (€+jets) JHEP 03 (2018) 115
o 302 pb! (dilepton ep) JHEP 04 (2022) 144

preliminary measurement in €+jets
channel with 302 pb™ Iumizm

— Submitted last night! (CMS-TOP-23-005 up soon)J

o Exactly 1 lepton: pr>20 GeV, |n| <2.4
Opposite flavor lepton veto: pr > 10 GeV
At least 3 jets: pr> 25 GeV, |n| <2.4

MET requirement: | prmiss| > 30 GeV

At least 1 b jet, DeepCSV (~70% efficiency)

<o

o O O

CMS . 302 pb~! (5.02 TeV)

¢ Data . Wjets i o

700 mem tf mmm Drell-Yan KRS pre-flt
tw QCD .

600 { ™= tchannel XX Unc.

AAAAA

©
]
p—
R EDL002020300, ototeX eleielotoltetitedi o oo ateseleliotolotetes
©
-
©
o

0.8

Signal dominated, range in purity from
~ 60% (3j1b) to >90% (4j2b)
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https://www.arxiv.org/abs/1711.03143
https://arxiv.org/abs/2112.09114
http://cds.cern.ch/record/2895219?ln=en
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-005

2017 data @ 5.02 TeV : low pileup, cleaner reconstruction J

Previous CMS measurements:
o 27.4 pb* (€+jets) JHEP 03 (2018) 115
o 302 pb! (dilepton ep) JHEP 04 (2022) 144

preliminary measurement in €+jets
channel with 302 pb™ Iumizm

— Submitted last night! (CMS-TOP-23-005 up soon)J

o Exactly 1 lepton: pr>20 GeV, |n| <2.4
Opposite flavor lepton veto: pr > 10 GeV
At least 3 jets: pr> 25 GeV, |n| <2.4

MET requirement: | prmiss| > 30 GeV

At least 1 b jet, DeepCSV (~70% efficiency)

<o

o O O

CMS . 302 pb~! (5.02 TeV)

¢ Data . Wjets i o

700 mem tf mmm Drell-Yan KRS pre-flt
tw QCD .

600 { ™= tchannel XX Unc.

AAAAA
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Signal dominated, range in purity from
~ 60% (3j1b) to >90% (4j2b)
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https://www.arxiv.org/abs/1711.03143
https://arxiv.org/abs/2112.09114
http://cds.cern.ch/record/2895219?ln=en
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-005

Measurement setup: J

+ Categorize by jet & b-jet multiplicity

+ Further binning in each category to
distinguish signal vs. backgrounds:

ARealj,j’) - median distance
between jets

AR? = An? 4+ A¢?

MVA: (3j1b category)

o Distinguish signal vs W+jets
in category with least purity

¢ Random forest via Sklearn

¢ 8 Input variables
(jet + lepton kinematics)

CMS

302 pb~! (5.02 TeV)

Events

3j1b

post-fit
e+ jets

3j2b

Data

B t channel

WH+jets
B Drell-Yan
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Measurement setup: ]

+ Categorize by jet & b-jet multiplicity

+ Further binning in each category to
distinguish signal vs. backgrounds:

ARealj,j’) - median distance
between jets

AR? = An? 4+ A¢?

MVA: (3j1b category)

o Distinguish signal vs W+jets
in category with least purity

¢ Random forest via Sklearn

¢ 8 Input variables
(jet + lepton kinematics)

J

Data / Fit

CMS 302 pb~! (5.02 TeV)
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Inclusive cross section @ 5.02 TeV

CMS
Opred. = 69.5755(scale) &= 2.9(PDF + ag) pb J o, summary, {5 = 5.02 TeV
NNLO+NNLL PRL 110 (2013) 252004
....... g::t;r;i;zez:agteyv, OLS(MZ) =0.11820.001 total stat
scale ® PDF @ og uncertainty ot (stat) + (syst) + (lumi)
Result + combination: CMS-TOP-23-005 |
CMS, e+jets v HeH ! 61.8+2.6+3.6+1.2pb
int = 302 p
+ Improves previous CMS measurements: | VI e M 63.6+2.142.7+ 12 pb
. CMS, I+jets 5 5+1.6+25+1.2pb
o @+jets only result: 13% = 5.1% unc. TSI .
(vs. JHEP 03 (2018) 115) Y st sy O COTESOR2E TR
CMS, combined 1 HeH 62.3 +1.5£2.4 + 1.2 pb
. Lin = 302 pb”
o euw/€+jets combo: 8.4% — 4.9% unc. s 5
ATLAS, (ee, uu, ey) -y 65.7+ 4.5+ 1.6+ 1.2 pb
(VS. JHEP 04 (2022) 144) JHEP 06 (2023) 138, Lim=257pb'1
V. ATLAS, l+jets i 68.2+0.9+29+1.1pb
JHEP 06 (2023) 138, Lim=257 pb”
e sie T ATLAS, combined i 67.5£0.9+2.3+1.1pb
¢ leltlng uncertalntles' JHEP 062023138, L, =207 P PDF4LHC21 J.Phys.G 49 (2022) 080501
. . o » . NNPDF4.0 EPJC 82 (2022) 428
o b-tagging, trigger, lepton ID efficiencies 0 MSHT20 v s
o Statistics L L I O Roweqrnouos |

