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Overview

• Introduction 

• Run II standard measurements of inclusive     cross section 

• Dileptonic, semileptonic, all-hadronic 

• How to improve sensitivity? 

• Run II new measurements of inclusive     cross section 

• 5 TeV, pPb 

• Parameter extraction 

• Top pole mass, αS, PDF, EFT, etc.

2

tt̄

tt̄



S. Dittmer                        Top Quark Physics at the Precision Frontier, 16.01.18

Introduction

• Ongoing series of inclusive    
cross section measurements since 
start of LHC data taking 

• 5, 7, 8, and 13 TeV 

• Dileptonic, semileptonic, and 
hadronic final states 

• Can reinterpret measurements to 
place limits on SM parameters 

• Entering era of systematically 
limited measurements 

• How to continue improving 
measurement precision?
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Figure 5: Inclusive stt in pp collisions as a function of the center-of-mass energy; previous
CMS measurements at

p
s = 7, 8 [5, 6], and 13 [9, 10] TeV in the separate `+jets and dilepton

channels are displayed, along with the combined measurement at 5.02 TeV from this analysis.
The NNLO+NNLL theoretical prediction [33] using the NNPDF3.0 [13] PDF set with as(MZ) =
0.118 and mtop = 172.5 GeV is shown in the main plot. In the inset, additional predictions atp

s = 5.02 TeV using the MMHT14 [53], CT14 [54], and ABMP16 [55] PDF sets, the latter with
as(MZ) = 0.115 and mtop = 170.4 GeV, are compared, along with the NNPDF3.0 prediction, to
the individual and combined results from this analysis. The vertical bars and bands represent
the total uncertainties in the data and in the predictions, respectively.

of the QCD evolution Q2
0 = 1.9 GeV2. At this scale, the parametrizations are of the form:

xg(x) = AgxBg (1 � x)Cg (1 + Dgx), (4)

xuv(x) = Auv xBuv (1 � x)Cuv (1 + Duv x + Euv x2), (5)

xdv(x) = Adv xBdv (1 � x)Cdv , (6)

xU(x) = AUxBU (1 � x)CU (1 + EUx2), (7)

xD(x) = ADxBD (1 � x)CD . (8)

The normalization parameters Auv , Adv , and Ag are determined by the QCD sum rules, the B
parameters are responsible for the small-x behavior of the PDFs, and the C parameters describe
the shape of the distribution as x ! 1. Additional constraints BU = BD and AU = AD(1 � fs)
are imposed, with fs being the strangeness fraction, s/(d + s), which is set to 0.31 ± 0.08 as
in Ref. [68], consistent with the value obtained using the CMS measurements of W+c produc-
tion [69]. Using the measured values for stt allows the addition of a new free parameter, Duv ,
in Eq. (5), as compared to the analysis in Ref. [57].
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Dileptonic Inclusive     Cross Section

•   

• OS eμ pair, pT > 20 GeV 

• ≥2 jets, pT > 30 GeV 

• ≥1 b tagged jet 

• 2015 13 TeV dataset, 2.2 fb-1 

• Analysis: counting experiment 

• Result:

4

4 5 Sources of systematic uncertainty

the same electric charge. The SS dilepton events are predominantly events containing misiden-
tified leptons. Other SM processes produce prompt SS or charge-misidentified dilepton events
with significantly smaller rates; these are estimated using simulation and subtracted from the
observed number of events in data.

The scaling from the SS control region in data to the signal region is performed through the
ratio of the numbers of OS to SS events with misidentified leptons in simulation. This ratio
is calculated using simulated tt and W+jets samples, which are rich in nonprompt dilepton
events, and is measured to be 1.4 ± 0.1 (stat). In data, 152 SS events are observed, with a con-
tribution of 79.8 ± 1.9 (stat) prompt lepton SS events as evaluated from simulation. In total
104 ± 8 (stat + syst) events with misidentified leptons contaminating the signal region are pre-
dicted. This agrees within the uncertainties with predictions from the simulation.

