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top quark production and QCD parameters

top quarks mainly produced in tt̄ pairs

• gluon fusion → dominant at LHC

calculations of σtt̄

• available up to NNLO+NNLL (' 5% precision)
• experimental precision currently superior to

theoretical one
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in pQCD, predictions for σtt̄

depend on experimental inputs

1 value of αS

2 value of mt (pole, MS, ...)

3 gluon (quark) PDF at
high-x (up to x ' 0.1)

→ measurements of σtt̄ can
constrain QCD parameters
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direct vs indirect measurement of mt

direct measurement: reconstruct invariant
mass of top quark decay products

• compare to MC templates generated
with different values of mt

• can reach precision of ∼ 0.5 GeV

indirect determination: measure
observable sensitive to mt (e.g. σtt̄)

• compare measured σtt̄ to fixed-order
calculations (inclusive, differential)

• mt determined in well-defined scheme

mMC
t = mpole

t ±∆MC

→ ∆MC includes non-perturbative effects
that are difficult to estimate

e.g. PRL 117 (2016) 232001
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mMC
t dependence of measured cross sections

visible phase space

1 detector geometry

2 selection of final-state objects

σvis
tt̄ → σtt̄ =

σvis
tt̄

Asel ·BR

• acceptance Asel depends on assumed mMC
t

• potential problem when extracting mt

kinematic top quark reconstruction

• estimate neutrino momenta using
kinematic constraints (mW and mMC

t )

• mMC
t : large effect near threshold

→ mitigation strategies discussed in this talk

Matteo M. Defranchis CERN
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Recent QCD results from tt̄ cross

sections in ATLAS and CMS
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mpole
t from inclusive σtt̄ at

√
s = 13 TeV in ATLAS

EPJC 80 (2020) 528

e∓µ± channel, 36.1 fb−1 (2015+2016)

• event count in bins of b-jet multiplicity

• significant improvements in lepton ID
and luminosity determination

→ more details in Olga Bylund’s talk

σ
(eµ)
tt̄

= 826.4± 3.6 (stat)± 19.6 (syst) pb

σth
tt̄

= 832 +20
−29 (scale)± 35 (PDF+αS) pb

(Top++, NNLO+NNLL)

• total uncertainty of 2.4%, cfr:
1 ' 5% of theoretical prediction
2 4% of CMS result in `+`- channels

→ most precise 13 TeV measurement

extraction of mpole
t

• NNLO+NNLL, CT14 nnlo PDFs

• dependence of measured σtt̄ on mMC
t

accounted for, while mMC
t = mpole

t

mpole
t = 173.1 +2.0

−2.1 GeV

→ limited by QCD scale and PDF+αS

uncertainties

Matteo M. Defranchis CERN

https://arxiv.org/abs/1910.08819
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ATLAS cross section ratios

EPJC 80 (2020) 528

• Rtt̄
13/8

and Rtt̄
13/7

sensitive to PDFs

• cancellation of correlated uncertainties

• lower gluon density at high-x in ABM12
(lesser extent in ABMP16)

• luminosity uncertainty suppressed using
tt̄/Z cross section (double) ratios

Matteo M. Defranchis CERN
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mt(mt) and αS(mZ) from CMS σtt̄ measurement at 13 TeV (e∓µ±)

EPJC 79 (2019) 368

• 35.9 fb−1 (2016), e∓µ± channel

• simultaneous measurement of σtt̄ and mMC
t

→ mitigation of dependence

• precision of 4.2% limited by luminosity
(2.5%) and lepton IDs (2.2%)

σtt̄ = 815± 2 (stat)± 29 (syst)± 20 (lum) pb

• values of αS(mZ) and mt(mt) extracted

using NNLO calculations in MS scheme
• most precise NNLO αS result at hadron

collider, and most precise mt(mt) → 1.2%

• cannot obtain simultaneous information on
αS, mt, and PDFs from inclusive σtt̄

→ need multi-differential measurement

ABMP16

MMHT14

CT14

NNPDF3.1

mt(mt) [  GeV ]

α S
(m

Z
)

CMS 35.9 fb-1 (13 TeV)
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0.115
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0.125
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Matteo M. Defranchis CERN

https://arxiv.org/abs/1812.10505


7/16

mt(mt) and αS(mZ) from CMS σtt̄ measurement at 13 TeV (e∓µ±)

EPJC 79 (2019) 368

• 35.9 fb−1 (2016), e∓µ± channel

• simultaneous measurement of σtt̄ and mMC
t

→ mitigation of dependence

• precision of 4.2% limited by luminosity
(2.5%) and lepton IDs (2.2%)