20 40 60 80 100 120
o, (pb)


https://www.arxiv.org/abs/1711.03143
https://arxiv.org/abs/2112.09114
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-005

Outline

. an assortment of top cross section measurements

<o

¢ Top + W production at 13.6 TeV

o Top pair production: invisible component

. A brief word about the future
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t+W production

+ Simple at leading order (LO) = t g t

b \\A b W~

¢+  @NLO: overlap with tt production - diagrams can contain two on-shell top quarks

q t

qa b

+ Diagram removal (DR): remove these diagrams from signal definition

. subtract gauge-invariant term to cancel tt diagrams locally
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t+W production

+ Simple at leading order (LO) = t g t

b \\A b W~

¢+  @NLO: overlap with tt production - diagrams can contain two on-shell top quarks

q t

qa b

+ Diagram removal (DR): remove these diagrams from signal definition
. subtract gauge-invariant term to cancel tt diagrams locally

. full pp = WbWb simulation (not in this talk) 39



g t g t

t 2
b o
i
b W% b A
+ Uses data collected in 2022
o 34.7 fb! integrated luminosity
+ Target events where both W-bosons decay
leptonically = e*u~
i ] N\ ) ™)
Signal regions: Control region: _
o]
o
SR1: 1jet, 1b-tag CR: 2 jets, 2 b-tags o
_ SR2: 2jets, 1 b-tag \(tt—enrlched) ) c§
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1 00 XKL

10° 34.7 " (13.6 TeV
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)
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*

Events

Data / Pred.

High backgrounds in SRs!

use Random Forest (RF) multiclassifier

¢ 3 output nodes:

tW, tt, Ztjets or tt— I+jets

SR1

34.7 b (13.6 TeV)
UL B I

T T
CMS ¢ Data [ VV+iV
Postfit M it %% Uncertainty
(1j1b)

o ¥
PR S e e

SR2

o utilize “loose jet” info (pr: 20 - 30 GeV)

34.7 fb™ (13.6 TeV)
— ey
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DY
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prw s e

o 1%

———
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e .
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o e ®
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¢+ Result: oW = &2. 3+%8 g pb J

o [ T M

e 100— CMS

() |

. 2 —  Vee, ey, uu (7 TeV, 4.9 fb™), PRL 110 (2013) 022003 o
+ 13% total uncertalnty: é gol_  Aee ew uu(8TeV, 12217, PRL 112 (2014) 231802 ]
PP - ¢ en (13 TeV, 138 fb™), JHEP 07 (2023) 046 .
. 3 ~ 4+ kets (13 TeV, 36 fb™), JHEP 11 (2021) 111 -
+ 21(Stat)i_8£7) (Syst) + 33(1um1) pb J 3] 60— ®ew(13.6 TeV, 34.7 fb™), this result ]
p = i
) B i
% 40— _]
+ Consistent with SM prediction 2 T .
C — —
d. 20— —
O-E\l;\(; T 87 9+2 O(Scale) :|: 24(PDF + Oés) pr B E=== aNNLO+aN’LL, PDF4LHC21 (pp), JHEP 05 (2021) 278 ]|
- My, = 172.5 GeV, o (M) = 0.118 + 0.001 i
| | | | | | | R B | | |
. . . . 9-§1.2f—' o o 5
+ Improved precision per luminosity, partly 22 4 E
. . . (0] F ]
due to RF discriminant - S
5 6 7 8 9 10 1 12 13 14
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https://arxiv.org/abs/2409.06444

t+W at 13.6 TeV: differential results

Also target differential cross sections!

