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Introduction to Top Quark Physics
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• Top quark is the heaviest elementary 
particle in the SM (mt~173 GeV) 

• Only quark decays before hadronization
• Large Yukawa coupling with Higgs 

boson. Important for understanding Higgs 
mechanism

• Large cross section at LHC. Could be 
used to study SM with high precision 
(cross section, mass measurements etc.)

• Search for physics beyond SM
• Top quark mass: cosmological 

application

Wikipedia

determined by the gauge-invariant consistent procedure
detailed in Sec. VI B (and in [17,38]). Although the
absolute stability boundary is close to the condition λ⋆ ¼
0 in Eq. (6.14), it is systematically higher and a better fit to
the curve for λ⋆ ¼ −0.0013.
Varying one parameter holding the others fixed, we find

that the ranges of mpole
t , mpole

h , or αs for the SM to be in the
metastability window are

171.18 <
mpole

t

GeV
< 177.68;

129.01 >
mpole

h

GeV
> 111.66; 0.1230 > αsðmZÞ > 0.1077:

ð6:29Þ

Numbers on the left in these ranges are for absolute stability
and on the right for metastability.

FIG. 2. Top: phase diagram for stability in the mpole
t /mpole

h plane and closeup of the SM region. Ellipses show the 68%, 95%, and 99%
contours based on the experimental uncertainties on mpole

t and mpole
h . The shaded bands on the phase boundaries, framed by the dashed

lines and centered on the solid lines, are combinations of the αs experimental uncertainty and the theory uncertainty. Bottom: phase
diagram in the mpole

t /αsðmZÞ plane, with uncertainty on the boundaries given by combinations of uncertainty on mpole
h and theory. The

dotted line on the right plots is the naive absolute stability prediction using Eq. (6.14).
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Top Quark Production and Decays at LHC
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• ttbar production (strong) 

~90%

~10%

• Single-top production (EW) • 2 top quarks + Higgs (ttH)

ggF

σ @13 TeV: ~830 pb

σ @13 TeV: ~300 pb σ @13 TeV: ~0.5 pb

ttbar σ at Tevatron @1.96 TeV: ~7 pb

~73% ~24% ~3%



Top Quark Production and Decays at LHC
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• Decay (EW)

Top pairs production at hadron colliders

4

● Production at Tevatron
○ 90% qqbar, σ(ppbar→ttbar @ 1.96 TeV)∼7 pb

● Production at LHC
○ 90% gg,  σ(pp→ttbar @ 13 TeV)∼830 pb

○ O(1034cm-2s-1) → O(10 ttbar/s)

● Decay: t→Wb

Diagram of a l+jets decay

pile-up

ttbar decay

Complicated decay final 
states. Almost use all parts of 
the ATLAS detector

5

Trigger system: 40 MHz → ∼1 kHZ

The ATLAS detector

∼139/fb of 13 TeV data available for analyses,
∼1.7% uncertainty on luminosity ATLAS-CONF-2019-021

b-jet tagging：B hadron with 
pT=50 GeV will travel 3 mm in the 
transverse direction
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• ATLAS LHC Run 2: 139 fb-1 data
• ~115M ttbar events



Selected Topics in Top and ttH Physics

1. ttbar cross section

2. Single-top quark cross section

3. Observation of tZq

4. Top quark mass measurement

5. ttbar spin correlation 

6. Four top quarks search

7. ttH measurement
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Cross Sections
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Inclusive ttbar Cross Section
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NNLO+NNLL from Top++ v2.0 
σtt̄ (7 TeV) = 177.3 +3.7 -3.2 pb  
σtt̄ (8 TeV) = 252.9 +15.3 -16.3 pb  
σtt̄ (13 TeV) = 831.8+45.5 -49.9 pb (5.7%)  

• Measure ttbar cross section at 
different center of mass 
energies (5.02 TeV, 7 TeV, 8 
TeV and 13 TeV)

• Good agreement with 
NNLO+NNLL calculations

September 2018

State-of-the-art calculation:



Inclusive ttbar Cross Section
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σtt¯=826.4±3.6 (stat)±11.5 (syst)±15.7 (lumi)±1.9 (beam) pb

ATLAS-CONF-2019-041

• ATLAS: use e𝜇 channel to reduce systematics
• Counting events in 1 b-jet region and 2 b-jet region 

simultaneously
• Dominate systematics: lumi. (1.9%); bkg (tW) XS (0.5%); 

etc.

Total uncertainty: 2.4%

New

7. Results 9
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Figure 3: The pre-fit transverse mass distributions between lepton and pmiss
T , MT, in the signal-

like (top) and background-like (bottom) event categories for the eth (left) and µth (right) final
states. Distributions obtained from data (full circle) are compared with simulation (shaded
area). The last bin includes the overflow of the MT distribution. The simulated contributions
are normalized to the SM predicted values. The main processes are shown: the signal (eth
and µth final states), the other tt processes lumped together, single top quark (mainly tW),
DY processes (mainly the t`th decay), W+jets, dibosons and multijet. The ratio of the data
to the total SM prediction is shown in the lower panel. The vertical bars on the data indicate
the statistical uncertainties, the hatched band indicates the systematic uncertainties and the
statistical uncertainties of all simulated samples.

