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WHY MEASURE tt & SINGLE TOP CROSS
SECTIONS?

» Test QCD over a wide range of Q*

= Constrain:
= parton distribution functions in the proton (and heavy nuclei).
= . and the top quark pole mass.
= four-quark interactions at the tt and single top production vertices.
= EFT parameters of the Wtb and gtt vertices in global fits.
= supersymmetric models and other models of new physics.




1 AND 8 TEV ¢t CROSS SECTION

« Measurements using e*u® using dilepton events from ATLAS,

CMS at 8 TeV are the most precise.

« ATLAS/CMS combination achieves 25%(28%) reduction of

uncertainty at 7 (8) TeV.

* Theory predictions depend on «, and the PDF’s

PDF set o,; (s =7TeV) [pb]l 0,7 (+/s = 8 TeV) [pb] Rg/;
10.6 13.8 0.007
CT14 181.7 ’:91%_ > 258.9 1115"5’ 1.425 tg 008
MMHT14 181.2 ¥y 5 258.1 115 1.424 5 004
NNPDF3.1_a 178.8 *%8 255.3 +10:6 1.428 19003

* Double-tag method:
Ny = Loyzee, 2¢, (1 — Chep) + N

2 bk
Ny = Lozee, Cre; + Ny 0

=» Extract g,; and ¢,,.

Ny , event count, 1 or 2 b tags.
L luminosity

€eu Selection efficiency

€p b-tag efficiency

Nf ’2‘*" event count, bkg

C,: see JHEP 07 (2023) 213

=>» ATLAS varying the nuisance parameters in Eur. Phys. ] 74 (2014)3109
=>» CMS profiling over nuisance parameters in JHEP 08 (2016) 029

Nuisance parameters

U g1
kI M

Cross sections

{
JHEP 07 (2023) 213 ft XS, ATLAS CMS combination 5, 20 f£b-! _ @



[CMS Uncertainty [%]

Source 7TeVv  8TeV
Trigger 13 1.2 ATLAS Merged uncertainty [%]
Lepton (mis-)ID/isolation 15 15 Source 7TeV 8 TeV
Lepton energy scale 0.2 0.1 Trigger 0.2 0.2
JES total 0.8 0.9 Lepton (mis-)ID/isolation 0.9 0.8
Jet energy resolution 0.1 0.1 Lepton energy scale 0.3 0.5
b-jet ID 0.5 0.5 JES flavour composition/specific response 0.2 0.4
b-jet mis-ID 0.2 0.1 JES modelling 0.04 0.2
Pile-up 0.3 0.3 JES central/forward balance 0.03 0.1
tW background 1.0 0.6 JES pile-up 0.03 0.2
Drell-Yan background 1.4 1.3 Other JES . 0.03 0.2
Non-ejs £ 0.1 0.1 J ct' energy resolution 0.3 0.5
b-jet ID 0.4 0.4
SYS TE MHTI C 17V background 0.1 0.1 b-jet mis-ID 0.02 0.02
Diboson background 0.2 0.6 tW background 08 08
' W+jets/QCD background 0.1 0.2 Drell-Yan background 0.05 0.02
UN C ERTHINTIE S 11 scale choice 0.3 0.6 Diboson background 0.1 0.1
ME/PS matching 0.1 0.1 tf scale choice 0.3 0.3
ME generator 0.4 0.5 tf generator modelling 1.4 1.2
Total uncertainties Hadronisation (JES) 0.7 0.7 PDF 1.0 1.1
Top-quark p modelling 0.3 0.4 Integrated luminosity 2.0 2.1
comp arable beween Colour reconnection 0.1 0.2 Statistical 1.7 0.7
ATLAS/CMS. Underlying event 0.1 0.1 Total uncertainty 3.5 3.2
PDF 0.2 0.3
. Integrated luminosity 2.2 2.6
Both dominated bY Statistical 1.2: 0.6
Luminosity uncertainty. 17 scale choice (extrapolation) Lo
ME/PS matching (extrapolation) % w3
Top-quark py (extrapolation) 3 e
PDF (extrapolation) ‘:%l] t%‘_ll
Total uncertainty e ey

JHEP 07 (2023) 213 ft XS, ATLAS CMS combination 5, 20 £b-! @




COMBINED RESULTS

o; (Vs =7TeV) = 178.5+4.7pb
o (Ws =8TeV) = 243.3*%9 pb,
Correlation: p = 41% _
e}
K="
ATLAS+CMS el o=
ATLAS
CMS
ATLAS+CMS
LHGlopWG
CT14
MMHT 14
NNPDF3.1_a H I
150 160 170 180 190 240 260,
o,(7 TeV) [pb] 0,(8 TeV) [pb]
Rg)7 = 1.363 + 0.015 (stat.) + 0.028 (syst.), -
a
b‘.‘:
ATLAS+CMS
ATLAS .
CMS
ATLAS+CMS e
LHCtopWG
CT14
MMHT14
NNPDF3.1_a
NNLO+NNLL as(l'n )= 0118 I'I'I = 1725 GeV
B T R ¥ 145
cﬁ(B Yav)/ cﬁa Rov)

LR T S PR A S T ST ) e P e S
350 ATLAS+CMS ATLAS+CMS -
C LHCtopWG i
- B CT14
300( 22 MMHT14
B NNPDF3.1_a
250 s
200f
150 ';.\:11'—7,.:«'»)—""7' — __.
C NNILO-o-NNLL m' = 172 5 GeV ; -7 TeV ]
0.114 0.116 0118 0.12 0.122
og(m,)
] T T ]
350~ ATLAS+CMS — ATLAS+CMS ]
o LHCtopWG ]

