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“Standard” methods “Alternative” methods Conclusion and outlook

Measurements Combination

“Standard” measurements
PRD 93(2016)2004
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• Using the ideogram method after a kinematic fit
• Simultaneously measuring mt and JSF, assum-
ing that JSF is normally distributed with 1 as ex-
pected value and the JEC uncertainty as standard
deviation

• Using the analytical matrix weighting
technique
• Reconstructing each event 500 times,
varying the jet pT with a Gaussian distri-
bution whose standard deviation is the
JEC uncertainty

mmmt = 172.32= 172.32= 172.32mmmt = 172.32= 172.32= 172.32 mmmt = 172.35= 172.35= 172.35mmmt = 172.35= 172.35= 172.35 mmmt = 172.82= 172.82= 172.82mmmt = 172.82= 172.82= 172.82
±0.25±0.25±0.25(stat)±0.25±0.25±0.25(stat) ±0.16±0.16±0.16(stat)±0.16±0.16±0.16(stat) ±0.19±0.19±0.19(stat)±0.19±0.19±0.19(stat)
±0.59±0.59±0.59(syst) GeV±0.59±0.59±0.59(syst) GeV ±0.48±0.48±0.48(syst) GeV±0.48±0.48±0.48(syst) GeV ±1.22±1.22±1.22(syst) GeV±1.22±1.22±1.22(syst) GeV

JSF = 1.002±0.001 JSF = 1.002±0.001
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Measurements Combination

Resolution on mmmt
PRD 93(2016)2004

Assigning to each event a weight reflecting the probability that the parton/jets
permutations are correct to improve the resolution on mt

Before kinematic fit After kinematic fit
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Measurements Combination

Combination of the “standard” measurements
PRD 93(2016)2004

I Using the Best Linear Unbiased
Estimate (BLUE) method

I Main systematic uncertainties
I hadronization ∼ 0.35 GeV
I jet energy corrections

∼ 0.15 GeV
I hard-process scattering

∼ 0.15 GeV
↪→ correlated between measurements

I Combination result:

mmmt = 172.44±0.13= 172.44±0.13= 172.44±0.13 (stat)±0.47±0.47±0.47 (syst) GeVmmmt = 172.44±0.13= 172.44±0.13= 172.44±0.13 (stat)±0.47±0.47±0.47 (syst) GeV
↪→ total uncertainty < 0.3%
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Alternative topologies Well defined top quark mass Alternative observables with partial event reconstruction Alternative observables from beyond SM scenarios

How to further reduce the uncertainty ?

“Standard” measurements
I exploiting full kinematics of t̄t events

I Monte Carlo calibrated

I leading to precision better than 0.3%

I hitting a wall of systematic uncertainties

Where to search ?
I more constraints from data in t̄t event modeling

(underlying event, color reconnection, fragmentation. . . )
↪→ some hints in backup

I “alternative” measurements
↪→ alternative systematic sensitivity and/or better defined top quark mass

I alternative event topologies
I alternative observables:

I using theoretically-calculable observables
I only partially exploiting t̄t event kinematic
I using techniques from New Physics searches
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Alternative topologies Well defined top quark mass Alternative observables with partial event reconstruction Alternative observables from beyond SM scenarios

mmmt from single-top events
CMS PAS TOP-15-001 (2016)

I Electroweak process:

I different CR
I different hard scattering
I different PDFs

I Enriched sample in t-channel single top
events (71%)
↪→ 1 isolated µ, 1 b-tagged jet, Emiss

T ,
1 light jet with |η|> 2.5

I Extraction of mt from m`νb
↪→ Monte Carlo based calibration

I Main sources of systematic uncertainties:
JEC, background calculations, fit calibration

mmmt = 172.60±0.77= 172.60±0.77= 172.60±0.77 (stat)+0.97
−0.93
+0.97
−0.93
+0.97
−0.93 (syst) GeVmmmt = 172.60±0.77= 172.60±0.77= 172.60±0.77 (stat)+0.97
−0.93
+0.97
−0.93
+0.97
−0.93 (syst) GeV
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Alternative topologies Well defined top quark mass Alternative observables with partial event reconstruction Alternative observables from beyond SM scenarios

mmmt from the t̄t cross section
arXiv:1603.02303 (2016)

I Dilepton e±µ∓ channel

I Constraining αs(mZ) to the current
world average

I Computing the expected σt̄t at
NNLO+NNLL with TOP++

I σt̄t measurement limited by
luminosity uncertainty

σt̄t(7 TeV) = 173.6±2.1(stat)+4.5
−4.0 (syst)±3.8(lumi) pb

σt̄t(8 TeV) = 244.9±1.4(stat)+6.3
−5.5 (syst)±6.4(lumi) pb
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mmmpole
t = 173.8+1.7

−1.8= 173.8+1.7
−1.8= 173.8+1.7
−1.8 GeVmmmpole

t = 173.8+1.7
−1.8= 173.8+1.7
−1.8= 173.8+1.7
−1.8 GeV
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Alternative topologies Well defined top quark mass Alternative observables with partial event reconstruction Alternative observables from beyond SM scenarios

mmmt from the t̄t cross section
CMS PAS TOP-16-006 (2016)