• CMS: measure ttbar cross section with l+𝜏 channel (hadronic 𝜏) 
• Fit to mT(lepton, pTmiss) in signal and background-like regions

σtt = 781 ± 7 (stat) ± 62 (syst) ± 20 (lumi) pb  

New

Uncertainty: ~8%

NNLO+NNLL: σtt̄ (13 TeV) = 831.8+45.5 -49.9 pb (5.7%); how about N3LO? 

Test lepton universality

12

stt (eth) = 789 ± 11 (stat) ± 70 (syst) ± 20 (lumi) pb,

stt (µth) = 770 ± 8 (stat) ± 63 (syst) ± 20 (lumi) pb,

stt (`th) = 781 ± 7 (stat) ± 62 (syst) ± 20 (lumi) pb.

Results are consistent with the predicted SM tt production cross section of 832+20
�29 (scale) ±

35 (PDF+aS)pb [21]. The ratio of the cross section in the `th final state divided by the dilepton
cross section measured [7] in the same data-taking period yields a value of R`th/`` = 0.973 ±
0.009 (stat) ± 0.066 (syst), consistent with unity as expected in lepton flavour universality. The
measurement also provides an estimate of the ratio of the partial to the total width of the top
quark decay, RG = G(t ! tntb)/Gtotal. In the ratio of the partial width, the cross section in the
`th final state is multiplied by the branching ratio B(W ! tnt) and divided by the inclusive tt
cross section measured in the dilepton final state [7]. Since both measurements are performed
in the same data-taking period with the same reconstruction algorithms, the uncertainty of the
ratio includes the correlations between common sources of uncertainties as indicated in Table 2.
The estimate yields the value RG = 0.1050 ± 0.0009 (stat) ± 0.0071 (syst), complementing the
current measurements [8, 9, 46]. The result is dominated by the systematic uncertainty and
it is consistent with the SM expectation value of 0.1083 [46]. While in [9] the partial width is
estimated for hadronic t’s, here RG is measured for all ts by using the B(t ! thnt) that is
determined with negligible uncertainty [46].

8 Summary

A measurement of the tt production cross section in the t dilepton channel tt ! (`n`)(thnt)bb,
(` = e, µ) is performed using a data sample with an integrated luminosity of 35.9 fb�1 in
proton-proton collisions at

p
s = 13 TeV. Events are selected by requiring the presence of one

electron or one muon, at least three jets, of which at least one is b-tagged and one is iden-
tified as a hadronically decaying t lepton, th. The largest background contribution comes
from tt lepton+jet events where one jet is misidentified as the th. The background is con-
strained in a fit to the distribution of the transverse mass between lepton and missing trans-
verse momentum, in two event categories, constructed according to the kinematic properties
of the jets in the tt lepton+jets final state. In the fit, the signal enters as a free parameter with-
out constraining the kinematic properties of the t lepton. This is the first measurement of
the tt production cross section in proton-proton collisions at

p
s = 13 TeV that explicitly in-

cludes t leptons, and it improves the relative precision with respect to the 7 and 8 TeV re-
sults [5, 6]. The measured cross section is stt (`th) = 781 ± 7 (stat) ± 62 (syst) ± 20 (lumi) pb
for mt = 172.5 GeV, in agreement with SM expectations. The measurement of the ratio of
the cross sections in the `t final state divided by the dilepton cross section yields a value
R`th/`` = 0.973 ± 0.009 (stat) ± 0.066 (syst), consistent with lepton universality. The ratio of
the partial to the total width G(t ! tntb)/Gtotal = 0.1050 ± 0.0009 (stat) ± 0.0071 (syst) is mea-
sured with respect to the tt inclusive cross section in the dilepton final state [7].

References

[1] LHCb Collaboration, “Test of Lepton Flavor Universality by the measurement of the
B0 ! D⇤�t+nt branching fraction using three-prong t decays”, Phys. Rev. D 97 (2018)
072013, doi:10.1103/PhysRevD.97.072013, arXiv:1711.02505.
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ttbar Differential Cross Section
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Figure 4. The differential tt production cross sections at the parton level in the full phase space as
a function of ptT are shown for the data (filled circles), the theoretical predictions with beyond-NLO
precision (other points) and the prediction from powheg+pythia (solid line). The vertical lines on
the filled circles and other points indicate the total uncertainty in the data and theoretical predic-
tions, respectively. The left and right plots correspond to absolute and normalised measurements,
respectively. The lower panel in each plot shows the ratios of the theoretical predictions to the
data. The dark and light bands show the relative statistical and total uncertainties in the data,
respectively.
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the dark and light filled histograms, respectively.
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Figure 11: Normalised di�erential cross-sections as a function of (a) p`T, (b) |⌘` |, (c) peµT and (d) meµ. The measured
values are shown by the black points with error bars corresponding to the data statistical uncertainties and cyan
bands corresponding to the total uncertainties in each bin, and include the contributions via W ! ⌧ ! e/µ decays.
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33