2001

250

150~ —8TeV o
- ~-7TeV  NNLONNLL agm,)=0. 118 B
165 1 70 1 75 1 80 185

mf® [GeV]

JHEP 07 (2023) 213 | tt XS, ATLAS CMS 8 TeVv 5, 20 fb!
combination

< 180T —
& - ATLAS+CMS
o 178 LHCtopWG
5 176
174 S
e =
172 §CT14
170 == MMHT14
168 NNPDF3.1_a
NNLO+NNLL
166 L | L 2 | L 2 1 L : | A L X
0.114 0.116 0.118 0.12 0.122
og(m.)
PDF set mPo'® a,(my)
(2 =0.118 £0.001) (m, = 172.5 + 1.0 GeV)
CT14 174.0 *33 Gev 0.1161 *§90%
MMHT2014 174.0 *%% Gev 0.1160 *99%31
NNPDF3.1_a  173.4%1% Gev 0.1170 *%,9021
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tt CROSS SECTION, 13 TEV, ey EVENTS

Event selection:

Events

MC/Data
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1.4E
12F

08

%10°

__ ATLAS
el opposite sign

Vs=13TeV, 140 fb"’

T
. I?ata

it

[_] gingle top

mm Mis-ID leptons
Z— 11+ jets

= QOthers
Stat @ Syst error

v

Number of b-tagged jets

Isolated electron, muon, and
at least one b-tagged jet.
The plot shows the number of

b-tagged jets.

Opposite sign ey pairs in the

second two bins of this

distribution constitute the

signal.

Improvement of luminosity
using Van der Meer scans

ATLASRun 2: A L/L =0.83%
CMS 2016: AL/L =1.2%

Backgrounds from

single top,Z - 1717,

multijets

Background levels are
11% and 4% in these

bins.

ATLAS

EXPERIMENT

Source of uncertainty

At foif [%]

AUtt‘/Ut{ [%]

Data statistics 0.15 0.15
MC statistics 0.04 0.04
Matrix element 0.12 0.16
hgamp variation 0.01 0.01
Parton shower 0.08 0.22
tt + heavy flavour 0.34 0.34
Top pr reweighting 0.19 0.58
Parton distribution functions 0.04 0.43
Initial-state radiation 0.11 0.37
Final-state radiation 0.29 0.35
Electron energy scale 0.10 0.10
Electron efficiency 0.37 0.37
Electron isolation (in situ) 0.51 0.51
Muon momentum scale 0.13 0.13
Muon reconstruction efficiency 0.35 0.35
Muon isolation (in situ) 0.33 0.33
Lepton trigger efficiency 0.05 0.05
Vertex association efficiency 0.03 0.03
Jet energy scale & resolution 0.10 0.10
b-tagging efficiency 0.07 0.07
tt/Wt interference 0.37 0.37
Wt cross-section 0.52 0.52
Diboson background 0.34 0.34
ttV and ttH 0.03 0.03
Z + jets background 0.05 0.05
Misidentified leptons 0.32 0.32
Beam energy 0.23 0.23
Luminosity 0.93 0.93
E—
Total uncertainty 1.6

JHEP 07 (2023) 141 tt XS, dileption, 13 TeVv | 140 fb?
differential
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RESULTS e*u™ EVENTS

= Fiducial cross section and inclusive cross sections at Vs= 13 TeV
= 10.53 + 0.02(stat)+0.13(syst) + 0.10(Jumi) + 0.02 (beam) pb

fid
Ot

= g5 = 829 + 1(stat)+13(syst) + 8(lumi) + 2 (beam) pb
= This is the most precise measurement at 13 TeV

; 10—1?—1 | L | LI LI LA (NNL I B L B B T l@
8 S ATLAS s Data 3
= - {s=13TeV, 140 0" -- aMC@NLO+Her7.1.3
— e - Powheg+Herwig7.0.4 |
§ '.".g., --- Powheg+Pythia8
5 102 e, - Powheg+Herwig7.1.3 5
B = gy aMC@NLO+Pythia8
- - i - Powheg+Pythia8 (rew.) ]
- ’--'r'--i = Stat error -
100 5 Stat @ Syst error -
e Lnen g mnry =
- ; 3
- i 4
B L....,.,..J,.,....,.,\..,i 7
104 i =
= I 3
- | :
— Lb-#d.wui.vm.uaug
Lo 1 | L 1 T
g I T I T T | T I T '_ 1YY ] 1Y |_J Llad
:Du 1.2_— L ____;‘:;:____.:;___Fq:.—.—..—,:.:-.r.n.-.:.:?|
‘(3 1 p— iuv;ﬁf-"-"-‘-"?"""i
E L
08 Lo v Ly o Ly
50 100 150 200 250 300 350

JHEP 07 (2023) 141 tt XS, dileption, 13 TeVv 140 fb-1
differential

Lepton P, [GeV]

1/c do/dm™ [1/GeV]

E"'“I IR """LI-—J.'~'.

