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WHY MEASURE Ӷὸὸ& SINGLE TOP CROSS 
SECTIONS? 
ÁTest QCD over a wide range of ὗ

ÁConstrain: 
Áparton distribution functions in the proton (and heavy nuclei). 

Á‌ and the top quark pole mass.

Áfour -quark interactions at the Ӷὸὸand single top production vertices.

ÁEFT parameters of the ὡὸὦand ὫӶὸὸvertices in global fits.

Ásupersymmetric models and other models of new physics. 
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JHEP 07 (2023) 213 ӶὸὸXS, ATLAS CMS combination 7, 8 TeV 5, 20 fb - 1 pp 3

Å Measurements using Ὡ‘ using dilepton events from ATLAS, 

CMS at 8 TeV are the most precise .

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

uncertainty at 7 (8) TeV. 

Å Theory predictions depend on ‌and the PDFõs

Å Double -tag method: ὔȟevent count, 1 or 2 b tags.

fl luminosity

‭ selection efficiency

‭ b-tag efficiency

ὔȟ event count, bkg

ὅ: see JHEP 07 (2023) 213

Č Extract „ Ӷand ‭Ȣ
Č ATLAS varying the nuisance parameters in Eur. Phys. J 74 (2014)3109

Č CMS profiling over nuisance parameters in JHEP 08 (2016) 029

Nuisance parameters

Cross sections
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Total uncertainties 

comparable beween

ATLAS/CMS.

Both dominated by 

Luminosity uncertainty.

JHEP 07 (2023) 213 ӶὸὸXS, ATLAS CMS combination 7, 8 TeV 5, 20 fb - 1
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Correlation:  ” τρϷ

JHEP 07 (2023) 213 ӶὸὸXS, ATLAS CMS 

combination

7, 8 TeV 5, 20 fb - 1
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Å Event selection:

Å Isolated electron, muon, and 

at least one b-tagged jet.

Å The plot shows the number of 

b-tagged jets.

Å Opposite sign Ὡ‘pairs in the 

second two bins of this 

distribution constitute the 

signal.  

Å Backgrounds from 

single top, ὤᴼ††ȟ
multijets

Å Background levels are 

11% and 4% in these 

bins. 

Å Improvement of luminosity 

using Van der Meer scans

Å ATLAS Run 2:ЎflȾfl 0.83%

Å CMS     2016:ЎflȾfl 1.2%

JHEP 07 (2023) 141 ӶὸὸXS, dileption , 

differential 

13 TeV 140 fb - 1



ÁFiducial cross section and inclusive cross sections at Ѝί= 13 TeV

Á„Ӷ ρπȢυσ πȢπς(stat) πȢρσÓÙÓÔπȢρπÌÕÍÉπȢπςÂÅÁÍpb

Á„Ӷ ψςωρ(stat) ρσÓÙÓÔψÌÕÍÉς ÂÅÁÍpb

ÁThis is the most precise measurement at 13 TeV
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Å Normalized differential particle -

level cross sections in the 

variables ὴЉ, – , ά , ὴ , ώ , 

Ὁ Ὁ , ὴ ὴ , and ɝ‰ .  

Å Typical precision of 1% 

Å No single generator describes all 

distributions with prob > 1%.
JHEP 07 (2023) 141 ӶὸὸXS, dileption , 

differential 

13 TeV 140 fb - 1
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Observable is Predicted at NLO to 

be

ὴÏÆὸÁÎÄӶὸÑÕÁÒËÓ harder than

ÒÁÐÉÄÉÔÙÏÆÔÁÎÄӶÔÑÕÁÒËÓ more central than

ÍÁÓÓÏÆὸӶὸÓÙÓÔÅÍ consistent with

ÒÁÐÉÄÉÔÙÏÆὸӶὸÓÙÓÔÅÍ consistent with

ὴÏÆὸӶὸÓÙÓÔÅÍ inconsistent with

the data

More than 250 single 

and double 

differential cross 

sections are 

reported on at 

particle and parton

level.   

Tabulated data 

available  in 

HEPData. 

arXiv:2402.08486 ӶὸὸXS, dilepton, 

differential 

13 TeV 138 fb - 1



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

ÁVarious approaches to ògoing differentialó in ὸӶὸproduction. 

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

Å Carry out multi -differential analyses.

Å Slice the  kinematics in multiple ways.

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

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

ÁATLAS compares kinematic quantities at particle level,
ÁFocusing on jet variables,

ÁIn inclusive ὸӶὸevents

ÁὸӶὸevents with 1 extra jet

ÁὸӶὸevents with 2 extra jets

Áéto NLO and NNLO [PRL 127 (2021) 062001] calculations. 
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ATLAS- CONF- 2023 - 068



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

events compared to NLO simulation

ATLAS- CONF- 2023 - 068 ӶὸὸDiff cross 

sections Љ+jets

13 TeV 140 fb - 1 10

Å Example: transverse momentum up to 1.5 TeV, leading jet from ὡ
decay.