New

• Differential cross section measurements could be used 
to test the QCD calculations in different phase space

• Use unfolding to correct acceptance and detect effects

• NNLO calculations are 
closer to data 
measurements

Powheg
predicts 
harder top pT
distribution



Single-top Quark Cross Section 
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JHEP 05 (2019) 088

• ATLAS and CMS Run1
single-top combination

• Cross section and CKM 
matrix element Vtb
measurement

JHEP05(2019)088

Process
√
s Experiment BLUE weight

t-channel

8TeV
ATLAS 0.56

CMS 0.27

7TeV
ATLAS 0.07

CMS 0.15

tW

8TeV
ATLAS 0.05

CMS −0.04

7TeV
ATLAS −0.02

CMS 0.02

s-channel 8TeV ATLAS −0.07

Table 8. BLUE weights for the overall |fLVVtb|2 combination.

The combined |fLVVtb| value from the cross-section measurements at
√
s =

7 and 8 TeV, including uncertainties in σtheo. for each production mode, is

|fLVVtb| = 1.02± 0.01 (stat.)± 0.03 (syst.)± 0.01 (lumi.)± 0.02 (theo.)

= 1.02± 0.04 (meas.)± 0.02 (theo.) = 1.02± 0.04,

with a relative uncertainty of 3.7%, which improves on the precision of 4.7% of the most

precise individual |fLVVtb| extraction, which comes from the ATLAS t-channel analysis at√
s = 8 TeV [32]. This is a 30% improvement over the Tevatron combination [30].

The |fLVVtb| values are also combined for each production mode, combining across

experiments and centre-of-mass energies. For the s-channel, the ATLAS and CMS mea-

surements at
√
s = 8 TeV are combined. The results are

t-channel : |fLVVtb| = 1.02± 0.01 (stat.)± 0.03 (syst.)± 0.01 (lumi.)± 0.02 (theo.)

= 1.02± 0.04 (meas.)± 0.02 (theo.) = 1.02± 0.04,

tW : |fLVVtb| = 1.02± 0.03 (stat.)± 0.07 (syst.)± 0.02 (lumi.)± 0.04 (theo.)

= 1.02± 0.09 (meas.)± 0.04 (theo.) = 1.02± 0.09,

s-channel : |fLVVtb| = 0.97± 0.08 (stat.)± 0.12 (syst.)± 0.02 (lumi.)± 0.02 (theo.)

= 0.97± 0.15 (meas.)± 0.02 (theo.) = 0.97± 0.15.

The relative uncertainties are 3.9%, 8.4% and 15.0% respectively. In all cases, these results

are more precise than the best individual determinations of |fLVVtb|, which have uncertain-

ties of 4.7%, 9.9% and 20.8% for the t-channel [32], tW [34] and s-channel [37] analyses

respectively.

Figure 4 shows a summary of the |fLVVtb| combinations. The combination is dominated

by the t-channel analyses.

7.2 Stability tests

The stability of the combination of the |fLVVtb|2 values to variations in the correlation

assumptions, discussed in section 5, is checked for the dominant uncertainty contributions.

– 26 –
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7.2 Stability tests

The stability of the combination of the |fLVVtb|2 values to variations in the correlation

assumptions, discussed in section 5, is checked for the dominant uncertainty contributions.
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~3.7%

• With full Run2 data, measure 
single-top differential cross 
section and measure top 
properties in this channel
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Observation of tZq
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7

consistent with the SM expectation. The quoted theoretical uncertainty stems from the un-
certainty in sSM(pp ! tZq ! t`+`�q). The signal strengths measured separately in the
2016 and 2017 data sets are found to be consistent with the combined measurement, and are
1.36 +0.22

�0.20 (stat) +0.14
�0.12 (syst) +0.04

�0.04 (theo) and 1.03 +0.18
�0.17 (stat) +0.14

�0.12 (syst) +0.03
�0.03 (theo), respectively. The

systematic uncertainties with the largest contribution to the final measurement are those asso-
ciated with the nonprompt-lepton background prediction, the lepton selection efficiency, the
modeling of final-state radiation, and the jet energy scale. The uncertainty in the jet energy scale
is constrained by the fit to be approximately twice smaller than its input value, while the other
aforementioned uncertainties are not significantly constrained. A table showing the impact of
the most important uncertainty sources on the measurement is presented in Appendix A.