MC/Data

102

1073

104

10°

A
. ATLAS

Ys=13TeV, 140 0"

3
Ly
L]

{
.
L

UL B LI BLNLL
« Data
- - aMC@NLO+Her7.1.3
- Powheg+Herwig7.0.4
--- Powheg+Pythia8
- Powheg+Herwig7.1.3

aMC@NLO+Pythia8
-.. Powheg+Pythia8 (rew.
= Stat error

Stat ® Syst error

11 JlJIJl

1 1 IIIJJJT’

11 llJIJII

l[l

sl oo Liaa i las
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m™ [GeV]

ATLAS

EXPERIMENT

ATLAS+CMS Preliminary
LHCIopWG

NNLO+NNLL PRL 110 (2013) 252004
"""" my,, =172.5 GeV, ocs(Mz) =0.118+0.001

scale uncertainty
scale ® PDF ® oy uncertainty

ATLAS, ep. ¥ 829+1+13+ 8pb
JHEP 07 (2023) 141, L = 140 fo! : -
ATLAS, Lsjets oy +04+36+ 14
PLB 810 (2020) 135797, L_ =139 10" d 83020 3 pb
ATLAS, all-jets |—q—| 864 +4.3+126+ 18 pb
JHEP 01 (2021) 033, L, =36.1 b : I -
CMS, eu +2+25+
EPJC 79 (2019) 368, L =35.91b" H- 803+ 2+25+20pb
CMS, t+e/p —a— 781+ 7+62+2
JHEP 02 (2020) 191, L =35.9 fb” 3 8 6 0 pb
CMS, |+jetS * I + + +
JHEP 09 (2017) 051, L_ =220 888+ 2:+26+20 pb
CMS, all-jets * —+e+—— 834+25+118+23pb
CMS-PAS-TOP-16-013, L, =2.53 fb"
CMS, I+jets 791+ 1+ 21+ 14 pb
PRD 104 (2021) 092013, L_ =137 fb” g P

‘ PDF4LHC21 J.Phys.G 49 (2022) 080501

* Preliminary

o,z summary, Vs=13TeV November 2023

total stat

G, * (stat) £ (syst) & (lumi)

NNPDF4.0 EPJC 82 (2022) 428
| I MSHT20 EPJC 81 (2021) 341
i cTi8 PRD 103 (2021) 014013

|II\|III|III|

200 400

600

800 1000 1200 1400
5, [Pb]

Normalized differential particle-
level cross sections in the

variables p¥, [n|, m®*, p*, lyeH,

E® + EM, p& + pr,and |Ap®H|.
Typical precision of 1%

No single generator describes all
distributions with prob > 1%.
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JETS

CMS 138 b (13 TeV)

= UL L L I
S - Dilepton, parton level ® Data, dof =6 -
[ -2 o POW+PYT, x* =15 _|
S, 10 E o FxFx+PYT, %2 =38 3
= o cenk A POW+HER, %* =5 1
- i o Total unc. ]

!9- 3 0 Stat. unc.
g 107 ¢ —
© = - cela 3
o C ]
~ - -
- - -
_Q..ln.

107 ¢ E

: ——

- | | e e
o n .
9‘-&- 1 2 | q . O o _|
a4 ompa0a© “n "*

A
OU -
0.8+ -

0 100 200 300

arXiv:2402.08486 tt XS, dilepton, 13 TeV 138 fb1
differential

200 5()0
1) [GeV]

DIFFERENTIAL DISTRIBUTIONS IN
DILEPTON EVENTS WiTH RDDITIONAL

More than 250 single
and double
differential cross
sections are
reported on at
particle and parton
level.

Tabulated data
available in
HEPData.

pr of t and t quarks

mass of tt system
rapidity of tt system

pr of tt system

Cross section

Observable is

rapidity of t and t quarks

Predicted at NLO to

be

harder than

more central than
consistent with
consistent with

inconsistent with

the data

p-values of X2 (in %)

variables POW+PYT (w. unc.) FxFx+PYT POW+HER
pr(t) 2 (10) <1 51
pr(t) 5 (16) <1 1
y(t) <1 (2) <1 1
y(t) <1 (<1) <1 <1
pr(tt) <1 (32) <1 <1
y(tt) 51 (74) 7 73
m(tt) 56 (77) 30 70
|Ap(t, 1) 2 (97) 15 7
[y(®)] = (D) 3 (22) <1
pr(t)/m(tt) <1 (<1) <1 3
pr(tt)/m(tt) 3 (62) <1 <1
log (&) 9 (26) 3 15
log(¢») 24 (54) <1 51




tt DIFFERENTIAL CROSS SECTIONS, LEPTON+ JETS

= The lepton+jets channel allows full reconstruction of production and decay kinematics.

Various approaches to “going differential” in tt production.

Find the magic variable with sensitivity to parameter(s) of interest.

Carry out multi-differential analyses.

Slice the kinematics in multiple ways.

CMS (Phys. Rev D 104 092013) and ATLAS (ATLAS-CONF-2023-068, plots on
following slides) measure differential cross sections in tt events at 13 TeV.

= CMS: more that 250 figures showing differential distributions at the particle and parton
level, compared to NLO and NNLO calculations. Also in HEPData.

= ATLAS compares kinematic quantities at particle level,
= Focusing on jet variables,
In inclusive tt events ATLAS-CONF-2023-068
tt events with 1 extra jet
tt events with 2 extra jets
...to NLO and NNLO [PRL 127 (2021) 062001] calculations.