I Lepton+jets channel

I Constraining αs(mZ) to the current
world average

I Computing the expected σt̄t at
NNLO+NNLL with TOP++

I σt̄t measurement limited by
luminosity uncertainty

σt̄t = 834.6±2.5(stat)±22.8(syst)±22.5(lumi) pb

mmmpole
t = 172.5+2.7

−2.3= 172.5+2.7
−2.3= 172.5+2.7
−2.3 GeVmmmpole

t = 172.5+2.7
−2.3= 172.5+2.7
−2.3= 172.5+2.7
−2.3 GeV
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Alternative topologies Well defined top quark mass Alternative observables with partial event reconstruction Alternative observables from beyond SM scenarios

mmmt from t̄t+++jet shape
CMS PAS TOP-13-006 (2016)

I Kinematic reconstruction of dileptonic t̄t
events with additional hard jets (pT > 50 GeV)

I Measuring the differential cross section wrt
ρS = 2×170 GeV/m(t̄t + jet)
↪→ unfolding at particle level in visible phase

space with MADGRAPH+PYTHIA

I Comparing to the expected NLO cross
section using POWHEG+PYTHIA

I Main systematic uncertainties:

I POWHEG t̄t+jet modeling ∼ 3.5 GeV
I Ren. and fact. scales ∼ 2.5 GeV
I ME/PS matching ∼ 1.5 GeV
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Alternative topologies Well defined top quark mass Alternative observables with partial event reconstruction Alternative observables from beyond SM scenarios

mmmpole
t vs MC-calibrated mmmt measurements
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PLB 703 (2011) 422
MSTW08 approx. NNLO
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arXiv:1605.06168 (2016)
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July 2016Top-quark pole mass measurements

⇒ Compatibility between mpole
t and MC-calibrated mt measurements
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Alternative topologies Well defined top quark mass Alternative observables with partial event reconstruction Alternative observables from beyond SM scenarios

mmmt from mmmsv`̀̀
PRD 93(2016)2006

I Dilepton and lepton+jets channels
I Reconstruction of secondary vertices (sv)

with 3, 4, and 5 tracks within jets
I Combined fit of 15 msv` distributions
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CMS

mmmt = 173.68±0.20= 173.68±0.20= 173.68±0.20 (stat)+1.58
−0.97
+1.58
−0.97
+1.58
−0.97 (syst) GeVmmmt = 173.68±0.20= 173.68±0.20= 173.68±0.20 (stat)+1.58
−0.97
+1.58
−0.97
+1.58
−0.97 (syst) GeV

I Systematic uncertainties:
I Main sources: b quark fragmentation, pT(t), and ME generator

∼ 1 GeV ∼ 0.8 GeV ∼ 0.4 GeV
I Experimental uncertainty < 0.5 GeV
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Alternative topologies Well defined top quark mass Alternative observables with partial event reconstruction Alternative observables from beyond SM scenarios

mmmt from mmmJ/ψ+`/ψ+`/ψ+`

CMS PAS TOP-15-014 (2016)

I Dilepton and lepton+jets channels

I Reconstruction of J/ψ→ µ+µ−

↪→ very small branching fraction
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 3.0) GeV± = (173.5 tm I Extraction of mt from mJ/ψ+`

↪→ Monte Carlo based calibration

mmmt = 173.5±3.0= 173.5±3.0= 173.5±3.0 (stat)±0.9±0.9±0.9 (syst) GeVmmmt = 173.5±3.0= 173.5±3.0= 173.5±3.0 (stat)±0.9±0.9±0.9 (syst) GeV

I Systematic uncertainties
I Main sources:

I pT(t) ∼ 0.65 GeV
I ME/PS matching ∼ 0.55 GeV
I Ren. and fact. scales ∼ 0.45 GeV

I b-fragmentation uncertainty of ±0.30 GeV
I Relevant exp. uncertainty < 0.10 GeV
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Overview
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CMS combination

PRD 93(2016)2004

July 2016Partial reconstruction of top-pair event kinematics

at 8 TeV: msv` most interesting observable
↪→ good sensitivity to mt, different systematic uncertainties

in the future: maybe superseding msv` with mJ/ψ+`
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Alternative topologies Well defined top quark mass Alternative observables with partial event reconstruction Alternative observables from beyond SM scenarios

Bi-event subtraction technique
CMS PAS TOP-14-011 (2015)

I µ+jets channel
I mt extracted from R = mjjb/mjj
I no kinematic fit, all possible combinations kept

↪→ estimation of the combinatorial background from data,
by combining jets from 2 events
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mmmt = 172.61±0.57= 172.61±0.57= 172.61±0.57 (stat)±0.90±0.90±0.90 (syst) GeVmmmt = 172.61±0.57= 172.61±0.57= 172.61±0.57 (stat)±0.90±0.90±0.90 (syst) GeV
I Main systematic uncertainties: ren. and fact. scales, pT(t), hadronization

∼ 0.40 GeV ∼ 0.35 GeV ∼ 0.35 GeV
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mmmt from mmm`̀̀b and mmmbb
T222

CMS PAS TOP-15-008 (2016)
I Dilepton channel

↪→ 2 identical decay branches a and b
I mt extracted from m`b and mbb

T2 (“stransverse mass”)
I mT2 = min

~pa
T+~pb

T=~pmiss
T

[max(Ma
T ,M

b
T)]

I “child” particles: W bosons
I “upstream” momentum source: ISR
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New for this conference!