The observed and expected BDT distributions in each of the SRs are shown in Fig. 1. A table
with the observed and expected event yields in the SRs and the control regions, and the distri-
butions in SR-2/3j-1b of the maximum dijet mass among all pairs of jets in the event, the |h|
of the recoiling jet, and the reconstructed Z boson pT in events with a BDT discriminant value
greater than 0.5 can be found in Appendix A. The first two observables are the most discrimi-
nant input variables to the BDTs used for signal extraction, while the last one is highly sensitive
to the presence of new physics phenomena. The distribution of the number of jets in the event
in the WZ and ZZ control regions can also be found in Appendix A.
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Figure 1: Observed (points) and post-fit expected (shaded histograms) BDT distributions for
events in SR-2/3j-1b (left), SR-4j-1b (middle), and SR-2b (right). The vertical bars on the points
represent the statistical uncertainties in data. The hatched regions show the total uncertainties
in the background. The lower panels display the ratio of the observed data to the predictions,
including the tZq signal, with inner and outer shaded bands, respectively, representing the
statistical and total uncertainties in the predictions.

In summary, we have reported the observation of single top quark production in association
with a Z boson and a quark, tZq, using the leptonic tZq decay mode. The tZq signal is observed
with a significance of well over five standard deviations. The tZq production cross section is
measured to be s(pp ! tZq ! t`+`�q) = 111 ± 13 (stat) +11

�9 (syst) fb, where ` refers to an
electron, muon, or t lepton, for dilepton invariant masses in excess of 30 GeV, in agreement
with the standard model prediction.

PRL 122, 132003 (2019) ATLAS-CONF-2019-043 
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Figure 3: Comparison between data and prediction (“Pred.”) after the fit to data (“Post-Fit”) under the signal-plus-
background hypothesis for the fitted distributions of the neural network output ONN in the SRs (a) 2j1b and (b) 3j1b.
The uncertainty band includes both the statistical and systematic uncertainties as obtained by the fit.
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9.2 σ8.2 σ
New

• Observation of tZq
production process

• Signal cross section 
is consistent with SM 
prediction

98 ± 12 (stat.) ± 8 (syst.) fb  

SM cross-section: 102 +5 -2  fb. 

139 fb-1

Neural NetworkBoosted Decision Trees



Search for Four Top Quark Final States

10/26/19 Haifeng Li (Shandong University) 14

arXiv: 1611.05032

• Four quark production is a rare process at 
LHC

• Cross section is about 12 fb from NLO 
calculation

• Complicated final states

Obs. (exp.): 2.6 (2.7σ) 

Same-sign dilepton and multilepton channels: SS/ML

arXiv:1908.06463

Bkg: ttW, ttZ, etc.



Search for Four Top Quark Final States

10/26/19 Haifeng Li (Shandong University) 15

• SS/ML: 3.0 (0.8σ)
• 1L/OS: 1.0 (0.6σ)
• Combined: 2.8 (1.0σ). Obs. (exp.)  

• Same-sign dilepton and multilepton channels: SS/ML
• Single-lepton and opposite-sign dilepton: 1L/OS

Phys. Rev. D 99, 052009 (2019)

36 fb-1
36 fb-1



Top Quark Properties
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Top Quark Mass – Direct Measurement
• Direct measurement: reconstruct top decay products. 

10/26/19 Haifeng Li (Shandong University) 17

mt
MC = 172.33 ± 0.14 (stat) +0.66−0.72 (syst) GeV 

dilepton

EPJC 79 (2019) 368 

A. Castro @ TOP2019 

All-jets (3)

�8

Ideogram method (mtreco, mWreco) 
w. in situ JSF (13 TeV 2016, 35.9 fb−1)

Selection: ≥6 jets (≥2 b-tagged) + ∑pT>450 GeV 

Kinematic fit to the tt WbWb hypothesis, possible 
jet combinations treated separately

The multijet background reduced by requiring 
ΔRbb>2 and Pgof=exp(−χ2/2)>0.1

EPJC 79 (2019) 313
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mt=172.34±0.73 GeV      (±0.42%)

* Early Resonance Decays included in the Color-reconnection modeling. 
This syst. uncertainty is larger than for Run1, due to a more advanced treatment 
(mainly a broader set for CR)

all hadronic

mt=172.34±0.73 GeV
After combined with l+jet,  mt=172.26±0.61 GeV

EPJC 79 (2019) 313



Top Quark Mass – Direct Measurement
• Direct measurement: reconstruct top decay products. 

10/26/19 Haifeng Li (Shandong University) 18

A. Castro @ TOP2019 

Lepton+jets with soft-μ

�10

Template method (mlμs)  (13 TeV 2015-16, 36.1 fb−1)

Selection:
- 1 e/μ
-  ≥4 jets
- ≥2 b-tagged jets (one 

with Displaced Vertex 
tag, one with Soft 
Muon tag μs) 

- ΔR(lμs)<2 (good for 
boosted jets)

SameSign and 
OppositeSign events have 
different contributions but 
both depend on mt

The invariant  mass of the 
lμs pair is used in a binned-
template fit

ATLAS TOPQ-2017-17

mt=174.48±0.40(stat)±0.67(syst) GeV
mt=174.48±0.78  GeV     (±0.45%)