Figure 1 shows the multiplicity of jets for events passing the dilepton criteria. The MC simula-
tion does not describe well the data for events with �4 jets, the region in which parton shower
effects are expected to dominate the prediction. After requiring at least two jets, Fig. 2 shows
the pT and |h| distributions of the selected leptons, and Fig. 3 shows the pT (a, c) and |h| (b, d)
distributions of the two most energetic jets; Fig. 3 (e) shows the scalar sum of the transverse
momenta of all jets (HT) and Fig. 3 (f) the b jet multiplicity. Good agreement between data and
the predictions for signal and background is observed.
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Figure 1: Distribution of the jet multiplicity in events passing the dilepton selection criteria.
The expected distributions for tt signal and individual backgrounds are shown after corrections
based on control regions in data are applied; the last bin contains the overflow events. The ratio
of data to the sum of the expected yields is given at the bottom of the figure. The error bars,
which are within the size of the points, indicate the statistical uncertainties.

5 Sources of systematic uncertainty

Table 1 summarizes the statistical uncertainty and the different sources of systematic uncer-
tainties in the measured tt production cross section.

The uncertainty in the trigger efficiency SF applied to simulation to correct for differences with
respect to data is 1.1%. The uncertainty in the SF applied to correct the electron (muon) iden-
tification efficiency is found to be about 1.8% (1.5%), with some dependence on the lepton pT
and h.

The modeling of lepton energy scales was studied using Z ! ee/µµ events in data and sim-
ulation, resulting in an uncertainty for the electron (muon) energy scale of 1.0 (0.5)%. These

tt̄ ! e±µ⌥bb

�tt̄ = 815± 9 (stat)± 38 (sys)± 19 (lumi) pb

tt̄

Eur. Phys. J. C 77 (2017) 172

(Reference:                                                                    )�NNLO = 832+20
�29 (scale)± 35 (PDF + ↵S) pb

http://dx.doi.org/10.1140/epjc/s10052-017-4718-8


S. Dittmer                        Top Quark Physics at the Precision Frontier, 16.01.18

Dileptonic Inclusive     Cross Section

• Systematically limited 

• Experimental uncertainties 
dominate 

• Lepton efficiencies 

• Jet energy scale 

• Generator uncertainty also 
significant 

• Difference between Powheg 
v2 and MG5_aMC@NLO

5

7

Table 1: Summary of the individual contributions to the uncertainty in the stt measurement.
The first and second uncertainty corresponds to the total and relative component, respectively.
The total uncertainty in the result, calculated as the quadratic sum of the individual compo-
nents, is also given.

Source Dstt (pb) Dstt/stt (%)
Experimental

Trigger efficiencies 9.9 1.2
Lepton efficiencies 18.9 2.3
Lepton energy scale <1 0.1
Jet energy scale 17.4 2.1
Jet energy resolution 0.8 0.1
b tagging 11.0 1.3
Mistagging <1 0.1
Pileup 1.5 0.2

Modeling
µF and µR scales <1 0.1
tt NLO generator 17.3 2.1
tt hadronization 6.0 0.7
Parton shower scale 6.5 0.8
PDF 4.9 0.6

Background
Single top quark 11.8 1.5
VV <1 0.1
Drell–Yan <1 0.1
Non-W/Z leptons 2.6 0.3
ttV <1 0.1
Total systematic 37.8 4.6(no integrated luminosity)
Integrated luminosity 18.8 2.3
Statistical 8.5 1.0
Total 43.0 5.3

values are used to obtain the effect on the signal acceptance, which is taken as a systematic
uncertainty.

The impact of uncertainties in jet energy scale (JES) and jet energy resolution (JER) is estimated
from the change observed in the number of simulated tt events selected after changing the jet
momenta within the JES uncertainties, and for JER by an |h|-dependent variation of the JER
scale factors within their uncertainties.

The uncertainties resulting from the b tagging efficiency and misidentification rate are deter-
mined by varying the b tagging SF of the b jets and the light-flavour jets, respectively. These
uncertainties depend on the pT and h of the jet and amount to approximately 2% for b jets and
10% for mistagged jets [61] in tt signal events. They are propagated to the tt selection efficiency
using simulated events.