–!Nathan Mirman!
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mmmt from mmm`̀̀b and mmmbb
T222

CMS PAS TOP-15-008 (2016)
I mt extracted from m`b and mbb

T2 (“stransverse mass”)
↪→ better sensitivity around the kinematic endpoints (Fisher information density)

4 4 Observables
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Figure 1: (Left) the Mb` distribution in data and MC simulation with MMC
t = 172.5 GeV, nor-

malized to the number of events in the 8 TeV dataset corresponding to an integrated luminos-
ity of 19.7 fb�1. (Right) the Mb` shape in MC simulation, where distributions corresponding
to three values of MMC

t are shown in gray. The ‘local shape sensitivity’ function, described in
Appendix A, is shown in red.

(Mb`)max, is a function of the masses involved in the decay:134

(Mb`)max =

q
(M2

t � M2
W)(M2

W � M2
n)

MW
. (2)135

With Mt = 172.5 GeV, MW = 80.4 GeV, and Mn = 0 GeV, we have (Mb`)max = 152.6 GeV.136

Although this endpoint is a theoretical maximum on the value of Mb` at leading order, events137

are still observed beyond this value due to higher-order corrections, resolution smearing, finite138

particle widths, and background contamination.139

The Mb` distribution is shown in Fig. 1. Here, the sensitivity of the Mb` observable to the140

value of Mt is demonstrated at the right, where Mb` shapes corresponding to three values of141

the top-quark mass in MC simulation (MMC
t ) are shown. The variation between these shapes142

reveals regions of the Mb` distribution that are sensitive to the value of Mt, such as the edges143

to the left and right of the Mb` peak, and regions that are not sensitive, such as the stationary144

point where the three shapes intersect. To provide a quantitative description of these effects,145

we introduce a ‘local shape sensitivity’ function, also known as the Fisher information density,146

represented by the red line in Figs. 1-4. This function conveys the sensitivity of an observable147

at a specific point on its shape. For the Mb` observable, the local shape sensitivity function148

peaks near the kinematic endpoint (Mb` ⇠ 150 GeV), and has a zero value at the stationary149

point (Mb` ⇠ 105 GeV). The integral of this function over its range is proportional to 1/s2
Mt

,150

where sMt is the statistical uncertainty on a measurement of Mt. A full description of the local151

shape sensitivity function is given in Appendix A.152

4.1.1 b jet, lepton combinatorics153

The two b jets and two leptons stemming from each tt decay give rise to a two-fold matching154

ambiguity, with two correct and two incorrect b` pairings possible in each event. Pairings155

in which the b jet and lepton emerge from different top quarks do not necessarily obey the156

4.3 MAOS Mb`n reconstruction 7
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Figure 3: (Left) the Mbb
T2 distribution in data and MC simulation with MMC

t = 172.5 GeV, nor-
malized to the number of events in the 8 TeV dataset corresponding to an integrated luminos-
ity of 19.7 fb�1. (Right) the Mbb

T2 shape in MC simulation, where distributions corresponding to
three values of MMC

t are shown in gray. The ‘local shape sensitivity’ function is shown in red.

not directly sensitive to Mt, the neutrino ~pT estimates that are a by-product of its computation228

are used as an input into the MAOS Mb`n reconstruction technique described below.229

The Mbb
T2 distribution employed in this analysis includes a kinematic requirement on the direc-230

tion of the upstream ~pT, which must lie outside the opening angle between the two b jet ~pT231

vectors in the event. This requirement primarily impacts events at low values of Mbb
T2, and its232

effect on the observable’s sensitivity is small.233

4.3 MAOS Mb`n reconstruction234

The MT2-Assisted On-Shell (MAOS) reconstruction technique employed in this analysis is based235

on the subsystem observable M``
T2. In the M``

T2 algorithm, an MT variable (Eq. (3)) is constructed236

from the `+n and `�n pairs corresponding to each of the tt decay branches. Because the values237

of neutrino ~pT are unknown, a minimization is conducted over possible values consistent with238

the ~pmiss
T in each event (Eq. (4)).239

The MAOS technique employs the neutrino ~pT values that are determined by the M``
T2 mini-240

mization, but substitutes the MT variable corresponding to each `n pair with a full b`n invariant241

mass. Given the neutrino ~pT values, the remaining z-components of the momenta are obtained242

by enforcing the W mass on-shell requirement:243

M(`+n) = M(`�n) = MW = 80.4 GeV. (5)244

This yields a longitudinal momentum for each neutrino given by,245

pzn =
1

E2
T`


p2

z`A ±
q

p2
z` + E2

T`

q
A2 � (E2

T`ETn)2

�
, (6)246

where A = 1
2 (M2

W + M2
n + M2

`) + ~pT` · ~pTn [9]. Given these estimates for the neutrino three-247

momenta together with Mn = 0, we have the required four vectors to construct an Mb`n invari-248

ant mass corresponding to the decay products of each top quark.249

I Combination of 1D (mt) and 2D (mt and JSF) fits: mt = 0.8m1D
t + 0.2m2D

t
↪→ shape estimation from MC templates with the Gaussian Processes

regression technique

mmmt = 172.22±0.18= 172.22±0.18= 172.22±0.18 (stat)+0.89
−0.93
+0.89
−0.93
+0.89
−0.93 (syst) GeVmmmt = 172.22±0.18= 172.22±0.18= 172.22±0.18 (stat)+0.89
−0.93
+0.89
−0.93
+0.89
−0.93 (syst) GeV