Main systematics: 0.39 GeV from HF-hadron decay modeling
           0.20 GeV from pileup modeling

See more details 
 on L. Wilkins’ Poster
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ATLAS l+jet with soft muonTop mass: baseline selection

26

b

μ-

b-jet

● =1 isolated e/μ

● Cuts on ET
miss and MT

W

● ≥4 jets  

● ≥1 jet MV2c10 tagged

● ≥1 SMT jet
○ i.e. μ with pT>8 GeV 

found within ΔR<0.4 of a jet

SMT calibrated in data:

● efficiency from J/Ψ→μμ

● fake rate from W+1 jet

mℓμ

“Soft” Muon Tagging
(SMT)

New

ATLAS-CONF-2019-046

mt=174.48±0.40(stat)±0.67(syst) GeV
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Top mass with boosted jets from 
top hadronic decay CMS-TOP-19-005 

mt = 172.56 ± 2.47 GeV
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Figure 2: Reconstructed distribution of mjet after the full event selection in the `+jets channel.
The vertical bars on the points show the statistical uncertainty. The hatched region shows
the total uncertainty in the simulation, including the statistical and experimental systematic
uncertainties. The panel below shows the ratio of the data to the simulation. The uncertainty
band includes the statistical and experimental systematic uncertainties, where the statistical
(light grey) and total (dark grey) uncertainties are shown separately in the ratio.

refers to an electron or muon. The t lepton decays are not considered as part of the signal. The
particle level jet with the largest distance DR to the lepton is required to have pT > 400 GeV,
and each of its subjets has to fulfill pT > 30 GeV. Its mass has to be greater than the mass
obtained when summing the four-momenta of the second jet and the lepton, in order to select
jets originating from highly-boosted t ! Wb ! qq 0b decays merged into a single jet.

Figure 1 shows the distribution of mjet after the particle level selection, normalized to the in-
tegrated luminosity in data. A sharp peak around the top quark mass is visible. The frac-
tion of fully merged t ! Wb ! qq 0b decays in the region of the top quark peak with
140 < mjet < 200 GeV is about 75%, where an event is called fully merged if each individ-
ual parton from the fully hadronic top quark decay is within DR = 0.4 to one of the three
subjets at the particle level.

The same selection criteria on reconstruction level are used as the ones defining the fiducial
phase space on particle level, which ensures small bin-to-bin migrations and therefore small
corrections when unfolding the data. Additionally, on reconstruction level an event has to ful-
fill pmiss

T > 50 GeV and at least one b-tagged anti-kT jet has to be present, which suppresses
non-tt background processes. The resulting mjet distribution for jets with pjet

T > 400 GeV is dis-
played in Fig. 2. The tt simulation is scaled such that the number of simulated events matches
the number of selected events observed in data. The distribution shows a pronounced and
narrow peak around the value of the top quark mass. Background events originate from singly
produced top quarks and W+jets production. Contributions from DY+jets, tt + V and QCD
multijet production are found to be negligible.

The measurement at the particle level uses a regularized unfolding procedure based on a least-
squares fit, implemented in the TUnfold [62] framework. The optimal regularization strength is
determined through a minimization of the average global correlation coefficient of the output
bins [63]. The response matrix is evaluated by using tt events simulated with POWHEG, which

Top Quark Mass

10/26/19

ATLAS-CONF-2019-041 
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Figure 8: Predicted inclusive tt̄ cross-section at
p

s = 13 TeV as a function of the top quark pole mass mpole
t , for

the CT14 PDF set. The cyan band indicates the total uncertainty on the prediction from PDF+↵S and QCD scale
uncertainties. The experimental measurement with its uncertainty and dependence on the assumed value of mt

through acceptance and background corrections is shown by the black points with error bars.

The mass extraction was performed by maximising the following Bayesian likelihood as a function of mpole
t :

L(mpole
t ) =

π
G(�0

t t̄
| �t t̄ (mpole

t ), sexp) · G(�0
t t̄
| �theo

t t̄
(mpole

t ), s±theo ) d�0
t t̄
, (7)

where G(x | µ, s) represents a Gaussian probability density in the variable x with mean µ and standard
deviation s. The first Gaussian term in the integral represents the experimental measurement �t t̄ with its
dependence on mpole

t and uncertainty sexp, and the second term represents the theoretical prediction �theo
t t̄

with its asymmetric uncertainty s±theo obtained from the quadrature sum of the combined PDF plus ↵S
uncertainty, and the QCD scale uncertainty, each evaluated as described in Section 1. The likelihood in
Eq. (7) was maximised to obtain mpole

t when using the CT14 PDF set to calculate �theo
t t̄

, and also when
using the individual CT10, MSTW and NNPDF2.3 PDF sets to calculate �theo

t t̄
, for comparison with thep

s = 7 and 8 TeV results. The MMHT and NNPDF3.0 PDF sets were not considered, as they include tt̄
cross-section data in order to constrain the gluon PDF, and hence cannot also be used to determine mpole

t

without introducing a circular dependence [89]. In each case, the value of �t t̄ was recalculated using
the corresponding NLO PDF set to calculate the value of ✏eµ. The results from each PDF set are shown
in Table 5, together with the result using the PDF4LHC prescription to combine the CT10, MSTW and
NNPDF2.3 results, keeping the CT10 central value but enlarging the uncertainty to cover the envelope of
the positive and negative uncertainties of each individual PDF set.