-3 34.7 0" (13.6 TeV
30?<1|0| N R (‘ V)

. L . : : > T hate S
+ Normalized fiducial cross sections obtained via 8 [ CMS < Daa
unfolding to particle level with TUnfold = o25F Stat unc. -
~ I + tWPHDR + P8
o ) SO o tW PH DS + P8
+ Measured in 1j1b region, S ook A EW PI\HME)BF: H|738 ]
veto on “loose jets” with pr 20-30 GeV » 2 |, Y WaMG DR2 + P8 1
> I e o tW aMC DS + P8 .
) S 150 FeSewEge + tW aMC DS dyn. + P8 ]
+ 6 variables targeted: S o ]
o [ o ]
. | 3 . ot ]
leading lepton pt m(e,uL,j) 2 o oy
. QC SE R @AVOER
p2(e.ps.j) Ad(e,p) = .
. . oL | | | | P |
Jet pr mT(evp"vaTvmiSS) % 2r T T T T — T I
J aQ GO E
s ]
9 o' ] ] |
[a

1 L L PRI S AN SRS AT SR N .
40 60 80 100 120 140
Leading lepton P, (GeV)
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t+W at 13.6 TeV: differential results

+ Overall good agreement between different
simulations, diagram removal strategies

+ Some features visible in data vs simulation

%107 34.7 1" (13.6 TeV)
; 35_ L L L DL L L L L
() r CMS —e— Data
o Total unc.
= 30F Stat unc. B
—~ r + tWPHDR + P8
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Outline

. an assortment of top cross section measurements

<o

<

o Top pair production: invisible component

. A brief word about the future
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A new differential measurement

+ tt differential measurements:

3 event (b, €)

o Intermediate particles (t, W)

SM top pair production
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A new differential measurement

+ tt differential measurements:

3 event (b, €)
o Intermediate particles (t, W)

o Invisible event (v, ?) J

SM top pair production
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A new differential measurement

+ tt differential measurements:
3 event (b, €)
o Intermediate particles (t, W)

o Invisible event (v, ?) J

SM top pair production

BSM example: stop pair production
with two neutrinos and two neutralinos
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A new differential measurement

+ tt differential measurements:
3 event (b, £)
o Intermediate particles (t, W)

3 event (v, ?) J—) first measurement!

+ In BSM scenarios, the additional particles can
contribute to undetected momentum

+ Differential measurement of vv system kinematics:

o First precision test of invisible event component
via differential measurement

¢ New means of distinguishing SM vs BSM BSM example: stop pair production
scenarios with two neutrinos and two neutralinos
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tt di-neutrino system kinematics

60 CMS Preliminary 59.8Ifb" (13TeV)
Pr.miss (MET) reconstruction challenges - I
+ Challenging object to reconstruct: i
o Relies on modeling of other neutrinos :
produced via secondary interactions £
(especially in b-jets) 5
—404 — DNNp  —— PUPPIy PF
¢ Requires accurate reconstruction of o a0 a0 a0 a0 00 e
all visible particles in detector s oyt )
(especially jets) < ]
% 107} Etf other =Si_ngle top DS
5 10°) vy mwes
> 5
w 10°¢
+  DNN used to improve MET resolution o
o Trained on difference between PUPP| MET P
and generator level MET o .,
o 17 inputs involving jet kinematics § 0.8
0 100 200 300 400 _ 500

pmiss (GeV) 5 O

T,DNN


https://arxiv.org/abs/1407.6013

tt di-neutrino system kinematics

+ Using DNN MET, focus on two variables

sensitive to BSM contributions

© PTmiss = pT(V;)

© min[A(b(pT,miss, e)] = Ad)min

Selection:

+ 2leptons (ee, ey, pp)
pr > 20 GeV, |n| < 2.4

+ 22 b-tagged jets (Deepjet, ~95% eff.)

pr>30GeV, |n| <24
+ AR(&,jet) >0.4
+  Prmiss > 40 GeV (ee, uu only)

Events/Bin

Data/MC

10°

108_

106_

10%

10°
N
1.2 Gtot. \\\Gsyst.
1 A .. N .Y
*> T N A R AR R AR Y NN NNNNNY
0.8
L L L L | L L L L 1 L " L L 1
0 1 2 3

Full Run 2 dataset
138 fb! (13 TeV)

~+Data  mtt (ll)
[ tt other [l Single top DS |
[ DY+jets []Diboson
ottW/Zz @ W+jets

CMS Preliminary

.

A(bmin
— Also measure 2D distribution
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Dominant uncertainties

. . . . CMS Preliminary . . 138 b (13 TeV)
Experimental uncertainties Laof I -
. . ° E tat.
Jet Energy Scale/Resolution + statistics g ol 1=°
M M M @ —— Color reconnection
are leading uncertainties £ >
ob— _:|f I { —— ME and PS
__ CMS prejiminary | . 138 ' (13 TeV) | || = | Sigletop DSIDR
3"\;40 i 7 Total 20t _| — Underlying event
-'.% Stat. —— Bkg. cross section
§ 201 b tacain 401 b Other theo. unc.
5 | e 0 100 200 300 400 500
—_—_—__ e — JES/JER p? (GeV)
—— Lepton reconstruction . R N
20} - Theoretical uncertainties
—— Luminosity
40+t -{ —— Other exp. unc. D(?m I nated by .
0100 200 300 400 _ 500 (diagram subtraction vs. removal)