Å Varies over five orders of magnitude.

Å Only SHERPA gives a good description above 500 GeV 

Å Example: rapidity difference 

ɝώbetween leading and 

subleading jet from ὡ decay



Normalized differential distributions, jets from W boson decay on the hadronic side, ὸӶὸinclusive events 

compared to NLO and NNLO simulation

ATLAS- CONF- 2023 - 068 ӶὸὸDiff cross 

sections Љ+jets

13 TeV 140 fb - 1 11

Å NNLO gives a more precise prediction and better 

agreement with the data..

Å However shows discrepancy 

with the ɝώdistribution.



Normalized differential distributions, extra gluon jet,  ὸӶὸ+ 1 jet events compared to NLO 

simulation

ATLAS- CONF- 2023 - 068 ӶὸὸDiff cross 

sections Љ+jets

13 TeV 140 fb - 1 12

Å Example: transverse momentum up 

radiated jet.

Å Varies over six orders of magnitude.

Å POWHEG+PYTHIA8 gives poor 

description above 500 GeV 

Å Example: mass of the (top + jet) 

system

Å Varies over five orders of 

magnitude

Å Example: difference in 

azimuth ɝ‰between lepton 

from ὡ and radiated jet.



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

simulation

ATLAS- CONF- 2023 - 068 ӶὸὸDiff cross 

sections Љ+jets

13 TeV 140 fb - 1 13

Å NNLO gives a more precise prediction and better agreement 

with the data..

Å And one learns that gluon radiation tends to arise far from the lepton 

from ὡ decay 



ÁRun 3 „ὸӶὸat Ѝί=13.6 TeV is the highest energy 
measurement of top quark pair production cross 
section.

ÁTheory expectation:  increase of 12% in the cross section 
between 13 and 13.6 TeV.
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Phys. Lett. B 848 (2024) 138376 ( ӶὸὸXS)/ (Z XS) 13.6 TeV 29 fb - 1

The very precise Ὡ‘ᶸchannel is used, the usual double -

counting technique applied. 

Also the ratio „ὸӶὸȾ„ὤ is measured, in which systematic 

uncertainties due to luminosity measurement cancel. 

„ὸӶὸ ψυπσÓÔÁÔρψÓÙÓÔςπÌÕÍÉÐÂ.     (ATLAS)

„ὸӶὸ ψψρςσÓÔÁÔȟÓÙÓÔςπÌÕÍÉÐÂ.             (CMS, 1.21 fb-1)
Ὑ ӶȾ ρȢρτυπȢπσÓÔÁÔπȢπςρÓÙÓÔπȢππςÌÕÍÉ

Cf. Theory: „ὸӶὸ ωςτÐÂ Cf. Theory: Ὑ ӶȾ ρȢςσψȢ
Ȣ



Á302 pb -1 of data at  Ѝί= 5 TeV was collected during Run 2.

Áήήinitiated events are 25% of the cross section (Cf. 11% at ί ρσ4Å6)

ÁExpected cross section (NNLO+NNLL) „ Ӷ φωȢυ Ȣ
ȢÐÂ

ÁThis is a low statistics measurement; using only Ὡ‘ᴜ events CMS selected:Č
JHEP 04 (2022) 144

Lepton+jets (CMS-PAS-TOP-23-005)

„ὸӶὸ φρȢτ ρȢφÓÔÁÔȢ
Ȣ ÓÙÓÔρȢςÌÕÍÉÐÂ

Combined with Ὡ‘ᶸ from JHEP 04 (2022) 144

„ὸӶὸ φρȢς Ȣ
Ȣ ÓÔÁÔȢ

Ȣ ÓÙÓÔρȢςÌÕÍÉÐÂ

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

* combines with Ὡ‘ᶸ ( JHEP 04 (2022) 144)

CMS- PAS- TOP- 23- 005 ӶὸὸXS 5.02 TeV 0.302 fb - 1 15



16

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 ʎὸӶὸ in p -Pb 

collisions at Ѝί=8.16 TeV (both experiments).

ATLAS- CONF- 2023 - 063

See also CMS Phys. Rev. Lett. 119 (2017) 242001. (p - Pb 

collisions) 

And note that CMS 
has observed top 
quark pair production 
in Pb-Pb collisions!  
Phys Rev. Lett. 119 
(2017) 242001 
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At 13 TeV:

Å Cross section for t-channel production is 25% that of  ὸӶὸ
Å for tW production is             10% that of ὸӶὸ
Å for s-channel production,   1.2% that of ὸӶὸ

Å Signals are noisier than for ὸӶὸ,  imposing data -driven estimation of W+jets , ὸӶὸbackgrounds

Å The production and 

decay is via the Wtb

vertex

Å Sensitive to Vtb



Áὸ-channel production from up and down quarks leads to more top than antitop in this 
channel. 