σtt̄ = 815± 2 (stat)± 29 (syst)± 20 (lum) pb

• values of αS(mZ) and mt(mt) extracted

using NNLO calculations in MS scheme
• most precise NNLO αS result at hadron

collider, and most precise mt(mt) → 1.2%

• cannot obtain simultaneous information on
αS, mt, and PDFs from inclusive σtt̄

→ need multi-differential measurement

ABMP16

MMHT14

CT14

NNPDF3.1

mt(mt) [  GeV ]

α S
(m

Z
)

CMS 35.9 fb-1 (13 TeV)

0.105

0.11

0.115

0.12

0.125

159 160 161 162 163 164 165 166

Matteo M. Defranchis CERN

https://arxiv.org/abs/1812.10505


8/16

3D normalized σtt̄ at 13 TeV (`+`−) and global QCD analysis (CMS)

3D normalized cross section

1 mtt̄ → sensitive to mt

2 Njet → determine αS

3 ytt̄ → info about PDFs

• reconstruction of tt̄ system
independent of mMC

t
• parton-level cross section

compared to NLO+PS

global fit to tt̄ +HERA data

• simultaneous NLO fit of
mpole

t , αS, and PDFs
• improvement in gluon PDF at

high-x, reduced correlations

αS(mZ) = 0.1135+0.0021
−0.0017

mpole
t = 170.5± 0.8 GeV
→ most precise result to date

arXiv:1904.05237

Matteo M. Defranchis CERN
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threshold effects in tt̄ production

most sensitivity to mt comes from threshold
region (mtt̄ → 2mt)

threshold effects

• important for this kind of analyses
• not captured by fixed-order calculations

however, QCD effects partly captured by

• fixed-order + parton showers
• all-order soft gluon resummation

(effect up to +0.7 GeV on mpole
t )

new study in JHEP 06 (2020) 158

• EFT approach used to include
next-to-leading power (NLP) Coulomb
corrections, to all orders in αS

• better description of CMS data near the
production threshold

• effect on mpole
t up to +1.4 GeV

→ dedicated talk by Li Lin Yang

Matteo M. Defranchis CERN

https://arxiv.org/abs/2004.03088
https://conference.ippp.dur.ac.uk/event/891/contributions/4906/
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mt from invariant mass of tt̄ +1-jet system (ATLAS)

ρS = 2m0
mtt̄+1-jet

, m0 = 170 GeV

→ sensitive to mt at large ρS

(production threshold)

• 20.2 fb−1 at
√
s = 8 TeV

• tt̄→ `+jets (` = e, µ)

method

• parton-level normalized
differential cross section
• compared to NLO+PS predictions

(on-shell, MS)

JHEP 11 (2019) 150

• 3 times larger scale uncertainty in MS
scheme (expected at threshold)

mt(mt) = 162.9 GeV→ mpole
t = 170.9 GeV

⇒ consistent results

mpole
t = 171.1± 1.0 (exp) +0.7

−0.3 (th) GeV

mt(mt) = 162.9± 1.1 (exp) +2.1
−1.2 (th) GeV

Matteo M. Defranchis CERN
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PDF determination from W , Z/γ∗, and tt̄ cross sections (ATLAS)

joint fit with HERA DIS data (ep)

• W , Z/γ∗ (7 TeV) → quark PDFs

• tt̄ (8 TeV) → high-x gluon PDF

→ focus on impact of tt̄ ATLAS data

PDF determination

• general-mass variable-flavour-number
scheme (nf → nf + 1 transitions)

• NNLO QCD + NLO EW (xFitter)

sensitive distributions

1 ytt̄ (dilepton)

2 mtt̄ and ptT (`+jets)

correlations between distributions
determined with bootstrap method
⇒ ptT,mtt̄, ytt̄ used simultaneously

ATL-PHYS-PUB-2018-017

results

1 harder gluon distribution at high-x

2 reduced uncertainty at high-x

Matteo M. Defranchis CERN

https://cds.cern.ch/record/2633819/files/ATL-PHYS-PUB-2018-017.pdf
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first investigation of the running of mt (CMS)

in MS scheme, mq dependence on scale µ

described by RGE:
dmq

dµ2 = −γ(αS)mq

• probe of validity of pQCD
• sensitive to BSM contributions

method

• mt(µ) extracted at NLO vs µ = mtt̄

from measurement of dσtt̄/dmtt̄
• dσtt̄/dmtt̄ determined at parton-level

with maximum-likelihood unfolding
(see Valentina Vecchio’s talk)
• mMC

t dependence incorporated in fit

• slope: r(µ) = mt(µ)/mt(µref)
1 cancellation of systematics

2 solely depends on RGE

results

• good agreement with RGE
• no-running excluded at > 95% C.L.