NEXT

(-




Normalized differential distributions, jets from W boson decay on the hadronic side, tt inclusive

events compared to NLO simulation

;‘ T T T T I T T T T I T T T T I T T T E_
S E ATLAS Preliminary 3
= 107°p Vs = 13 TeV,140 b -
— a3 _ 3
= - ¢ Data pp — tt (— #+jets) .
% E ™ E
S S === POWHEG+PYTHIA8 3
Sy T e POWHEG+HERWIG7
3 = — aMC@NLO+HERWIG7
° L — =+ SHERPA 2.2.12
= 10° : . E
E E
E
1 078 HP:FMFmHhHhhhhhhhh?h!h!hhhhhhhhhhhh_;
| | | TR E
E T I I I I I I I I I I I I I | I I I I
g ;
= 2 .
5 “f s ]
% 1 : " ,*i
[ . ]
o 0 1 1 1 ] | I L 1 1 | I I 1 1 | L]
500 1000 1500 2000
jet-Wi1
pr o [GeV]

* Example: transverse momentum up to 1.5 TeV, leading jet from W
decay.

* Varies over five orders of magnitude.

* Only SHERPA gives a good description above 500 GeV

ATLAS-CONF-2023-068 tt Diff cross 13 TeV 140 fb1
sections fY+jets

(1/) do/djay™ V' 1#72)

Prediction/Data

o
[}

S
[o2)

©
~

0.2

FrToREE === POWHEG+PYTHIA8 ]

ATLAS Preliminary
Vs =13 TeV,140 fb .

¢ Data pp — tt (— +jets)
----- POWHEG+HERWIG7 7

--------- aMC@NLO+HERWIG7 |
----- SHERPA 2.2.12 ]

s .

1 | 1 Il 1 L ] 1 1 1 1 H.'T-

] | ] Il 1 L | Il 1 Il 1 | 1 1 1 1 | 1 ] ] ]

1 2 3 4 5
| ijet—W1 — jet-w2
Example: rapidity difference
Ay between leading and
subleading jet from W decay



Normalized differential distributions, jets from W boson decay on the hadronic side,tt inclusive events
compared to NLO and NNLO simulation

;‘ T T T T I T T T T I T T T T I ] T ] T T T N_ [ T T T T T T T T T T T T I T T T T . I ] T T T T ]
2 ATLAS Preliminary = 08k ATLAS Preliminary |
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— - - > L _ -
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? E- L — ’6\ B .

= g 3 = 04 —

— r —_— ] - " —— .

10°F — E I |
g T § i |
E E 0.2 o —
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g ] 3 C —
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jet-W1
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« NNLO gives a more precise prediction and better * However shows discrepancy
agreement with the data.. with the Ay distribution.

ATLAS-CONF-2023-068 tt Diff cross 13 TeV 140 fb1
sections fY+jets




ATLAS

Normalized differential distributions, extra gluon jet, tt + I jet events compared to NLO

simulation
; T T T I T T T T ‘ T T T T I ] T ] T T T
8 ATLAS Preliminary
= 102 Ys=13TeV,140 fo"
g .... ¢ Data pp — tt (— Z+jets) + 1jet
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8 10+ ™ POWHEG+HERWIG7
g e s aMC@NLO+HERWIG?
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 Example: transverse momentum up
radiated jet.

* Varies over six orders of magnitude.

« POWHEG+PYTHIAS gives poor
description above 500 GeV

(1/5) do/dm® %" [1/GeV]

Prediction/Data
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S E °
7 ° g f
10 = 02- s -
- IS |
-9 I ]
1077 ¢ o
L ©
4 a
B c
B =]
2 S
L ©
o
0 C L L 1 I L L L I L L I I- m
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mtt ~ jet-rad? [GeV] IA¢toplep -Jei-rad1| [rad]
Example: mass of the (top + jet) « Example: difference in
system azimuth A¢ between lepton
Varies over five orders of from W and radiated jet.
magnitude

-CONF-2023-068 tt Diff cross 13 Tev 140 fb! @
sections f+jets



Normalized differential distributions, extra gluon jet,tt +1 jet events compared to NLO and NNLO

simulation
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10°®

1078

ATLAS-CONF-2023-068 tt Diff cross 13 TeVv 140 fb!
sections f+jets
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from W decay
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NNLO gives a more precise prediction and better agreement

And one learns that gluon radiation tends to arise far from the lepton
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RUN 3: +/s=13.6 TEV ATLAS

= Run 3 g(tf) at Vs=13.6 TeV is the highest energy The very precise e*u* channel is used, the usual double-
measurement of top quark pair production cross counting technique applied.
section.
= Theory expectation: increase of 12% in the cross section Also the ratio o (tt)/o(Z) is measured, in which systematic
between 13 and 13.6 TeV. uncertainties due to luminosity measurement cancel.
o(tf) = 850 + 3(stat) + 18(syst) + 20(lumi) pb. (ATLAS) Re/z = 1.145 4 0.03(stat) £ 0.021(syst) + 0.002(lumi)
o(tt) = 881 + 23(stat, syst) + 20(lumi) pb. (CMS, 1.21 fb})
. I +0.063
Cf.Theory: o(tf) = 924+32 pb Cf.Theory: R;¢/; = 1.238%(971
Category Uncertainty [“] ATLAS
o ol Risiz Vvs=136TeV, 29"
= = — 2ol - I data + stat. + syst. + lumi. ———e——— combined result
tr tf parton showerfhadronisation 0.9 < 0.2 0.9 1 data + stat. uncertainty ———— theory (total uncertainty)
1f scale variations 0.4 < 0.2 0.4 PDF+as uncertainty
tf normalisation - <02 - Data 2022 B
Top quark pr reweighting 0.6 <.2 0.6
Z Z scale variations <0.2 0.4 0.3
Bkg. Single top modelling 0.6 < 0.2 0.6
Diboson modelling <02 <02 02 AT e————
11V modelling <02 <02 <02 PDF4LHC21 ——
Fake and non-prompt leptons 0.6 < 0.2 0.6
Lept. Electron reconstruction 1.2 1.0 0.4 EQE%L;—IGCEI el
Muon reconstruction 1.4 1.4 0.3 iR e
Lepton trigger 0.4 0.4 0.4 CT18
Jetsftagging  Jet reconstruction 0.4 - 0.4 CT18A || —
Flavour tagging 0.4 - 0.3
PDFs 05 <02 05 MSHT20 e———
Luminosity 2.3 2.2 0.3
Systematic uncertainty 3.2 2.8 1.8 ATLASpdf21 B
Statistical uncertainty 0.3 0.02 0.3 ABMP16 =