The baseline result uses the CT14 PDF set, and gives an mpole
t value of

mpole
t = 173.1+2.0

�2.1 GeV .

Table 6 shows the breakdown of uncertainties on mpole
t , which are dominated by uncertainties on �theo

t t̄
through PDF+↵S and QCD scale variations. Improving the experimental measurement of �t t̄ further would
therefore have little e�ect on the determination of mpole

t via this method. The result is compatible with other

27

mt
pole = 173.1+2.0 – 2.1 GeV

New
Indirect measurement

ttbar l+jet sample

Using XCone jet algorithm (JHEP 11 (2015) 072)



Running Top Mass
• First measurement of running of top quark mass in the MSbar scheme
• Measure cross sections (predicted with certain top mass with MSbar

scheme in NLO) in different mtt bins

10/26/19 Haifeng Li (Shandong University) 20

CMS-TOP-19-007 

Renormalization Group Equation



Spin Correlation
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NLO, made specifically for these observables [35, 81, 82], is used as a template. This prediction also
has a dedicated no-spin template. This prediction agrees better with the data but has significant scale
uncertainties, leading to an fSM = 1.03±0.13, and is consistent both with the result from using the P�����
+ P�����8 templates and with the SM expectation of fSM = 1.

The comparison between data and the various SM predictions is illustrated in Figure 13. The disagreement
between the data and the NLO predictions from MCFM and P����� + P�����8 can be clearly observed.
The NNLO fixed-order prediction agrees better with the data but still di�ers significantly. Finally, the
expanded NLO QCD + EW prediction agrees with the data within its large scale uncertainties.
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Figure 11: Results of the fit of hypothesis templates to the unfolded data showing the �� distribution for the inclusive
selection. The hypothesis templates are described in Section 3.
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CMS is using the method from: 
W. Bernreuther, D. Heisler, and 
Z.-G. Si, JHEP 12 (2015) 026

arXiv: 1903.07570
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Figure 6: Unfolded data (points) and predicted (horizontal lines) normalized differential cross
sections for the diagonal spin correlation observables (first two rows) and the laboratory-frame
observables (bottom row). The vertical lines on the points represent the total uncertainties,
with the statistical components indicated by horizontal bars. The ratios of various predictions
to the data are shown in the lower panels.

• 3σ deviation from ATLAS measurement
• NNLO-QCD closer to data
• NLO-QCD+EW agrees with data with large uncertainties
• CMS is using Bernreuther&Si method and observation is 

consistent with SM prediction



Top Width
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ATLAS-CONF-2019-038 
• Measurement of the top quark width in the dilepton channel
• Top width is obtained by profile likelihood template fit for mlb

139 fb-1 139 fb-1

New

Γt = 1.94+0.52-0.49 GeV 

NNLO Γt = 1.322 GeV, uncertainty < 1%



ttbar Charge Asymmetry 
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• Use l+jets channel
• More top events in 

forward region than 
anti-top

ATLAS-CONF-2019-026

Consistent with SM prediction at NNLO QCD + NLO QED
4σ
First evidence at LHC

New



Top Quarks + Higgs (ttH)
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ttH
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Higgs boson production at LHC

σ: ~49 pb

σ: ~3.8 pb

σ(WH/ZH): 
~1.4-0.9 pb

σ: ~0.5 pb Measure top-Higgs Yukawa coupling directly

Table 1: Standard Model predictions for the Higgs boson production cross sections together with their theoretical
uncertainties. The value of the Higgs boson mass is assumed to be mH = 125.09 GeV and the predictions are
obtained by linear interpolation between those at 125.0 and 125.1 GeV from Ref. [32] except for the tH cross
section, which is taken from Ref. [77]. The pp ! ZH cross section, calculated at NNLO in QCD, includes both
the quark-initiated, i.e. qq ! ZH or qg ! ZH, and the gg ! ZH contributions. The contribution from the
gg ! ZH production process, calculated only at NLO in QCD and indicated separately in brackets, is given
with a theoretical uncertainty assumed to be 30%. The uncertainties in the cross sections are evaluated as the sum
in quadrature of the uncertainties resulting from variations of the QCD scales, parton distribution functions, and
↵s. The uncertainty in the tH cross section is calculated following the procedure of Ref. [78]. The order of the
theoretical calculations for the di↵erent production processes is also indicated. In the case of bbH production, the
values are given for the mixture of five-flavour (5FS) and four-flavour (4FS) schemes recommended in Ref. [73].