PLB 803 (2020) 135263
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running of mt with “dynamic” scale

results of PLB 803 (2020) 135263
obtained with

• µr = µf = µm = mt

• converting mt(mt)→ mt(mtt̄)
using appropriate RGEs

in JHEP 08 (2020) 027 (see Stefano
Catani’s talk) it is argued that

• dynamic effect of mt(µm) should
be included in the calculation

• best choice is µm = mtt̄/2 (which
approaches mt at threshold)

• scale is set bin-by-bin (bbb)

analysis of repeated at NLO with

1 µr = µf = mt

2 µm = mtt̄/2 (bbb)

→ assess effect of µm alone

CMS public web page
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Supplementary arXiv:1909.09193

• result qualitatively similar to original ones
• quantitative differences do not alter main

conclusions of the paper
1 good agreement with RGE
2 no-running excluded at > 95% C.L.

→ would benefit from NNLO calculation

Matteo M. Defranchis CERN
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non-QCD results from top quark
measurements in ATLAS and CMS

→ electroweak parameters

Matteo M. Defranchis CERN
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top quark Yukawa coupling from tt̄ at 13 TeV (CMS)

mtt̄ and ∆ytt̄ = yt − yt̄ distributions altered by
exchange of massive bosons (including H)

advantage: no assumption on other Higgs couplings

• approximate α3
Sα EW corrections obtained with

Hathor and applied to NLO MC

→ 137 fb−1 at 13 TeV, `` channel

CMS-PAS-TOP-19-008

• Mbb̄`¯̀ and |yb¯̀− yb̄`| used as proxies for
mtt̄, ∆ytt̄ ⇒ no top reconstruction

• profile likelihood fit to double-differential
distributions

Yt = ymeas
t /ySM

t = 1.16+0.24
−0.35

ATLAS combination of Higgs results:
Yt = 0.98± 0.14

→ more details in Evan Ranken’s talk

Matteo M. Defranchis CERN

https://cds.cern.ch/record/2718943
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CKM elements in single top t-channel at 13 TeV (CMS)

first direct + model-independent determination of
|Vtb| and |Vtd|2 + |Vts|2

1 no assumption of unitarity

2 no assumption of no BSM physics

• CKM elements determined from signal
strength of STb,b, STq,b, STb,q

• BDT trained in exclusive categories of jet and
b-tagged jet multiplicity

• profile likelihood fit of BDT output

in the BSM scenario where RΓ = Γobs
t /Γt is free:

→ precision on |Vtb| improved by 50% w.r.t
previous CMS measurement in single-top

PLB 808 (2020) 135609

Matteo M. Defranchis CERN

https://arxiv.org/abs/2004.12181
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summary

PDF determination with tt̄ data

• PDF determination from W ,Z/γ∗, tt̄
cross sections + HERA data (ATLAS)

• simultaneous fit of mpole
t , αS, and

PDF with 3D σtt̄ at 13 TeV and
HERA DIS data (CMS)

→ improvement in gluon PDF at high-x

top and QCD parameters

• most recent mt results using tt̄ cross
sections (ATLAS & CMS)

• running of mt in MS scheme (CMS)

• determination of αS from tt̄ (CMS)

top and EW sector (CMS)

• extraction of top Yukawa coupling tt̄
distributions at 13 TeV

• first model-independent extraction of
CKM elements from t-ch. single top
at 13 TeV → 50% improvement
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mpole
t from inclusive σtt̄ at 13 TeV (ATLAS)
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αS(mZ), mt(mt), mpole
t from inclusive σtt̄ at 13 TeV (CMS)

PDF set αS(mZ)

ABMP16 0.1139 ± 0.0023 (fit + PDF) +0.0014
−0.0001 (scale)

NNPDF3.1 0.1140 ± 0.0033 (fit + PDF) +0.0021
−0.0002 (scale)

CT14 0.1148 ± 0.0032 (fit + PDF) +0.0018
−0.0002 (scale)

MMHT14 0.1151 ± 0.0035 (fit + PDF) +0.0020
−0.0002 (scale)