Total uncertainty @
0.9 1.0 11 12 13 14 15
Phys. Lett. B 848 (2024) 138376 | (it XS)/ (Z XS) 29 fbl Riy
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RUN 2: +s=5.02 TEV

302 pb-! of data at Vs= B TeV was collected during Run 2.
qq initiated events are 25% of the cross section (Cf. 11% at /s = 13 TeV)

Expected cross section (NNLO+NNLL) o,z = 69.5%27

This is a Jow statistics measurement; using only e*u* events CMS selected: =

pb

New cross section measurement at 5 TeV from CMS:
* uses lepton+jets (CMS-PAS-TOP-23-005)

* combines with eTy* (JHEP 04 (2022) 144)

CMS Ppreliminary 302 pb~! (5.02 TeV)
¢ Data . W4jets 0.000’0
-t m DrellYan POIX Pre-fit
tw Qcp

Bt channel

XX

Unc.

AAAAA

909 %%

000692
0% %% 0%
e
126%%%%% 4%% :.:‘:’:

3j1b

4j1b

Lepton+jets (CMS-PAS-TOP-23-005)
o(tt) = 61.4 + 1.6(stat)*57(syst) + 1.2(lumi) pb
Combined with e*y* from JHEP 04 (2022) 144

o(tt) = 61.2118(stat) T35 (syst) + 1.2(lumi) pb

CMS-PAS-TOP-23-005 0.302 fb-!

Process Event yield
tW 8§+2
Nonprompt leptons 241

DY 10+4

A" 4+1
Total background 244

tt 18749
Data 194

JHEP 04 (2022) 144
SRRy o summary,¥s = 5.02 TeV  March 2024

scale uncertainty
scale@® PDF@® oy uncertainty

CMS, e+jets
CMS-PAS-TOP-23-005, L, =302 pb"

CMS, u+jets
CMS-PAS-TOP-23-005, L =302 pb"

CMS, I+jets
CMS-PAS-TOP-23-005, L, =302 pb"
CMS, en

JHEP 04 (2022) 144, L =302 ply 1

CMS, combined
CMS-PAS-TOP-23-005, L, =302 pb’

ATLAS, (ee, up, eu)
JHEP 06 (2023) 138. L]m =257 pb"

ATLAS, I+jets
JHEP 06 (2023) 138, L =257 pb'

ATLAS combined
JHEP 06 (2023) 138, L, =257 pb'
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T ELESS

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

| FES

total stat
Gyt (stat)+ (syst) + (lumi)

61.0£27+3.3+1.2pb
61.9+2.1+28+1.2pb
61.4+1.6+27+1.2pb
60.7+ 5.0+ 2.8+ 1.1 pb
61.2+1.6+25+ 1.2 pb
65.7+45+1.6+1.2pb
68.2+0.9+2.9+ 1.1 pb

67.5+ 0.9+ 2.3+ 1.1 pb
PDF4LHC21 J.Phys.G 49 (2022) 080501
NNPDF4.0 EPJC 82 (2022) 428
MSHT20 EPJC 81 (2021) 341
CT18 PRD 103 (2p21) 014013
T [ (ZP )I 1
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SUMMARY o (t©) VS. Vs

ATLAS and CMS both provide measurements at 5,
7,8,13,and 13.6 TeV.

LHC Top working group combinations are
published at 7 and 8 TeV

All measurements in agreement with the standard
model. (The ATLAS measurement at 13.6 TeV is
low by 1.5 sigma; CMS measurement at 5.02 by
about 1.8 sigma).

Also noteworthy: measurement of o(tt) in p-Pb
collisions at Vs=8.16 TeV (both experiments).
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Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

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

CMS comb., ep, l+jets * (5.02 TeV, 302 pb™) [3]
LHC comb., LHCtopWG, eu (7 TeV, 5 fb™) [4]
LHC comb., LHCfopWG, ep (8 TeV, 20 fb") [4]
ATLAS, ep (13 TeV, 140 fo™) [5]

CMS, ept (13 TeV, 35.9 fb™) [6]

ATLAS, I+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, ey, l+jets (13.6 TeV, 1.2 fo™) [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]
[5]
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JHEP 07 (2023) 213 [9] PLB 848 (2024) 138376
[10] JHEP 08 (2023) 204

ATLAS comb., ee, pu, ey, l+jets (5.02 TeV, 257 pb") [2]
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See also CMS Phys. Rev. Lett. 119 (2017) 242001. (p-pb VS[TeV]

collisions)