I Main systematic uncertainties: pT(t), ren. and fact. scales, JEC
∼ 0.5 GeV ∼ 0.45 GeV ∼ 0.45 GeV
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√
s = 8 TeV, L = 19.7 fb−1

New for this conference!

http://cds.cern.ch/record/2204924?ln=en


“Standard” methods “Alternative” methods Conclusion and outlook

Alternative topologies Well defined top quark mass Alternative observables with partial event reconstruction Alternative observables from beyond SM scenarios

Overview

 [GeV]tm
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4  2.66 GeV± 1.17 ±172.29 b from Etm

CMS PAS TOP-15-002 (2015)

 0.90 GeV± 0.57 ±172.61 
 (BEST)jj/mjjb from R=mtm

CMS PAS TOP-14-011 (2015)

 GeV-0.93 +0.89 0.18 ±172.22 
bb
T2 and mlb from mtm

CMS PAS TOP-15-008 (2016)

 0.47 GeV± 0.13 ±172.44 
CMS combination

PRD 93(2016)2004

July 2016Techniques from New Physics searches
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→→→ see Daniel’s poster !



“Standard” methods “Alternative” methods Conclusion and outlook

Conclusion and outlook

I Precision from standard measurements < 0.5 GeV
I total uncertainty dominated by systematic uncertainties
I correlation between channels for the main sources

↪→ b hadronization, jet energy response, hard-scattering process

I Promising alternative measurements
I good precision already at 8 TeV for most of them

↪→ mt from m`b and mbb
T2 more precise than the “standard” measurement

in the dilepton channel
I various systematic uncertainties

↪→ mt from single-top events for QCD modeling,
mt from msv` or mJ/ψ+` for detector resolution

I Consistency between all measurements
↪→ including mpole

t from σ(t̄t) and t̄t+jet shape

For more top-quark related results from the CMS collaboration:
preliminary results and publications
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP/index.html
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mmmt from mmm`̀̀b
CMS PAS TOP-14-014 (2014)

I Dilepton e±µ∓ channel
I Theoretically:

m2
`b =

m2
t −m2

W
2

(1− cosθ`b)

Experimentally:
combination of lepton and highest-pT
b jet with smallest m`b

t̄
b̄

W−W−W−`−`−`−

ν̄̄ν̄ν

t

b

W+W+W+

ννν

`+`+`+

b jet
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Madgraph+Pythia + BG

=166.5 GeVtm
Madgraph+Pythia + BG

I Extraction of mt from m`b
↪→ Monte Carlo based measurement

mmmt = 172.3±0.3= 172.3±0.3= 172.3±0.3 (stat)±1.3±1.3±1.3 (syst) GeVmmmt = 172.3±0.3= 172.3±0.3= 172.3±0.3 (stat)±1.3±1.3±1.3 (syst) GeV

I Main sources of systematic uncertainties:
I pT(t) ∼ 0.65 GeV
I Ren. and fact. scales ∼ 0.60 GeV
I b-fragmentation ∼ 0.60 GeV
I JEC ∼ 0.45 GeV

I Possibility to determine mpole
t using MCFM

↪→ smaller sensitivity to pT(t)
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√
s = 8 TeV, L = 19.7 fb−1

http://cds.cern.ch/record/1966416?ln=en


mmmt from pppT(`+`−`+`−`+`−)
CMS PAS TOP-16-002 (2016)

I Dilepton e±µ∓ channel
I Extracting mt from pT(`+`−) through O1 =

∫
x f (x)dx

↪→ Monte Carlo based measurement
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Simulation Preliminary CMS

mmmt = 171.7±1.1= 171.7±1.1= 171.7±1.1 (stat)±0.5±0.5±0.5 (exp)+2.5
−3.1
+2.5
−3.1
+2.5
−3.1 (th)+0.8

−0.0
+0.8
−0.0
+0.8
−0.0 (pppT(((t)))) GeVmmmt = 171.7±1.1= 171.7±1.1= 171.7±1.1 (stat)±0.5±0.5±0.5 (exp)+2.5

−3.1
+2.5
−3.1
+2.5
−3.1 (th)+0.8

−0.0
+0.8
−0.0
+0.8
−0.0 (pppT(((t)))) GeV

I Main systematic uncertainties: ren. and fact. scales, ME-PS matching, pT(t)
∼ 2.5 GeV ∼ 1.0 GeV ∼ 0.85 GeV
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√
s = 8 TeV, L = 19.7 fb−1

see Cristina’s poster !