The uncertainty assigned to the number of pileup events in simulation is obtained by chang-
ing the inelastic proton-proton cross section, which is used to estimate the pileup in data, by
±5% [62].

The systematic uncertainty related to the missing higher-order diagrams in POWHEG is esti-

Eur. Phys. J. C 77 (2017) 172

tt̄
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Semileptonic Inclusive     Cross Section

•   

• ==1 lepton, pT > 30 GeV  

• ≥1 jet, pT > 30 GeV  

• 2015 13 TeV dataset, 2.2 fb-1 

• Analysis: fit in bins of Njets, Nb tag, lepton flavor, lepton 
charge 

• Result:

6

4 2 Experimental setup

is difficult to model correctly from simulation in the tt phase-space region. The contribution
from the multijet background is estimated using an independent data control sample where the
prompt-lepton candidate passes the loose trigger-isolation requirements, but fails the tighter
isolation required offline. The expected residual contamination from background processes
other than multijets is estimated from simulation and subtracted from the control sample. The
resulting distributions are used to model the multijet background contribution. The initial
multijet normalization is obtained from events containing one isolated lepton and having the
measured absolute value of the imbalance in the pT of all PF candidates in the event less than
20 GeV. The contributions from backgrounds other than multijets are subtracted in the referred
to isolated-lepton region, and the ratio of events observed in data in this region with respect to
the number of events found in the nonisolated-lepton control region is assigned as the renor-
malization scale factor. Given the tight requirements on leptons, we expect bb +jets events to
dominate the multijet contamination. An isolated, prompt lepton coming from such a process
is likely to arise from the decay of a bottom hadron. We can therefore expect a jet in the event to
be b-tagged. This motivates the initial normalization for the multijet process through the one-b-
tagged-jet category. However, for events with at least three jets, the tt contribution is expected
to be nonnegligible, so the multijet process is estimated from events without any b-tagged jets.

Figure 1 compares the numbers of selected events in data with the signal and expected back-
grounds from simulation in each category. For simplicity, the contributions from the electron
and muon final states, as well as from the two lepton charges, are summed. Within the uncer-
tainties, we observe agreement between the data and the expectations. Although not shown
explicitly, agreement is also found separately for each lepton flavor and charge.
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Figure 1: Event yields from data and the expected tt signal and backgrounds for each of the 11
independent categories. Distributions are combined for the two lepton charges and flavors. The
bins represent the measured number of jets (j) and b-tagged jets (b), with the 4j and 2b categories
being inclusive. The bottom panel shows the ratio between the data and the expectations. The
relative uncertainty owing to the statistical uncertainty in the simulation, the uncertainty in the
normalization of the multijet contribution, and the systematic uncertainty in the total integrated
luminosity is represented as a shaded band.

�tt̄ = 888± 2 (stat) +28
�26 (sys)± 20 (lumi) pb

tt̄ ! `bbjj ` = (e, µ)

tt̄
JHEP 09 (2017) 051

(Reference:                                                                    )�NNLO = 832+20
�29 (scale)± 35 (PDF + ↵S) pb

http://cds.cern.ch/ejournals.py?publication=JHEP&volume=09&year=2017&page=051
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Semileptonic Inclusive     Cross Section

• Systematically limited 

• Experimental 
uncertainties dominate 

• W+jets rate  

• b tag efficiency 

• Lepton efficiencies 

7

10 4 Fitting procedure and results

Nuisance parameters related to the integrated luminosity and the trigger and selection efficien-
cies are observed not to be constrained in the fit procedure.
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Figure 4: Estimated change Dµ in the measured signal strength µ, coming from the listed ex-
perimental and theoretical sources of uncertainties in the main analysis. The open bars rep-
resent the values of the observed impact relative to the fitted signal strength. The values are
compared to the expectations (shaded bars) by performing the fit using simulated events with
mt = 172.5 GeV. The various contributions are shown from the largest to the smallest observed
impact.