And note that CMS
has observed top
quark pair production
in Pb-Pb collisions!
Phys Rev. Lett. 119
(2017) 242001

Electron




ELECTROWEAK PRODUCTION OF SINGLE TOP QUARKS

: s-channel
t-channel a tW-channel
~0200000090 > e The production and
9 t decay is via the Wtb
At vertex
b | J\NVVWVV\JW * Sensitive toV,,

At 13TeV:

» Cross section for t-channel production is 25% that of tt
. for tW production is 10% that of tt
. for s-channel production, 1.2% that of tt

Signals are noisier than for tt, imposing data-driven estimation of W+jets, tt backgrounds
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SINGLE-TQP T-CHANNEL PRODUCTION

u

b

g t-ﬁ:hannlel production from up and down quarks leads to more top than antitop in this
channel.

= This depends on the u/d quark fractions in the proton
= Wtb vertex mediates both the production and decay process
= Four quark interactions or extra Higgs couplings can also be lurking

= They are parameterized in EFT coefficients C S’ql and C (;Q




t-CHANNEL CROSS SECTION @ 13 TEV

2 signal regions by lepton
charge.

2 control regions defined by
inverting the EF*SS > 30 cut
for:

* Electrons in Barrel

* Electrons in Endcap

Event counts in these regions
considered in fit.

2 control regions defined by
inverting angular cut between
jet and muon for:

* Muons

Agp(u, p5S) considered in fit.

= X1 03 T T T L] T T T = 200 X1 0 T T T L] T T T T
S o00f ATLAS  dala W L% ATLAS o data m|r
2 s =13 TeV, 140 fb’ Ww+iw, 5 [T @ "80F y5_13Tev, 140" Ww+iw, 5 T
§ 180F SR plus B w55 Wwee ] § SR minus B w+bb W+ ]
1 yggf Post-Fit vy, z+jets  EMj e+ 1 m Post-Fit Owv, Z+jets M e-
[Cmj fe+ Wmjp+ [CImj fe- W p-

0 01 02 03 04 05 06 07 08 09 1

ATLAS

EXPERIMENT

o(tq) =137+ 8 pb

o(tq) = 84fg pb

fivlVip| = 1.015 + 0.031

(improved precision of 30%,
relative to Run 1 ATLAS+CMS
in JHEP 05 (2019) 088)

R, = 1.63610:936

/7 Uncertainty 7/ Uncertainty

Data / Pred.

0 01 02 03 04 05 06 07 08 08 1

D Dpy
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INTERPRETATION

Constrain PDF’s
(u/d ratio in proton)

T
ATLAS

Pred, calculated with MCFM v10.1
JHEP 02 (2021) 040

Measurement result
ABMP 1.6 (5 flav.)
ATLAS epWZ16
ATLAS epWZ1top18
ATLAS epWZVjet20
ATLASpdf21

CT18

MSHT2020

NNPDF 3.0

NNPDF 3.1

NNPDF 4.0
PDF4LHG21

B —

.
H -
:
'

EEREE R
\’_ 13TeV 140 fb‘

[ L y
i PDF © scale sc:le
= NN LDDnd

T T | A T T
1.5 155 1.6 165 1.7 1.75 18 1.85

R

set limits on four-quark
operator CQq

-A In(L)

5 {s=13TeV, 140 o'

Constrain CKM matrix elements
Vts’th’th

T-channel CKM

¢ ABEAI 5|

fLVthdl < 0.23 (95%)

Summary, ATLAS & CMS
measurement of t-channel

production

| 71,01 < 0.58 95%)

RotX Roty EERETT T uwa Dolly!

Limits on EF T Coefﬁcients
—0.37 < C 1 <0.06

—0.87 < C¢Q <142

ATLAS+CMS Preliminary
LHCtopWG

Vs =13TeV, m = 1725 GeV
¢ NNLO (JHEP 02 (2021) 040),
PDF4LHC21
scale uncertainty
scale ® PDF & ag uncertainty

ATLAS, L, =140 fo!
ATLAS-CONF-2023-026*

CMS, L =35.9fb"

November 2023

total stat

O.channel * (Stat.) * (syst.) + (lumi.)

—=—— 221+1+13+2pb

PLB 800 (2019) 135042
* Preliminary

1 207+2+30+5pb

150 200

6l—channel [pb]
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots

EL

g t g t * tWW/ channel is not observed at the Tevatron
* Both strong and weak processes are involved.
» tt production interferes with the signal; two
¢ schemes may be employed to remove the effect:
* Diagram removal (DR)
* Diagram subtraction (DS)
- Alternately, study the bbvv£* £~ final state with all
interference effects accounted for.