ÁThis depends on the u/d quark fractions in the proton

Áὡὸὦvertex mediates both the production and decay process

ÁFour quark interactions or extra Higgs couplings can also be lurking

ÁThey are parameterized in EFT coefficients ὅȟ and ὅ

18
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2 signal regions by lepton 

charge.  

2 control regions defined by 

inverting the Ὁ σπcut 

for:

Å Electrons in Barrel

Å Electrons in Endcap 

Event counts in these regions 

considered in fit.

2 control regions defined by 

inverting angular cut between 

jet and muon for:

Å Muons 

ɝ‰‘ȟὴ considered in fit. arXiv:2403.02126 ὸ- channel XS 13 140

Ὢ ὠ ρȢπρυπȢπσρ

(improved precision of 30%,

relative to Run 1 ATLAS+CMS

in JHEP 05 (2019) 088) 
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Constrain PDFõs

(u/d ratio in proton)

set limits on four -quark 

operator ὅ

Constrain CKM matrix elements 

Vts, Vtd, Vtb

Summary, ATLAS & CMS 

measurement of t -channel 

production 

LHC top working group summary 

plots

arXiv:2403.02126 ὸ- channel XS 13 140

Limits on EFT coefficients
πȢσχ ὅȟ πȢπφ

πȢψχ ὅ ρȢτς

Ὢ ὠ πȢυψωυϷ

Ὢ ὠ πȢςσωυϷ

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
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JHEP 07 (2023) 046 

Åὸὡchannel is not observed at the Tevatron

Å Both strong and weak processes are involved.

Å Ӷὸὸproduction interferes with the signal; two 

schemes may be employed to remove the effect:

Å Diagram removal (DR)

Å Diagram subtraction (DS)

Å Alternately, study the ὦὦӶ’’ЉЉ final state with all 

interference effects accounted for.  

(Diagrams which are/ interfere with with 
Ӷὸὸproduction)



Á138 fb-1 of data in Run II used 

ÁDilepton Ὡ‘ᶸ events are used

ÁThree regions defined

Á1 jet, 1 b-tagged jet with significant signal fraction

Á2 jets, 1 b-tagged jet with significant signal 
fraction

Á2 jets, 2 b-tagged jets with little signal, constrains 
the Ӷὸὸbackground. 
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The three 

distributions on this 

page are input to a 

maximum log 

likelihood fit. 

JHEP 07 (2023) 046 tW XS 13 TeV 138 fb - 1



Á34.7 fb-1 of data in Run 3 used 

ÁDilepton Ὡ‘ᶸ events are used

ÁThree regions defined

Á1 jet, 1 b-tagged jet with significant signal fraction

Á2 jets, 1 b-tagged jet with significant signal 
fraction

Á2 jets, 2 b-tagged jets with little signal, constrains 
the Ӷὸὸbackground. 
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The three 

distributions on this 

page are input to a 

maximum log 

likelihood fit. 

CMS- PAS- TOP- 23-

008

tW XS 13.6 TeV 34.7 fb - 1
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P-values for differential distributions: 

„ὸὡ χωȢς πȢωÓÔÁÔȢ
Ȣ ÓÙÓÔρȢςÌÕÍÉÐÂ

Cf. Theory „ὸὡ χρȢχ ρȢψÓÃÁÌÅσȢτɻȟ0$&ÐÂ[aNNLO+aN3LL]

JHEP 07 (2023) 046 tW XS 13 TeV 138 fb - 1
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P-values for differential distributions: 

„ὸὡ ψτȢρ ςȢρÓÔÁÔȢ
Ȣ ÓÙÓÔσȢσÌÕÍÉÐÂ

Cf. Theory „ὸὡ ψχȢω Ȣ
ȢÓÃÁÌÅςȢτɻȟ0$&ÐÂ[aNNLO+aN3LL]

CMS- PAS- TOP- 23- 008 tW XS 13.6 TeV 34.7 fb - 1
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Å Low expected cross section at LHC ( „ ρπȢσςȢ
Ȣ pb @ 13 TeV) 

Å Anomalies could indicate ὡ , ὦor Ὄ production or modified 

couplings

Å But favorable conditions at the Tevatron led to observation in 2014 
[Phys. Rev. Lett. 112 (2014) 231803]

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

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

final state

Å Main backgrounds are Ӷὸὸand ὡ+jets

Å A Matrix Element based discriminant is used to separate signal 

(based on calculable probability densities)

Å Normalization of the W+jets background and ὸӶὸbackground is 

determined from control regions. 
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„ ψȢς Ȣ
Ȣpb

Cf. NLO Prediction

„ ρπȢσςȢ
Ȣ pb 

Parton-level cross sections Ὠ„ȾὨɡ from analytic calculation.