The signal strength is measured in a region of phase space where the lepton has pT > 30 GeV
and |h| < 2.1, and at least one jet has pT > 30 GeV and |h| < 2.5. The resulting visible tt cross
section in this phase-space region is determined to be

svis
tt = 208.2 ± 0.4 (stat) +5.5

�4.9 (syst) ± 4.8 (lumi) pb,

where the last uncertainty is from the integrated luminosity.

The extrapolation to the full phase space is performed by using the acceptance estimated
from the tt simulation. Using POWHEG, we determine the acceptance to be 0.2345 ±
0.0001 (stat) +0.0044

�0.0043 (syst), where the systematic uncertainty comes from changing µR/µF

(±0.0017), considering the CT14 PDF and aS uncertainties (+0.0009
�0.0007) [76], and changing the par-

ton shower algorithm used to interface with the matrix-element generator, i.e., PYTHIA 8 vs.
HERWIG++, (±0.0039). The total uncertainty associated with the extrapolation is estimated to
be 1.6%. This uncertainty is added in quadrature to the systematic uncertainty obtained in the
fitted fiducial region when extrapolating the measurement to the full phase space.

Summing the statistical (0.2%), systematic (3.0%), and integrated luminosity (2.3%) uncertain-
ties in quadrature, we obtain a total relative uncertainty in the tt cross section of 3.9%. The final
result is:

stt = 888 ± 2 (stat) +28
�26 (syst) ± 20 (lumi) pb,

in agreement with the NNLO+NNLL prediction [45] and the measurement derived from ana-
lyzing events in the electron + muon final state from the same data set [26].

tt̄
JHEP 09 (2017) 051

http://cds.cern.ch/ejournals.py?publication=JHEP&volume=09&year=2017&page=051
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All-hadronic Inclusive     Cross Section

•   

• ≥6 jets, pT > 45 GeV 

• HT > 500 GeV 

• ≥2 b tagged jets 

• 2015 13 TeV dataset, 2.53 fb-1   

• Analysis: fit to reconstructed top 
mass 

• Result:

8

6.4 Inclusive cross section 9
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Figure 2: Left: Postfit mt distribution in the resolved selection (without the mt cut). The QCD
background is taken from the control sample and the tt signal from the simulation. The dis-
tributions are normalized to the fitted yields. The vertical dashed lines indicate the mt cut
(150–200 GeV) applied to all other observables. Right: Postfit DRbb distribution in the resolved
selection (including the mt cut). The distributions are normalized to the fitted yields corrected
with the signal and background fractions within the mt window, while the shaded band shows
the fit uncertainty. The bottom panels show the fractional difference between the data and the
sum of tt signal plus background event yield.
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Figure 3: Postfit distributions of the pT of the leading (left) and subleading (right) top quarks
in the full resolved selection (including the mt cut). The QCD background is taken from the
control sample and the tt signal from the simulation. The distributions are normalized to the
fitted yields corrected with the signal and background fractions within the mt window, while
the shaded band shows the fit uncertainty. The bottom panels show the fractional difference
between the data and the sum of tt signal plus background event yield.

�tt̄ = 834± 25 (stat) +118
�104 (sys)± 23 (lumi) pb

tt̄ ! bbjjjj

tt̄
CMS-PAS-TOP-16-013

(Reference:                                                                    )�NNLO = 832+20
�29 (scale)± 35 (PDF + ↵S) pb

http://cds.cern.ch/record/2161138?ln=en
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All-hadronic Inclusive     Cross Section

• Systematically limited 

• Experimental uncertainties 
dominate 

• Jet energy scale, QCD rate,     
b tag efficiency 

• Parton shower also contributes 

• Difference between Pythia8, 
Herwig++ 

• Less sensitive than dileptonic, 
semileptonic measurements

9

CMS-PAS-TOP-16-013

tt̄
13

Table 2: Fractional uncertainties on the inclusive tt production cross section as measured in the
resolved and boosted analyses.