SINGLE TOP PRODUCTION, ¢t\w CHANN

JHEP 07 (2023) 046

(Diagrams which are/ interfere with with

tt production)




Data / Pred. Events
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38\””'”\ \\\H\)?HMHMHVS . -
« Dilepton e*u™* events are used g .-
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@ g% 3
S . s 5%
= Three regj_ons defined Data / Pred. Events / 10 GeV § o :
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34.7 fo' (13.6 TeV)
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the tt background.
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tW RSSOCIATED PRODUCTION AT /s = 13 TEV

Pred. / Data

08 09 oy

00T

2

o(tW) = 79.
Cf.Theory o(tW) = 71.7 + 1.8(scale) + 3.4 (ag, PDF) pb [aNNLO+aN®LL]

(1/s44)ds/d(leading lepton pT) (1/GeV)
= = N N w w
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+ 0.9(stat)”:§ o (syst) + 1.2(lumi) pb

P-values for differential distributions:

Variable PHDR+P8 PHDS+P8 PHDR+H7
Leading lepton py 0.02 0.01 0.03
Jet pr 0.14 0.27 0.01
Ag(e*, u¥)/m 0.26 0.29 0.32
p, (e, ut,j) 0.70 0.77 0.82
mry(e*, u¥,j, priss) 0.54 0.60 0.59
m(e*, u¥,j) 0.03 0.02 0.28

(AaL €T) .04 BET

ATLAS+CMS Preliminary
LHGtopWG

s=13TeV, m =1725 GeV
¢ aNNLO+aN’LL (JHEP 05 (2021) 278),
PDF4LHC21
scale uncertainty
W scale @ PDF @ o uncertainty

ATLAS, L =32 fb”!

1 94+10"85+2pb

JHEP 01 (2018) 063

CMSeu, L =138 fb!
JHEP 07 (2023) 046

CMS I+jets, L_=36 fo™!
JHEP 11 (2021) 111

1 1 1 1 ‘ 1 1 - | - | 1

November 2023
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tW RSSOCIATED PRODUCTION AT /s = 13.6 TEV

-3 347" (13.6 TeV
30><10 ‘(' 5 2

s —————————————| 35:10° 34.7 b (13.6 TeV)
(o cms - Data > I ems ' Data 1
© ; Preliminary Total unc. ] (0] 3 E,ﬂ",ﬁ,—nm, +Tcotal unc. B
=z 25F mm Stat unc. = = 30 mm Stat unc
~ | + tWPH DR+P8 1 = I + tWPHDR + P8
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Pred. / Data

E 40 60 80 100 120 140

T00 120 140 Jet p. (GeV)
Leading lepton p_ (GeV) T

o(tW) = 84.1 + 2. 1(stat)+10 ,(syst) + 3.3(lumi) pb
Cf.Theory o(tW) = 87.97%3(scale) + 2.4 (ag, PDF) pb [aNNLO+aN?LL]

P-values for differential distributions:

Pred. / Data

Variable PHDR +P8 PHDS+P8 PHDR+H7
Leading lepton py 0.96 0.98 0.96

Ag(e®, u¥)/m 0.94 0.94 0.93

p,(e®, ut,j) 0.96 0.96 0.96
myp(e®, uT,j, pimiss) 0.78 0.75 0.79
m(e®, uT,j) 0.95 0.93 0.95
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S-CHANNEL ELECTROWERK PRODUCTION

S

Low expected cross section at LHC (6™ = 10.321032 pb @ 13 TeV)
« Anomalies could indicate W', b’ or H* production or modified
couplings
But favorable conditions at the Tevatron led to observation in 2014
[Phys. Rev. Lett. 112 (2014) 231803]

Previously measured at Vs=7 TeV(CMS), 8 TeV (CMS, ATLAS)

At 13 TeV, ATLAS measures the cross section using the lepton+jets
final state

* Main backgrounds are tt and W +jets
A Matrix Element based discriminant is used to separate signal
(based on calculable probability densities)

» Normalization of the W+jets background and tt background is
determined from control regions.

(=)



Fraction of events

CROSS SECTION

MEASUREMENT

Discriminent is based on likelihood for process H,,,. €{signal, tt, W +jets},
conditional on final state particle kinematic quantities X, those being pr and n

?(X| Hproc) = f d¢

1

dO'Hpmc

O-Hproc

d®

THproc (Xl (I)) .

Parton-level cross sections do/d® from analytic calculation.
Transfer functions T from simulation

Computed for signal, top and W+jets backgrounds.
The likelihood ratio is used as the discriminant, P(S5|X)

o =8.2133pb
Cf. NLO Prediction

o =10.32793% pb

3] I 1 T 2] = T I I I ]
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| s=13Tev _ signal region, 1+2 t-channel 1 500 7 Postfit bkg. uncertainty oo oo ]
02 i : Post-Fit T — -7 g Y Post-Fit ]
i signal region, 1+2j s-channel mit ] L ]
------- t I W-jets ] 4001
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| Single top-quark production

fﬁ_, (CMS)

t-channel
WM ATLAS arxiv:2310.01518, PRD90(2014)112006, EPJCT7(2017)531, arkiv:2403.02126

® CMS JHEP12(2012)035, JHEP0S(2014)090, PLBBOO (2019135042

If + LHC comb. seposzoig08s

B ATLAS PLB716 (2012)142, JHEP01(2016) 064, JHEPO1(2018)063
® CMS PRL110(2013)02200, PRL 112(2014)231802, JHEPO7 (2023)046, CMS-PAS- TOP-23-008"
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B ATLAS PLE756 (2016)228, JHEP06(2023) 191
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Latest new

NNLO MCFM, JHEP 02 (2021) 040

PDF4LHC21
scale® PDF @ a, uncertainty, mwp=1 72.5 GeV

- = = aNNLO +aN°LL JHEPO5(2021)278
PDF4LHC21
tW: f contribution removed
- scale® PDF @ a, uncertainty, m =172.5 GeV