http://cds.cern.ch/record/2138956?ln=en


mmmt from EEEb
CMS PAS TOP-15-002 (2015)

I Dilepton channel
I Theoretically Experimentally

• Epeak
b =

m2
W−m2

b−m2
t

2mt
• MC-based calibration needed

• Robustness wrt
√

s, βt, and ISR • Very sensitive to pT(t)
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mmmt = 172.29±1.17= 172.29±1.17= 172.29±1.17 (stat)±2.66±2.66±2.66 (syst) GeVmmmt = 172.29±1.17= 172.29±1.17= 172.29±1.17 (stat)±2.66±2.66±2.66 (syst) GeV
I Main systematic uncertainties: pT(t), ME generator, JEC

∼ 1.5 GeV ∼ 1.5 GeV ∼ 1.2 GeV
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√
s = 8 TeV, L = 19.7 fb−1

see Daniel’s poster !

http://cds.cern.ch/record/2053086?ln=en


Kinematic endpoint method
EPJC 73 (2012) 2494

I Dilepton channel
I Underconstrained system

↪→ µbb: variable designed on purpose,
weakly-correlated to the invariant mass Mb`

I mt extracted from µmax
bb and Mmax

b` , assuming mν = 0 and MW = 80.4 GeV
↪→ no Monte Carlo calibration needed

mmmt = 173.9±0.9= 173.9±0.9= 173.9±0.9 (stat)+1.7+1.7+1.7
−2.1−2.1−2.1 (syst) GeVmmmt = 173.9±0.9= 173.9±0.9= 173.9±0.9 (stat)+1.7+1.7+1.7
−2.1−2.1−2.1 (syst) GeV
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√
s = 7 TeV, L = 5.0 fb−1

http://dx.doi.org/10.1140/epjc/s10052-013-2494-7


Top quark-antiquark mass difference
CMS PAS TOP-12-031

I ∆mt = mt−mt̄ as a test of CPT symmetry
I Lepton+jets channel
I Reconstruction of hadronically decaying top quarks after a kinematic fit

I Ideogram likelihood method for `+ + jets events and `−+ jets events separately
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√
s = 8 TeV, L = 18.9 fb−1

https://cds.cern.ch/record/1528156


Combination of the “standard” measurements
PRD 93(2016)2004

Using the Best Linear Unbiased Estimate (BLUE) method
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√
s = 7 and 8 TeV

http://dx.doi.org/10.1103/PhysRevD.93.072004


Combination of the “standard” measurements
PRD 93(2016)2004

Main systematic uncertainties:
δmt (GeV)

all-jets lepton+jets dilepton
Experimental uncertainties

Jet energy corrections
• JEC: intercalibration +0.02 +0.01 +0.03
• JEC: in situ calibration +0.19 +0.12 +0.24
• JEC: uncorrelated non-pileup −0.16 −0.10 −0.28
• JEC: uncorrelated pileup −0.06 −0.04 −0.12.

.

.
Modeling of hadronization

b jet modeling
• b fragmentation +0.04 < 0.01 −0.69
• semileptonic b hadron decays −0.13 −0.16 −0.17

JEC: flavor-dependent
• bottom −0.29 −0.32 −0.34.

.

.
Modeling of perturbative QCD

Ren. and fact. scales −0.12±0.12 −0.09±0.07 −0.75±0.20
ME-PS matching threshold +0.13±0.12 +0.03±0.07 −0.12±0.20
ME generator −0.16±0.14 −0.12±0.08 −0.24±0.20.

.

.
Modeling of soft QCD

Underlying event +0.14±0.18 +0.08±0.11 +0.04±0.20
Color reconnection +0.16±0.16 +0.01±0.09 −0.11±0.20
Total systematic 0.59 0.48 1.22
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√
s = 8 TeV

∼ 0.15 GeV

∼ 0.35 GeV

∼ 0.15 GeV

http://dx.doi.org/10.1103/PhysRevD.93.072004


Kinematic phase space in MC models
PRD 93(2016)2004

I Different ME generators, hadronization models, UE tunes compared to CMS
standard MC (MADGRAPH+PYTHIA6 with Z2∗ tune)

I Probing variables sensitive to color-(re)connection effects
I Following the standard lepton+jets strategy

(selection criteria, kinematic fit, 2D likelihood procedure)
↪→ instead of correcting kinematic biases, studying them

Fair agreement between data and MC within statistical uncertainties
↪→ more data needed to further constrain model uncertainties
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√
s = 8 TeV, L = 19.7 fb−1

http://dx.doi.org/10.1103/PhysRevD.93.072004


Color (re)connection effects
CMS PAS TOP-13-007

I High purity dilepton sample
I Characterization of

the soft charge activity
I Factorization the recoil contribution
I MC-to-date comparison for several

Perugia 11 variations

Color (re)connection model effects
enhanced at low pTpTpT , when there is
no extra jet, and in the t̄t direction
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√
s = 8 TeV, L = 19.7 fb−1

https://cds.cern.ch/record/1600599


Fragmentation modeling
PRD 93(2016)2006

I Current tuning obtained from LEP data and ported to LHC
↪→ tuning of Z2∗ mostly for UE, not for fragmentation