Analysis Resolved Boosted
Source (%) (%)
QCD background modeling �1.0,+6.6 �2.7,+2.4
Subdominant backgrounds ±4.0 ±4.0
Jet energy scale �8.2,+9.0 �1.8,+1.6
Jet energy resolution �0.7,+0.8 ± < 1
b tagging �5.5,+6.2 �10.5,+12.9
Trigger efficiency �2.9,+3.2 �1.1,+0.9
Scale (µF and µR) �1.5,+0.0 �1.5,+0.0
PDF ±1.0 ±1.0
Parton shower �5.0,+2.5 �7.0,+3.0
NLO generator ±2.0 ±7.0
Total systematic �12.4,+14.1 �15.4,+15.8
Statistical ±3.0 ±6.3
Integrated luminosity ±2.7 ±2.7

sponding simulated signal efficiency times acceptance (corrected with the event-by-event scale
factors), e ⇥A = 7.3 ⇥ 10�4. The measured cross section is

stt = 727 ± 46(stat)+115
�112(syst)± 20(lumi)pb. (7)

Compared to the measurement in the resolved analysis we observe a lower cross section, which
is an indication of a partial data vs. MC disagreement in the top quark pT spectrum.

7 Differential measurements
7.1 Cross section at detector level

The differential cross section at detector level in each analysis (resolved, boosted) is defined as

1
L

dNtt
dx

=
S(x)

Dx · L , (8)

where x is the reconstructed variable of interest (here it is the pT of the leading top quark),
Dx is the bin width, L is the integrated luminosity, and S(x) is the signal yield (background
subtracted) in the corresponding bin. The quantity S(x) is computed as

S(x) = D(x)� f mt
bkg · Nbkg · RMC(x) · B(x), (9)

where D(x) is the data yield, Nbkg is the background yield measured in the inclusive measure-
ment, B(x) is the background yield in the control region in data, RMC(x) is the transition factor
from the control to the signal region, and fbkg is the background fraction in the mt window
(150–200 GeV), defined as

f mt
bkg =

R 200
150 RMC(mt) · Bdata

control(mt) dmtR mt,max
mt,min

RMC(mt) · Bdata
control(mt) dmt

. (10)

http://cds.cern.ch/record/2161138?ln=en
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Improving Systematic Limitations

• 13 TeV measurements all systematically limited 

• Many common sources of systematic uncertainty 

• Mainly experimental: lepton efficiencies, JES, b tag efficiency, 
etc. 

• Ways to improve 

• Cross section from fit instead of counting experiment 

• Improved a priori measurement of efficiencies  

• Combination of measurements

10
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Inclusive     cross section at 5 TeV

•   

• OS leptons, μ(e) pT > 18(20) GeV  

• ≥2 jets, pT > 25 GeV 

• Z veto, MET cut 

• Analysis: counting experiment

11

2015 5 TeV dataset, 27.4 pb-1

Dileptonic

�tt̄ = 69.5± 6.1 (stat)± 5.6 (sys)± 1.6 (lumi) pbCombined result:

Semileptonic

tt̄
CERN-EP-2017-258

•   

• ==1 lepton, μ(e) pT > 25(40) GeV 

• ≥2 non-b-tagged jets, pT > 30 GeV 

• Analysis: fit in bins of e/μ, 0/1/≥2 
additional b tagged jets 

• Fit min dR of non-b-tagged jets

(Reference:                                                                             )�NNLO = 68.9+1.9
�2.3 (scale)± 2.3 (PDF) +1.4

�1.0 (↵S) pb

tt̄ ! e±µ⌥bb, µ±µ⌥bb tt̄ ! ebbjj, µbbjj

Statistically limited, semileptonic channel most sensitive

http://cds.cern.ch/record/2292376
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Inclusive     Cross Section in pPb Collisions

•   

• ==1 μ(e), pT > 30 GeV 

• ≥4 jets, pT > 25 GeV 

• 2016 8.16 TeV pPb dataset, 
174 nb-1 

• Analysis: fit reconstructed 
W mass in bins of 0/1/≥2 b 
tags 

• Result:

12

difference is too small to be observed in the data with the
current experimental uncertainties. Figure 3 shows the
measured and theoretical cross sections for tt̄ production
in pPb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV, compared with the
results from pp collisions at

ffiffiffi
s

p
¼ 8 TeV [38,39] scaled

by A and by the ratio of 8.16 TeV over 8 TeV NNLOþ
NNLL cross sections.
In summary, the top pair production cross section has

been measured for the first time in proton-nucleus colli-
sions, using pPb data at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV with a total
integrated luminosity of 174 nb−1. The measurement is
performed by analyzing events with exactly one isolated
electron or muon and at least four jets. The significance of
the tt̄ signal against the background-only hypothesis is
above 5 standard deviations. The measured cross section is
σtt̄ ¼ 45# 8 nb, consistent with the expectations from
scaled pp data as well as perturbative quantum chromo-
dynamics calculations. This first measurement paves the
way for further detailed investigations of top-quark pro-
duction in nuclear interactions, providing in particular a
new tool for studies of the strongly interacting matter
created in nucleus-nucleus collisions.
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Extracting Parameter Limits

• Inclusive     cross section depends on top quark pole 
mass, strong coupling constant αS, gluon PDF 

• Measured inclusive cross sections reinterpreted to 
provide bounds on these parameters 

• Limit precision relies on: 

• Precision of inclusive     cross section measurement 

• Uncertainty in dependence of measurement on parameter 

• Uncertainty in theoretical dependence of inclusive cross 
section on parameter
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Limits on Top Pole Mass

• Run II: 170.6 ± 2.7 GeV  

• From 13 TeV semileptonic 
measurement of inclusive cross section  

• Cross section measurement 
uncertainty dominates 

• Run I: 173.8 +1.7/-1.8 GeV  

• From combination of 7 and 8 TeV 
dileptonic measurements of inclusive 
cross section (JHEP 08 (2016) 029) 

• Can we benefit from further 
combination?
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Figure 5: Dependence of the likelihood on the top quark pole mass (solid curve). The expected
dependence from the simulation, using the a priori set of nuisance parameters with their ex-
pected values at mt = 172.5 GeV, is shown for comparison as the dotted curve. The changes
in the likelihood corresponding to the 68% and 95% confidence levels (CL) are shown by the
dashed lines.

Table 1: The source and value of the systematic uncertainties in the measurement of mt.

Source Dmt [GeV]
Uncertainties from the fit in the fiducial region �2.2 /+2.5
Extrapolation to the full phase space �0.7 /+1.1
Beam energy �0.08 /+0.12
µR/µF and PDF+aS �0.9 /+1.1
Total ±2.7

5 Summary
A measurement of the tt production cross section at

p
s = 13 TeV has been presented by CMS

in final states containing one isolated lepton and at least one jet. The acceptance in the fidu-
cial part of the phase space is estimated with an uncertainty of 1.6% and has a negligible
dependence on mt. By performing a simultaneous fit to event distributions in 44 indepen-
dent categories, we measure the strength of the tt signal relative to the NNLO+NNLL [45]
computation with an uncertainty of 3.9%. We obtain an inclusive tt production cross section
stt = 888 ± 2 (stat) +28

�26 (syst) ± 20 (lumi) pb, which is compatible with the standard model pre-
diction, competing in precision with it [45] and with similar measurements of this quantity at
the same

p
s [24–26]. In addition, the top quark pole mass, mt, is extracted at NNLO using the

same data and the CT14 PDF set and found to be mt = 170.6 ± 2.7 GeV. This value is in good
agreement with measurements using other techniques.

JHEP 09 (2017) 051

https://link.springer.com/article/10.1007/JHEP08(2016)029
http://cds.cern.ch/ejournals.py?publication=JHEP&volume=09&year=2017&page=051
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Limits on αS

• No limit yet on αS from Run 
II data  

• Run I αS limit from 7 TeV 
dileptonic measurement of 
inclusive cross section  

• Dominant uncertainties: 