P (GeV)
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dc/dpf (pb GeV™)

Pred./Data

Unfolded results show very good
agreement for first measurement
of this distribution

CMS Preliminary 138 fo' (13 TeV)
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POWHEG shows best agreement

(but differences are small)
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Results: differential cross sections

+ 2D differential cross section also measured, shows good agreement

+ Slightly better description from NNLO fixed-order prediction

CMS Preliminary 138 fb" (13 TeV)
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(O] i Vo gt ¥ory-
O] N T Aot
o) -2
a 10 —
A Yol —aTote—
>.8-'_ 1073 ] . . .
3 T | Normalized diff. cross sections
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1 O .(55'2“‘ » POWHEG+PYTHIA ——p—
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..CE 1 4 r | | | I I I | | | ]
COU 120 L:ml : i Mm:.ﬁl : ‘ - ]
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Di-neutrino system: closure test

dc/dp;“ (pb GeV™

Result/Truth

To verify sensitivity to BSM physics, closure test performed with injected BSM signal

- - -
o o o
& Y IN

—
o
IN

—
o
b

o o
o ©

CMS Simulation Preliminary

2-dimensional

138 fb' (13 TeV)
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A _|_
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| | BBB [37.4/12]
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g
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N
= N

ol

>200

70-125
125-200
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o Te} o o
N~ (q\| o o
S v N
o o)
~ o
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+ Pseudodata used with enhanced
BSM contribution

+ Different unfoldings compared to
expected distribution (red)

+ Nominal distribution used for
response matrix shown (blue)

+ [x*/ndf] shown in legend

L » Correct distributions
reproduced
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Outline

. A brief word about the future
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The big picture of top cross sections

Theory prediction 4

10%ke (o] |
. - mE 136 TeV (L<5fb7")
mom 13TeV (L<138fb7") | . . .
" ° — m sTevasiosn-y | ¢ Measured inclusive cross sections
10% ° 5 - | -7TeV(LSEI) | involving top quark production at CMS
o2 2 V-8 . mm 5.02TeV (L<231nb™") ] o N
< ® | — span almost five orders of magnitude!
5 10'F ~ ! ) E
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< TEs | ! measurements related to the
B 100} g E o o | | processes highlighted on the left
(7] o 2 i ]
ré: ? @ A Ba I I
o ~ g A ] . . .
° By + This plot shows only inclusive cross
S 10"k . I - 9 .
g | sections, but we have seen that there
2 | i g is much to be gleamed from
102 | M differential results as well
10_4£E££i5EEEEE?E%%%EE‘% 333336 5 3 13§ 33 3@
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The big picture of top cross sections

Theory prediction 4

10%kg - |
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https://arxiv.org/pdf/2405.18661

The future of LHC & CMS

¢+ LHC Run 3 is poised to deliver up to 200 fb?* additional lumi by end of 2026
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The future of LHC & CMS

¢+ LHC Run 3 is poised to deliver up to 200 fb?* additional lumi by end of 2026

...but after a long break for upgrades...
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¢+ LHC Run 3 is poised to deliver up to 200 fb?* additional lumi by end of 2026

...but after a long break for upgrades...

+ High Luminosity LHC (HL-LHC) will begin !
+ Run 4 and Run 5 (now planned 2030 - 2041) will target 3000 fb™*

CMS simutationof 140 p-p collisions
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Conclusions

We offered a taste of recent CMS top cross section measurements:

+ Just last year, CMS published the first physics measurement of LHC Run 3:
o at Vs = 13.6 TeV

+ As of yesterday, CMS has improved our measurement of o at Vs = 5.02 TeV
with an impressively precise effort in the lepton+jets channel

+ CMS measured the inclusive cross section of tW production at Vs = 13.6 TeV,
providing differential measurements as well

+ CMS presented a preliminary measurement of the dineutrino system
kinematics, the first differential result focusing on invisible event component!
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https://arxiv.org/pdf/2409.06444
https://arxiv.org/abs/2303.10680
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-005
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-24-001/index.html

Conclusions

...And we showcased the general importance of top quark measurements
at the LHC

+ The LHC is not just a machine for Higgs measurements - it is a top quark factory!
(and so much more!)

+ The LHC has allowed for unprecedented statistics and precision in top quark physics,
deepening our understanding of the standard model

+ CMS has performed measurements of top quark production cross sections across
5 orders of magnitude in terms of production rate - and we are just getting started!
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Backup

+ Other differential distributions from tW at 13.6 TeV
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Di-neutrino system: closure test

+ To verify sensitivity to BSM physics, closure test performed with injected BSM signal

CMS Simulation Preliminary 1-dimensional 4 (13 TeV)
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Normalized differential cross sections

CMS Preliminary 138 fb™! (13 TeV)
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