=== NLO NPPS205(2010)10, CPC191(2015) 74
CT10nlo, MSTW2008nlo, NNPDF2.3nlo
- o=l = Mg,
scale® PDF & o, uncertainty, mmp=1 72.5 GeV
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8 13 13.6
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New point from ATLAS@ 5TeV, arXiv:2310.01518

ATLAS+CMS Preliminary
LHClopWG

t-channel: .
ATLAS 5.02 TeV (255 pb™)
arXiv:2310.01518
LHC Comb 7+8 TeV "**(1.17-20.3 fb™
JHEP 05 (2019) 088
CMS 13 TeV*(35.9 ™)

PLB 800 (2019) 135042
CMS 13 TeV (35917
PLB 808 (2020) 135609
ATLAS 13 TeV" (14010
arXiv:2403.02126
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LHC Comb 7+8 TeV
JHEP 05 (2019) 088
ATLAS 13 TeV(@.2b™)
JHEP 01 (2018) 63
CMS 13 TeV(35.91™
JHEP 10 (2018) 117

s-channel:

136

(2.05-20.3 b ")

LHC Comb 8 TeV **(5.1-20.3 fb™) ,_,_....,_,

JHEP 05 (2019) 088

all channels: s
LHC Comb 7+8 TeV "(1.17-20.3 fb™)
JHEP 05 (2019) 088

April 2024

Gmeas
“vatb‘ =V Ciheo
AGy . scale ® PDF (tW)

Aocy..: scale® PDF @ o (t- and s-channel
Mygp = 172.5 GeV

—t——
) total theo

[fLy Vil (Meas) (theo)

1.14+0.24£0.04
0.94+0.07+ 0.04

0.97 £ 0.15+ 0.02

1.02+ 0.04 + 0.02

; including top-quark mass uncertaint

N including beam energy uncertainty
\V‘ | and le not fixed, unitarity enforced
¥ gt NNLO (JHEP 02 (2021) 040) w. PDF4LHC21 (J. Phys. G 49 (2022) 080501)
6 pee: NLO+NNLL (PPN 45 (2(}14) 71) w. MSTW2008 NNLO (EPJC 63 (2009) 189)
L L L L L L L L L

— 0.94+ 0.11 (meas® theo)
HH 1.02+0.04 + 0.02
|—+-+—| 0.98+ 0.07+ 0.02
|-.=| 0.988+ 0.024 (stat® syst)
|...| 1.015+ 0.031 (meas® theo)
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Gheot NLO (CPC 191 (2015) 74) w. CT10nlo, MSTW2008nlo, NNPDF2.3nlo (arXiv:1101.0536)
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots

CONCLUSIONS

= Cross section measurements of tt and single top t, tW, and s-channel production have
I]%e\c?n carried out at 5,7, 8, 13, and 13.6 GeV in pp collisions and also p-Pb collisions at 8
eV.

= These measurements are in agreement with the standard model.

= Uncertainties of less than 2% have been obtained, thanks to improvements in lumi
measurement.

= Dominant uncertainty is still luminosity, whose error has reached sub-percent level.
= Differential measurements indicate softer p,distributions than NNLO predictions

= The most common interpretation of these results is in terms of a (M), the top quark

pole mass my. ¢, and PDF parameters (for strong production of tt).

= Single top production measures |f;,V, 11‘ (for electroweak 1ﬁroduc;tion of single top),
with further interpretation in terms of E T coefficients, CKM matrix elements, four-
quark interactions.

= Top production cross sections in p — Pb collisions are described in ATLAS-CONF-
2023-063 andin Phys. Rev. Lett. 119 (2017) 242001

©
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DIGRESSION ON LUMINOSITY MEASUREMENT

= ATLAS uses LUCID II detector,

= charge-integrating Cerenkov
light detector 17m from IP

= active material is the quartz
fibers and the quartz
photomultiplier windows.

= Gain monitored with 207Bj
sources for stability of relative
luminosity measurement

»= The Run 2 Luminosity error is
0.83%.Cf. 1.9% (8 TeV)

Four groups of 4 photomultipliers
4 photomultipliers ~ with quartz windows as the
using quartz fibers as

Cherenkov medium 2015

Cherenkov medium .
Photomultiplier

with Bi-207
source

LED and laser
light via optical
quartz fibers

Photomultiplier with
reduced acceptance

Beampipe

Carbon fiber supports

2212.09379

CMS uses HF "
 Hadronic Forward
Calorimeter

e Steel w/ quartz fibers.
And Pixel detector, Pixel
Luminosity Telescope, and Fast
Beam Condtions Monitor.
Run 2 Luminosity of 1.2%
precision achieved (Cf. 1.9% at 8
TeV)
However stability issues, and
beam-beam interactions may
increase this to over 2%.

| Longitudinal view

PLT& 3 6 9 12 z[m]

Eur Phys. J. C. 81 (2021) 800

Absolute luminosity
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Vandermeer scans at low lumi.
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WHAT CAN BE DONE WITH THIS WEALTH OF INFORMATION?

CMS Lepton+jets mode, 35.9 fb! xg, m? = 30000 GeV* m{* [GeV]

— —
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MULTIJET
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BACKGROUND DETERMINATION

Multijet backgrounds estimated using

* ‘“jet-electron” MC-based method for

electrons.

 ‘“anti—muon” data-based method for

muons.

« Fits to EM*S (electron) or m¥ (muon)

used to set normalization.

€ Shown for all
four regions for
electrons
Shown for signal
region only for
muons =>»

 Most bkg is
removed by
cuts.
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