• Uncertainty on inclusive 
cross section measurement 

• PDF
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Figure 5: Results obtained for aS(mZ) from the measured tt cross section together with the
prediction at NNLO+NNLL using different NNLO PDF sets. The inner error bars include
the uncertainties on the measured cross section and on the LHC beam energy as well as the
PDF and scale uncertainties on the predicted cross section. The outer error bars additionally
account for the uncertainty on mpole

t . For comparison, the latest aS(mZ) world average with its
uncertainty is shown as a hatched band. For each PDF set, the default aS(mZ) value and its
uncertainty are indicated using a dotted line and a shaded band.
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Limits on Gluon PDF

• PDFs measured through fit 
to many CMS 
measurements 

• Including inclusive     cross 
section 

• 13 TeV inclusive cross 
section measurements not 
yet applied to PDFs 

• 5 TeV inclusive cross 
section measurement 
moderately improves PDF 
precision at high x
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In conclusion, the stt measurements at
p

s = 5.02 TeV provide improved uncertainties in the
gluon PDF at high x, though the impact is small, owing to the large experimental uncertainties.
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Figure 6: The relative uncertainties in the gluon distribution function of the proton as a function
of x at µ2

F = 105 GeV2 from a QCD analysis using the HERA DIS and CMS muon charge asym-
metry measurements (hatched area), and also including the CMS stt results at

p
s = 5.02 TeV

(solid area). The relative uncertainties are found after the two gluon distributions have been
normalized to unity. The solid line shows the ratio of the gluon distribution function found
from the fit with the CMS stt measurements included to that found without.

10 Summary
The first measurement of the top quark pair (tt) production cross section in pp collisions atp

s = 5.02 TeV is presented for events with one or two leptons and at least two jets, using a
data sample collected by the CMS experiment, corresponding to an integrated luminosity of
27.4 ± 0.6 pb�1. The final measurement is obtained from the combination of the measurements
in the individual channels. The result is stt = 69.5 ± 6.1 (stat) ± 5.6 (syst) ± 1.6 (lumi) pb, with
a total relative uncertainty of 12%, which is consistent with the standard model prediction.
The impact of the measured tt cross section in the determination of the parton distribution
functions of the proton is studied in a quantum chromodynamics analysis at next-to-next-to-
leading order. A moderate decrease of the uncertainty in the gluon distribution is observed at
high values of x, the fractional momentum of the proton carried by the gluon.
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EFT Interpretation

• Impact of generic new physics 
beyond LHC energy reach modeled 
by adding higher-order EFT terms to 
SM Lagrangian 

• 6th-dimensional operator OtG has 
dominant effect on inclusive     cross 
section, followed by OG and OɸG 

• Ongoing work to reinterpret     cross 
sections as EFT limits 

• Dedicated CMS subgroup
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Figure 11: The Feynman diagrams for gg → tt̄ process. Diagram (a-c) are the SM amplitude. (d-h) are the
gtt vertex correction induced by OtG. (i) is the g3 vertex correction induced by OG. (j) is a ggtt interaction
from OtG, and (k) is a gg → h → tt process, induced by OφG.

Here θ is the angle between the gluon and top quark momenta in the center of mass frame; β ≡
√

1− 4m2

s is

the velocity of the top quark. Top quark pair production can be used to measure (or bound) the coefficients
of the operators OtG, OG and OφG. The operator OtG is also probed by Wt associated production, as
discussed above, and the operator OφG is probed by Higgs production [40].

Now we turn to consider the quark process qq̄ → tt̄. There are a large number of four-quark operators with
different chiral and flavor structures [2, 3, 37]. Here we consider all possible chirality and color structures.
In Ref. [3], only one generation is considered. When there are three generations, the quark field in these
operators can be of any generation. For example, (q̄iγµqj)(q̄γµq) and (q̄iγµq)(q̄γµqj) (superscripts i, j are
used to denote the first two generations) should be considered as different operators. The effect of some of
these operators are suppressed by the color structure or by the small quark mass. For example, (q̄iγµqj)(q̄γµq)
doesn’t interfere with the SM, because the t and t̄ form a color singlet; an operator like (q̄t)ϵ(q̄idj) doesn’t
interfere either, because it involves a left-handed and a right-handed down quark while the SM gdd̄ coupling
doesn’t change chirality.
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Sample diagrams for 
OtG, OG, OɸG
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