Production Cross section [pb] Order of
process

p
s = 7 TeV

p
s = 8 TeV calculation

ggF 15.0 ± 1.6 19.2 ± 2.0 NNLO(QCD) + NLO(EW)
VBF 1.22 ± 0.03 1.58 ± 0.04 NLO(QCD+EW) + approx. NNLO(QCD)
WH 0.577 ± 0.016 0.703 ± 0.018 NNLO(QCD) + NLO(EW)
ZH 0.334 ± 0.013 0.414 ± 0.016 NNLO(QCD) + NLO(EW)
[ggZH] 0.023 ± 0.007 0.032 ± 0.010 NLO(QCD)
ttH 0.086 ± 0.009 0.129 ± 0.014 NLO(QCD)
tH 0.012 ± 0.001 0.018 ± 0.001 NLO(QCD)
bbH 0.156 ± 0.021 0.203 ± 0.028 5FS NNLO(QCD) + 4FS NLO(QCD)

Total 17.4 ± 1.6 22.3 ± 2.0

Table 2: Standard Model predictions for the decay branching fractions of a Higgs boson with a mass of 125.09 GeV,
together with their uncertainties [32]. Included are decay modes that are either directly studied or important for the
combination because of their contributions to the Higgs boson width.

Decay mode Branching fraction [%]
H ! bb 57.5 ± 1.9
H ! WW 21.6 ± 0.9
H ! gg 8.56 ± 0.86
H ! ⌧⌧ 6.30 ± 0.36
H ! cc 2.90 ± 0.35
H ! ZZ 2.67 ± 0.11
H ! �� 0.228 ± 0.011
H ! Z� 0.155 ± 0.014
H ! µµ 0.022 ± 0.001

6

Higgs boson dacay



ttH: Channels
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Measurement of tt̄H/tH | TOP2019, Beijing 24-09-19 | Tamara Vazquez Schröder (CERN)

tt̄H analysis channels

•  large irreducible 
tt̄+jets (HF) background 

• final states with 
multiple b-jets

�7

• leptonic decays of W / Z 
bosons and tau decays can 
give distinct multilepton 
signatures  

• main background from tt̄Z/
W and non-prompt leptons

Difficult background modelling Simpler background

Large branching ratio (yields) Small branching ratio

Low signal/background Clear peak (clean bump hunt)

ttH 
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ttH  
(H➜WW, ττ, ZZ) 

‘multilepton’
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(H➜γγ, ZZ(➜4!) )

motivation                 challenge

/ τ / Z

/ τ / Z

Z (➜2!)

Z (➜2!)

• resonant channels
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/ τ / Z
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• resonant channels

1.  ttH, H->𝛾𝛾 2. ttH, H->ZZ->4l

3. ttH, H->mulitlepton (WW, ZZ (llvv, llqq), 𝜏𝜏) 4. ttH, H->bb



ttH, H->𝛾𝛾
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• Use BDT to define 
several categories

• Cut on BDT to select 
SR sample

• Fit to m𝛾𝛾 to extract 
signal strength

4.9 σ

ATLAS-CONF-2019-004 
CMS-PAS-HIG-18-018 

4.1 σ



ttH, H->mulitlepton
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Obs. (exp.): 1.8 (3.1σ) 
Obs. (exp.): 3.2 (4.0σ) 

ATLAS-CONF-2019-045 CMS-PAS-HIG-18-019 
New



ttH, H->bb
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Main background: ttbar + heavy flavor production

Obs. (exp.): 1.4 (1.6σ) Obs. (exp.): 3.9 (3.5σ) 

Evidence of ttH, H->bb from CMS

Phys. Rev. D 97 (2018) 072016 CMS-PAS-HIG-18-030 



ttH Combination
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Phys. Lett. B 784 (2018) 173 Phys. Rev. Lett. 120 (2018) 231801

SM
ttHσ/ttHσ

1− 0 1 2 3 4

Total Stat. Syst. SMATLAS

-1 = 13 TeV, 36.1 - 79.8 fbs

             Total       Stat.    Syst.

Combined   )
0.19

0.21
  ± 0.18 , ±   ( 0.26

0.28  ±  1.32 

H (ZZ)tt < 1.77 at 68% CL

)γγH (tt   )0.17
0.23  ±  , 0.38

0.42  ±   ( 0.42
0.48  ±  1.39 

H (multilepton)tt   )0.27
0.30  ±  , 0.29

0.30  ±   ( 0.40
0.42  ±  1.56 

)bH (btt  0.53 )±  , 0.28
0.29  ±   ( 0.60

0.61  ±  0.79 

Figure 5: Combined tt̄H production cross section, as well as cross sections measured in the individual analyses,
divided by the SM prediction. The �� and Z Z⇤ ! 4` analyses use 13 TeV data corresponding to an integrated
luminosity of 79.8 fb�1, and the multilepton and bb̄ analyses use data corresponding to an integrated luminosity
of 36.1 fb�1. The black lines show the total uncertainties, and the bands indicate the statistical and systematic
uncertainties. The red vertical line indicates the SM cross-section prediction, and the grey band represents the
PDF+↵S uncertainties and the uncertainties due to missing higher-order corrections.
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13 TeV data:
5.8 σ (4.9 σ)