Transfer functions Ὕfrom simulation

Computed for signal, top and W+jets backgrounds.

The likelihood ratio is used as the discriminant, ὖὛȿὢ

Discriminent is based on likelihood for process Ὄ {ɴsignal, Ӷὸὸ, ὡ+jets}, 

conditional on final state particle kinematic quantities ὢȟthose being ὴ and –

JHEP 06 (2023)191 s- channel 13 TeV 139 fb - 1
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LHC top working group summary plots

and ATL-PHYS-PUB-2024-006 

New point from ATLAS@ 5 TeV,   arXiv:2310.01518

Latest new
(CMS)

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots


CONCLUSIONS
ÁCross section measurements of ὸӶὸand single top t, tW, and s-channel production have 

been carried out at 5, 7, 8, 13, and 13.6 GeV in pp collisions and also p -Pb collisions at 8 
TeV. 

ÁThese measurements are in agreement with the standard model.
ÁUncertainties of less than 2% have been obtained, thanks to improvements in lumi

measurement.

ÁDominant uncertainty is still luminosity, whose error has reached sub -percent level.

ÁDifferential measurements indicate softer pT distributions than NNLO predictions

ÁThe most common interpretation of these results is in terms of ‌ ὓ ȟthe top quark 
pole mass ά , and PDF parameters (for strong production of ὸӶὸ.

ÁSingle top production measures  Ὢ ὠ (for electroweak production of single top), 
with further interpretation in terms of EFT coefficients, CKM matrix elements, four -
quark interactions.

ÁTop production cross sections in ὴ ὖὦcollisions are described in ATLAS- CONF-
2023 - 063 and in Phys. Rev. Lett. 119 (2017) 242001 
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Experiment Reference Description Energy [ TeV] fl᷿Ὠὸ[fb -1] Slide #

ATLAS, CMS, TOP WG JHEP 07 (2023) 213 ӶὸὸXS, ATLAS CMS 

combination

7, 8 5, 20 3- 5

ATLAS JHEP 07 (2023) 141 ӶὸὸXS, dileption , 

differential 

13 140 6- 7

CMS arXiv:2402.08486 ӶὸὸXS, dileption , 

differential 

13 138 8

ATLAS ATLAS- CONF- 2023 - 068 ӶὸὸDiff cross sections 

Љ+jets

13 140 10- 13

ATLAS Phys. Lett. B 848 (2024) 

138376

( ӶὸὸXS)/ (Z XS) 13.6 29 14

CMS CMS- PAS- TOP- 23- 005 ӶὸὸXS 5.02 0.302 15

ATLAS,CMS ATLAS- CONF- 2023 - 063;

Phys. Rev. Lett. 119 (2017) 

242001 

ӶὸὸXS, PB collisions 8.16 165 ρπ
174 ρπ
P+Pb

15

ATLAS arXiv:2403.02126 ὸ- channel XS 13 140 19- 20

ATLAS arXiv:2310.01518 ὸ- channel XS 5.02 0.255 28

CMS JHEP 07 (2023) 046 tW XS 13 138 22,24

CMS CMS- PAS- TOP- 23- 008 tW XS 13.6 34.7 23,25

ATLAS JHEP 06 (2023)191 s- channel 13 139 26
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ÁATLAS uses LUCID II detector, 

Ácharge -integrating Cerenkov 
light detector 17m from IP

Áactive material is the quartz 
fibers and the quartz 
photomultiplier windows. 

ÁGain monitored with 207Bi 
sources for stability of relative 
luminosity measurement

ÁThe Run 2 Luminosity error is 
0.83%. Cf.  1.9% (8 TeV)  

32

ÁAbsolute luminosity 
determined through 
Vandermeer scans at low lumi .

arXiv : 2212.09379

fl
Ὢὲὲ

ς“ɫɫ

40 Mhz from beam 
instrumentation

Convolved 
Beam sizes

From VDM 
scan

Å CMS uses HF

Å Hadronic Forward 

Calorimeter

Å Steel w/ quartz fibers.

Å And Pixel detector, Pixel 

Luminosity Telescope, and Fast 

Beam Condtions Monitor.

Å Run 2 Luminosity of 1.2% 

precision achieved (Cf. 1.9% at 8 

TeV)

Å However stability issues, and 

beam-beam interactions  may 

increase this to over 2%. 

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