I Study of fragmentation in t̄t events with a charmed meson (J/ψ, D0,. . . )
↪→ modifying b fragmentation description of Z2∗ to better fit LEP data

8 3 Examining b quark fragmentation in the data

an additional soft pion is emitted in the D⇤(2010)+ ! D0 decay. The D0 mesons are recon-267

structed among the three leading tracks as described in the previous paragraph, and selected268

in a mass window of 50 MeV around the nominal D0 mass. A third track of the same charge as269

the p candidate from the D0 decay is then added, and the mass difference is fitted in a range of270

140–170 MeV, as shown in Fig. 3. The D⇤(2010)+ invariant mass shape is modeled using a sum271

of two Gaussian functions for the resonant signal and a threshold function for the combinato-272

rial backgrounds.273

The position of the fitted invariant mass peaks—reconstructed purely in the silicon tracker—274

agree with the expected meson rest masses within about 0.05% for the D0 and D⇤(2010)+, in-275

dicating that the pion and kaon momentum scales are very well described. The observed J/y276

meson mass, reconstructed using muons, agrees with the expectation [57] within about 0.3%,277

well within the muon momentum scale uncertainty.278
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Figure 3: Fits to the invariant mass peaks of the three considered charm mesons in tt events in
the data, as described in the text: J/y (left), D0 (middle), and D⇤(2010)+ (right).

The fitted signal and background distributions are then used to extract kinematic properties of279

the reconstructed mesons using the sP lot technique [58], where a discriminating observable (in280

this case the invariant mass of the candidates) is used to separate the signal and background281

contributions to the distribution of an observable of interest. The same method is applied to282

simulated events with different generator tunes and a range of different b quark fragmenta-283

tion functions, and the results are compared with data. Among several investigated kinematic284

properties of the charm meson candidates, the fraction of transverse momentum relative to the285

charged component of the jet momentum shows the highest sensitivity to variations in the b286

quark fragmentation shape. The results are displayed in Fig. 4.287

The reconstructed mesons are observed to carry about 50–60% of the overall charged jet mo-288

mentum. These results are in good agreement with the predictions obtained from simulated289

tt events for the central fragmentation function choice and corresponding variations. The con-290

clusions from the study of secondary vertex properties in the previous section are confirmed291

by the charm meson properties, with the Z2* LEP rb fragmentation showing better agreement292

with the data than the nominal Z2* shape, albeit with a large statistical uncertainty.293

The numbers of meson candidates observed in the data are reproduced within about 10% when294

PYTHIA 6 with the Z2* tune is used in the parton shower and hadronization, whereas HER-295

WIG 6 [59] with the AUET2 tune [60] underestimates both the D⇤(2010)+ and J/y yields by296

more than 50% and overestimates D0 production by about 30%.297
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Figure 4: Distribution of the relative transverse momentum of J/y (left), D0 (middle), and
D⇤(2010)+ (right) meson candidates with respect to the charged components of the jet in tt
events for the data and the nominal Z2* LEP rb fragmentation function. The top panels show
the average of the distributions observed in the data and its statistical uncertainty (shaded
area), as well as expectations obtained with different b quark fragmentation functions and with
an alternative generator setup using HERWIG 6 with the AUET2 tune.

4 Top quark mass measurement298

Observables that are dependent on the top quark mass are constructed using the kinematic299

properties of the decay products of the top quark. The choice of observable is a compromise300

between sensitivity to the mass on the one hand and susceptibility to systematic uncertainties301

in the other hand. The most precise measurements to date have approached this trade-off by302

fully reconstructing the top quark from three jets in hadronic decays, heavily relying on precise303

calibrations of the reconstructed jet energies. In the analysis presented here, an orthogonal ap-304

proach is used that sacrifices some sensitivity to minimize the reliance on detector calibrations.305

This exposes the result to uncertainties in the modeling of top quark decays and b hadroni-306

zation, but has reduced experimental uncertainties. The analysis will therefore immediately307

benefit from a future improvement of our understanding of these effects.308

4.1 Observable and measurement strategy309

The observable exploited in this analysis is built from the measured properties of the charged310

lepton from the W boson decay and the charged constituents of a hadronic jet compatible with311

originating from a common secondary vertex. The invariant mass of the lepton-secondary312

vertex system (msvl) then serves as a proxy for the top quark mass. The msvl variable shows313

a strong dependence on the mass of the top quark despite not accounting for the neutrino314

from the W boson decay or from semileptonic b hadron decays, nor for neutral products of the315

b quark hadronization. Using only charged particles and well-modeled leptons reduces the316

main experimental uncertainties to acceptance effects.317

For each selected event, all possible combinations of leptons and secondary vertices—up to318

four per event—are taken into account in the measurement. Hence, by construction, the same319

number of correct and wrong combinations (i.e. pairing the lepton with the vertex emanating320

from the other top quark decay) enter the analysis. In simulation, in about 11% of cases the321

selected vertex could not be associated with the decay products of either b quarks and is most322