ABMP16 NNPDF3.1 CT14 MMHT14
mpole

t [GeV] 170.37 172.5 173.3 174.2
RUNDEC loops 3 2 2 3
mt(mt) [GeV] 160.86 162.56 163.30 163.47
αS(mZ) 0.116 0.118 0.118 0.118
αS range 0.112−0.120 0.108−0.124 0.111−0.123 0.108−0.128

PDF set mt(mt) [GeV]
ABMP16 161.6 ± 1.6 (fit + PDF + αS) +0.1

−1.0 (scale)
NNPDF3.1 164.5 ± 1.6 (fit + PDF + αS) +0.1

−1.0 (scale)
CT14 165.0 ± 1.8 (fit + PDF + αS) +0.1

−1.0 (scale)
MMHT14 164.9 ± 1.8 (fit + PDF + αS) +0.1

−1.1 (scale)

PDF set mpole
t [GeV]

ABMP16 169.9 ± 1.8 (fit + PDF + αS) +0.8
−1.2 (scale)

NNPDF3.1 173.2 ± 1.9 (fit + PDF + αS) +0.9
−1.3 (scale)

CT14 173.7 ± 2.0 (fit + PDF + αS) +0.9
−1.4 (scale)

MMHT14 173.6 ± 1.9 (fit + PDF + αS) +0.9
−1.4 (scale)
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αS(mZ) and mpole
t from 3D normalized σtt̄ at 13 TeV (CMS)
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mt from tt̄ + 1-jet at 8 TeV (ATLAS)

155 160 165 170 175 180 185 190
 [GeV]topm

ATLAS+CMS Preliminary  from cross-section measurementstopm
WGtopLHC Sep 2019

 from top quark decaytopm

ATLAS, 7+8 TeV comb. [11]
CMS, 7+8 TeV comb. [10]

total   stat
 theo)± syst ± tot (stat ± topm Ref.

) n-differential, NLOt(tσ

+1j) differential, NLOt(tσ

) inclusive, NNLO+NNLLt(tσ
ATLAS, 7+8 TeV [1]-2.6

+2.5172.9  

CMS, 7+8 TeV [2]-1.8
+1.7173.8  

CMS, 13 TeV [3] )-1.5
+1.2 1.5  ± (0.1 -2.1

+1.9169.9  

ATLAS, 13 TeV [4]-2.1
+2.0173.1  

ATLAS, 7 TeV [5])-0.5
+1.0 1.4  ± (1.5 -2.1

+2.3173.7  

CMS, 8 TeV [6])-1.6
+3.6  -3.1

+2.5 (1.1  -3.7
+4.5169.9  

ATLAS, 8 TeV [7])-0.3
+0.7 0.9  ± (0.4 -1.0

+1.2171.1  

ATLAS, n=1, 8 TeV [8] 1.2)± 0.8 ± 1.6 (0.9 ±173.2 

CMS, n=3, 13 TeV [9] 0.8±170.9 
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PDFs from HERA DIS data + W ,Z/γ∗, tt̄ (ATLAS)
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running of mt at 13 TeV (CMS)
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running of mt: fixed vs “dynamic” scale

200 250 300 350 400 450 500
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NLO with bin-by-bin dynamic scale

NLO with static scale [PLB 803 (2020) 135263]
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µReference scale 
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ref
µ

ref
µ = 

0
µ

Supplementary arXiv:1909.09193
observed running parametrized as

f (x , µ) = x [r(µ)− 1] + 1

such that

• f (1, µ) = r(µ)→ RGE running

• f (0, µ) = 1→ no running

→ best-fit value of x extracted via
χ2 fit of f (x , µ) to the ratios

fixed scale: x̂ = 2.05± 0.61 (fit) +0.31
−0.55 (PDF + αS) +0.24

−0.49 (extr)

dynamic scale: x̂ = 1.57± 0.57 (fit) +0.28
−0.53 (PDF + αS) +0.21

−0.46 (extr)
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top Yukawa from tt̄ distributions at 13 TeV (CMS)
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CKM elements from t-ch. single top at 13 TeV (CMS) - I
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CKM elements from t-ch. single top at 13 TeV (CMS) - II
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W boson polarization in top decays: ATLAS+CMS 8 TeV combination

W polarization fractions F0,FL,FR determined by

1 V-A structure of t→Wb vertex

2 mt, mW, mb

3 possible anomalous couplings

→ experimental uncertainties (3− 5%) larger than
theoretical ones (NNLO ' 2%) ⇒ combination

JHEP 08 (2020) 051
• constraint:

FR = 1− FL − F0

• improved precision of
25 (29)% for F0 (FL)

• almost doubled
precision on FR

• derived limits on
anomalous coupling
in EFT framework
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