About 1 σ from NLO 
prediction

considered, the signal normalizations for the Higgs boson
decay modes to gluons, charm quarks, and Zγ, which are
subleading and cannot be constrained with existing data,
are scaled by μtt̄H. The results combining the decay modes
at 7þ 8 TeV, and separately at 13 TeV, are shown in the
middle section of Fig. 2. The overall result, combining all
decay modes and all c.m. energies, is shown in the lower
section, with numerical values given in Table I. Table I
includes a breakdown of the total uncertainties into their
statistical and systematic components. The overall result is
μtt̄H ¼ 1.26þ0.31

−0.26 , which agrees with the SM expectation
μtt̄H ¼ 1 within 1 standard deviation.
The principal sources of experimental systematic uncer-

tainty in the overall result for μtt̄H stem from the uncertainty
in the lepton and b jet identification efficiencies and in the
τh and jet energy scales. The background theory systematic
uncertainty is dominated by modeling uncertainties in tt̄
production in association with a W boson, a Z boson, or a
pair of b or c quark jets. The dominant contribution to the
signal theory systematic uncertainty arises from the finite
accuracy in the SM prediction for the tt̄H cross section
because of missing higher order terms and uncertainties in
the proton parton density functions [35].
To highlight the excess of data over the expectation from

the background-only hypothesis, we classify each event

that enters the combined fit by the ratio S=B, where S and B
are the expected postfit signal (with μtt̄H ¼ 1) and back-
ground yields, respectively, in each bin of the distributions
considered in the combination. The distribution of
log10ðS=BÞ is shown in Fig. 3. The main sensitivity at
high values of S=B is given by events selected in the H →
γγ analysis with a diphoton mass around 125 GeV and by
events selected in the H → τþτ−, H → WW%, and H → bb̄
analyses with high values of the multivariate discriminating
variables used for the signal extraction. A broad excess of
events in the rightmost bins of this distribution is observed,
consistent with the expectation for tt̄H production with a
SM-like cross section.
The value of the test statistic q as a function of μtt̄H is

shown in Fig. 4, with μtt̄H based on the combination of
decay modes described above for the combined fit. The
results are shown for the combination of all decay modes at
7þ 8 TeV and at 13 TeV, separately, and for all decay
modes at all c.m. energies. To quantify the significance of
the measured tt̄H yield, we compute the probability of the
background-only hypothesis (p value) as the tail integral of
the test statistic using the overall combination evaluated at
μtt̄H ¼ 0 under the asymptotic approximation [45]. This
corresponds to a significance of 5.2 standard deviations for
a one-tailed Gaussian distribution. The expected signifi-
cance for a SM Higgs boson with a mass of 125.09 GeV,
evaluated through use of an Asimov data set [45], is 4.2
standard deviations.
In summary, we have reported the observation of tt̄H

production with a significance of 5.2 standard deviations
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FIG. 3. Distribution of events as a function of the decimal
logarithm of S=B, where S and B are the expected postfit signal
(with μtt̄H ¼ 1) and background yields, respectively, in each bin
of the distributions considered in this combination. The shaded
histogram shows the expected background distribution. The two
hatched histograms, each stacked on top of the background
histogram, show the signal expectation for the SM (μtt̄H ¼ 1) and
the observed (μtt̄H ¼ 1.26) signal strengths. The lower panel
shows the ratios of the expected signal and observed results
relative to the expected background.
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FIG. 4. Test statistic q, described in the text, as a function of
μtt̄H for all decay modes at 7þ 8 TeV and at 13 TeV, separately,
and for all decay modes at all c.m. energies. The expected SM
result for the overall combination is also shown. The horizontal
dashed lines indicate the p values for the background-only
hypothesis obtained from the asymptotic distribution of q,
expressed in units of the number of standard deviations.
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5.2 σ (4.2 σ)

7 TeV + 8 TeV + 13 
TeV data:
6.3 σ (5.1 σ)



Summary
• ATLAS and CMS experiments continue to produce large amount of top 

quark physics results with LHC Run2 data
– Top cross sections and properties measurement with higher precision
– Keep looking for rare process in top physics (4-top etc.)
– Observation of ttH; observation of tZq; evidence of ttbar charge asymmetry

• With full Run2 data (115M ttbar), top physics will be very exciting

10/26/19 Haifeng Li (Shandong University) 31

ATLAS Top Results: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
CMS Top Results: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP

• ttH multilepton at CMS, Chaochen Yuan
• ttH multilepton at ATLAS, Xuan Yang
• Single top at ATLAS, Khuram Tariq
• Single top with V at CMS, Duncan Leggat

• tqH at ATLAS, Boyang Li
• Four top search at ATLAS, Shuyang Hu

Top ttH talks in parallel session
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Thank you