likely spurious, either from a light quark from a hadronic W boson decay, or from a gluon or323

light quark from initial-state radiation.324

Figure 5 shows the observed lepton-vertex invariant mass distribution for a combination of all325

five channels, compared to simulated distributions at three different generated top quark mass326
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in a mass window of 50 MeV around the nominal D0 mass. A third track of the same charge as269
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140–170 MeV, as shown in Fig. 3. The D⇤(2010)+ invariant mass shape is modeled using a sum271

of two Gaussian functions for the resonant signal and a threshold function for the combinato-272

rial backgrounds.273

The position of the fitted invariant mass peaks—reconstructed purely in the silicon tracker—274

agree with the expected meson rest masses within about 0.05% for the D0 and D⇤(2010)+, in-275

dicating that the pion and kaon momentum scales are very well described. The observed J/y276

meson mass, reconstructed using muons, agrees with the expectation [57] within about 0.3%,277

well within the muon momentum scale uncertainty.278
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Figure 3: Fits to the invariant mass peaks of the three considered charm mesons in tt events in
the data, as described in the text: J/y (left), D0 (middle), and D⇤(2010)+ (right).

The fitted signal and background distributions are then used to extract kinematic properties of279

the reconstructed mesons using the sP lot technique [58], where a discriminating observable (in280

this case the invariant mass of the candidates) is used to separate the signal and background281

contributions to the distribution of an observable of interest. The same method is applied to282

simulated events with different generator tunes and a range of different b quark fragmenta-283

tion functions, and the results are compared with data. Among several investigated kinematic284

properties of the charm meson candidates, the fraction of transverse momentum relative to the285

charged component of the jet momentum shows the highest sensitivity to variations in the b286

quark fragmentation shape. The results are displayed in Fig. 4.287

The reconstructed mesons are observed to carry about 50–60% of the overall charged jet mo-288

mentum. These results are in good agreement with the predictions obtained from simulated289

tt events for the central fragmentation function choice and corresponding variations. The con-290

clusions from the study of secondary vertex properties in the previous section are confirmed291

by the charm meson properties, with the Z2* LEP rb fragmentation showing better agreement292

with the data than the nominal Z2* shape, albeit with a large statistical uncertainty.293

The numbers of meson candidates observed in the data are reproduced within about 10% when294

PYTHIA 6 with the Z2* tune is used in the parton shower and hadronization, whereas HER-295

WIG 6 [59] with the AUET2 tune [60] underestimates both the D⇤(2010)+ and J/y yields by296

more than 50% and overestimates D0 production by about 30%.297
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Figure 4: Distribution of the relative transverse momentum of J/y (left), D0 (middle), and
D⇤(2010)+ (right) meson candidates with respect to the charged components of the jet in tt
events for the data and the nominal Z2* LEP rb fragmentation function. The top panels show
the average of the distributions observed in the data and its statistical uncertainty (shaded
area), as well as expectations obtained with different b quark fragmentation functions and with
an alternative generator setup using HERWIG 6 with the AUET2 tune.

4 Top quark mass measurement298

Observables that are dependent on the top quark mass are constructed using the kinematic299

properties of the decay products of the top quark. The choice of observable is a compromise300

between sensitivity to the mass on the one hand and susceptibility to systematic uncertainties301

in the other hand. The most precise measurements to date have approached this trade-off by302

fully reconstructing the top quark from three jets in hadronic decays, heavily relying on precise303

calibrations of the reconstructed jet energies. In the analysis presented here, an orthogonal ap-304

proach is used that sacrifices some sensitivity to minimize the reliance on detector calibrations.305

This exposes the result to uncertainties in the modeling of top quark decays and b hadroni-306

zation, but has reduced experimental uncertainties. The analysis will therefore immediately307

benefit from a future improvement of our understanding of these effects.308

4.1 Observable and measurement strategy309

The observable exploited in this analysis is built from the measured properties of the charged310

lepton from the W boson decay and the charged constituents of a hadronic jet compatible with311

originating from a common secondary vertex. The invariant mass of the lepton-secondary312

vertex system (msvl) then serves as a proxy for the top quark mass. The msvl variable shows313

a strong dependence on the mass of the top quark despite not accounting for the neutrino314

from the W boson decay or from semileptonic b hadron decays, nor for neutral products of the315

b quark hadronization. Using only charged particles and well-modeled leptons reduces the316

main experimental uncertainties to acceptance effects.317

For each selected event, all possible combinations of leptons and secondary vertices—up to318

four per event—are taken into account in the measurement. Hence, by construction, the same319

number of correct and wrong combinations (i.e. pairing the lepton with the vertex emanating320

from the other top quark decay) enter the analysis. In simulation, in about 11% of cases the321

selected vertex could not be associated with the decay products of either b quarks and is most322

likely spurious, either from a light quark from a hadronic W boson decay, or from a gluon or323

light quark from initial-state radiation.324

Figure 5 shows the observed lepton-vertex invariant mass distribution for a combination of all325

five channels, compared to simulated distributions at three different generated top quark mass326

⇒ Better MC-to-data agreement for Z2∗LEP rb
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√
s = 8 TeV, L = 19.7 fb−1
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Fragmentation modeling

mmmt from mmmsv`̀̀
PRD 93(2016)2006PRD 93(2016)2006

mmmt from mmmJ/ψ+`/ψ+`/ψ+`
CMS PAS TOP-15-014 (2016)CMS PAS TOP-15-014 (2016)
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Importance of a precise mmmt determination
The electroweak fit

and indirect measurement of mmmW

EPJC 74(2014)3046EPJC 74(2014)3046

The electroweak vacuum stability
JHEP 1208(2012)098JHEP 1208(2012)098

Rare decays such as Bs→ µ+µ−→ µ+µ−→ µ+µ−

�
W−

t ν

W+
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b
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µ−

�W± t̄

Z0/γt
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�t W−
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From the Lagrangien parameters to the observables

mq mass:

Lagrangien parameter

1. Field quantification

2. Gauge fixing
→ Feynman rules

�
=

i

/p−mq

3. Regularization
→ loop integrals

�4. Renormalization
→ series of perturbative corrections

⇒ As many mass definitions as
renormalization schemes

Pole mass:
real part of the propagator singularity for
each order of the perturbative theory

I invariant mass of a free particle
I ∆∼ 200 MeV

MS, PS, MSR. . . masses:

I short-distance masses

I convenient to parameterize the Yukawa
coupling to the Higgs boson

Monte Carlo generator definition:

I interpretation depends on how much MC
simulations are based on QCD

I mMC
t = mt(R = 3+6

−2 GeV)

↪→ can be perturbatively related to mpole
t

NPPS 185(2008)220NPPS 185(2008)220
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The ideogram method
I For each event, a likelihood to observe the event is calculated:

Levent(x |mt, ft̄t) = ft̄t ·Pt̄t(x |mt) + (1− ft̄t) ·Pbkg(x)

where x is the set of variables which characterizes the event, ft̄t is the fraction of t̄t events in
the data sample, and Pt̄t and Pbkg the probability densities for t̄t and background events
respectively

I The probabilities are calculated as a weighted sum over all possible combinations from the
kinematic fit:

wi = exp

(
−1

2
χ

2
)
·wbtag with wbtag = ∏

j∈jets
pj

where the b-tag probability pj can be either εl , (1− εl ), εb, or (1− εb) depending on the
hypothesized flavor of the jet (light or b-jet)

I Considering the number of b-tagged jets nbtag, signal and background probabilities to
observe a set of mass variables xmass can be written as:

Pt̄t(x |mt) = Pt̄t(nbtag) ·Pt̄t(xmass|mt) and Pbkg(x) = Pbkg(nbtag) ·Pbkg(xmass)

I The t̄t signal probability can be expressed as:

Pt̄t(xmass|mt) =
24

∑
1

wi

(
fcp ·

∫ mmass

mmin

dm′ ·G(m′|mi ,σi ) ·BW(m′|mt,Γt) + (1− fcp) ·WP(mi |mt)

)

I The overall sample likelihood is calculated by combination:
Lsample(mt, ft̄t) = ∏

j
Levent,j (mt, ft̄t)
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The analytical matrix weighting technique (AMWT)

I The top-quark mass is used as a constrain to close the kinematic system

I To determine a preferred value of mt, a weight is determined as:

w =
(
∑F(x1)F(x̄2)

)
·p(E∗`+ |mt) ·p(E∗`− |mt)

where xi are the Björken values of the initial state partons, F(x) is the parton distribution
function, and p(E∗|mt) the probability of observing a charged lepton of energy E∗ in the
rest frame of the top-quark given a top-quark mass of mt

I Each event is reconstructed 1 000 times drawing a random number for the jet momenta.
The weight is averaged over all resolution samples.

I For each event, the mt hypothesis with maximum average weight is taken as the
reconstructed top-quark mass mAMWT

I Using simulated t̄t samples generated with mt values between 151 and 199 GeV in steps
of 3 GeV, a binned likelihood fit is performed for 100 < mAMWT < 300 GeV
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The bi-event subtraction technique
Combinatorial background estimation from data

I Pairing all jets in a given event X with all jets from a neighboring event Y

I same jet multiplicity for both events
I ∆R > 0.5 for all considered jet pairs

I All combinations jjb of 2 non-b-tagged jets and 1 b-tagged jets

I non resonant background to W: jXjYbX

I wrong combination of b-tagged jets with W candidates: jXjXbY
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The Gaussian Processes regression technique
Shape estimation

Advantages

I non parametric method I trained as a function of several variables simultaneously

Training

I point uuui = (xi ,mti ,JSFi ), value of the shape f (uuui ) = f (xi |mti ,JSFi )
↪→ training each GP shape with binned x distributions for several mt and JSF values

I f (uuui ) distributed according to a 1D Gaussian rather than being treated as an exact quantity
↪→ most probable value at the point uuui as mean,

variance related to the inherent modeling uncertainty

I degree to which the GP shape is allowed to vary between uuui and uuuj determined by the
correlation between f (uuui ) and f (uuuj )
↪→ cov(f (uuui ), f (uuuj )) determined by a kernel function set by the user
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