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Top mass measurement

top mass measurement methods @ LHC
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Top Quark Mass

[LEP EWWG]

Reminder:

Radiative corrections
connect mW, mt, and mH ...

Top mass 
measurement:

Tevatron Run II: 
Top mass better than 1%
[Best measured quark mass]

Reached after 5+ years

LHC: top mass to 
better than 1 GeV

➛ very challenging

mt = 173.3 ± 1.1 GeV



To
ni

 B
ar

on
ce

lli 
Ex

pe
rim

en
ta

l H
ig

h 
En

er
gy

 P
hy

si
cs

 a
t C

ol
lid

er
s 

W
in

te
r 2

01
8-

19

Toni Baroncelli - INFN Roma TRE                                                  Physics at Hadron Colliders

In-situ JES Calibration

CDF Top Mass Measurement 2009
[http://www-cdf.fnal.gov/.../mtm3_p23_public/]

2D Likelihood Profile

Dominant uncertainty of top mass: Jet energy scale (JES)

Idea (for lepton+jets): hadronic top decay chain contains 
decay W ➛ qq’ with well-known W mass [23 MeV vs. > 10 GeV]

“In-situ JES calibration”: measure top mass and JES simultaneously
[JES from known W mass]

JES
constraint

http://www-cdf.fnal.gov/physics/new/top/2009/mass/mtm3_p23_public/
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Likelihood Methods

x1 x2

Goal: estimate parameter μ (e.g. top mass) from 
set of measurements x = (x1, x2, …)

Known probability density distribution to observe 
value xi for a given value of μ: P(xi|μ), e.g. Poisson distribution

Construct joint probability (“likelihood function”) for full set of 
measurements x by multiplying individual probabilities

Maximum likelihood method: get estimator for μ from:

In pictures: 

In practice: minimize

Find 
maximum of L
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Matrix Element Technique

Matrix element technique (a.k.a. dynamic likelihood)
Idea: full parton kinematics contained in (squared) matrix 

element for partonic subprocess
Likelihood using matrix elements ... 
best possible use of event information

First application to top quark mass in lepton+jets channel ... 
[DØ, Nature 429 (2004) 638]

Restrictions: 
Not all particles can be measured;
transfer function required [translation from partons to hadrons]

Only LO matrix elements for signal and most important 
background processes; higher order effects ignored
Numerical integration over unmeasured variables [order of 20]
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Matrix Element Technique

Parameter to account for Parameter to account for 

CDF Top Mass Measurement – lepton + hads

1 top leptonic decay + 
1 top hadronic decay

1 lepton + 2 b-jets + 2 jets from W decay 4 jets = 4x3x2 combinations
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Matrix Element Technique

Parameter to account for 

CDF Top Mass Measurement - 2
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Tevatron Top Mass 2010

8 years of Tevatron 
[Run II & Run I]

Consistency across 
top decay channels

Consistency across 
various analysis methods

Ultimate precision: 
Combination of results 
taking all known correlations 
into account ...

Total uncertainty: 0.75%
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Tevatron & LHC Top Mass 2014
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Top Mass Tevatron & LHC pdg 2017
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New CMS top-mass measurement

Top Mass @ 8 TeV, CMS
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D0 top mass measurement

Top Mass D0, Tevatron
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Top Mass @ LHC using Cross Sections
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Collection of top-mass measurements
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Top quark mass in the dilepton analysis

In the ttbar 2-lepton channel both W’s decay leptonically

2 neutrinos in the final state pTmiss associated to the sum of 
momenta of 2 neutrinos.
Overcome this problem by using mT2, also known as 
‘stransverse mass’, used in topologies with 2 pair-
produced particles decaying into a pair of undetected 
particles.

It is a lower bound of the parent particle mass

Pbs: pairing and guessing 
energies of 2 neutrinos
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Definition of mT2, stransverse mass

kinematically allowed trial values of the invisible particles’ 
transverse momenta

“vis” stands for “lepton” in this case, “invis” for missing unknown 
neutrino energy

means “guess” the undetected neutrino energy and pair it to each of 
the 2 leptons; take the larger value

Stranverse mass - 1
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mT2

Vary               over all 
kinematically allowed 
values, constraints:            

Use MC to get templates for 
different top mass 

Stranverse mass - 2
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Calibration curve of mT2

Average value of mT2

Stranverse mass – Closure test

mT2 and mtop linearly 
correlated
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Results on mtop for the 2-lepton analysis



To
ni

 B
ar

on
ce

lli 
Ex

pe
rim

en
ta

l H
ig

h 
En

er
gy

 P
hy

si
cs

 a
t C

ol
lid

er
s 

W
in

te
r 2

01
8-

19

Toni Baroncelli - INFN Roma TRE                                                  Physics at Hadron Colliders

Bias in mTop determination

mTop determination with the lepton+jets channel
Best method at LHC 

Topology: 4 jets (2 b-tagged), 1 lepton, missing energy

W1 W2
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Description of the methods

2 different methods:
1 dimensional fit of “R32”
2 dimensional fit mTop & JES

Event selection:
1 lepton with pT>25(20) GeV for electrons(muons)
ETmiss>20GeV
Njets >=4 with pT>25GeV
At least 1 b-tagged jet

Definition of

In the ratio some 
systematics cancel (JES)
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The 1 dimensional method

Problem: There are 4 jets in the 
event, mW and mtop implies
identifying which 3 jets to use. This 
is done with a kinematical fit which 
maximizes the event likelihood

??
?
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The per event likelihood

Transfer function derived by MC

generator 
predicted 
quantities

per event top quark mass 
maximizing the likelihood

The 1 dimensional method
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The performance of the fit (using MC events where 
we know all the thruth)

Maximum likelihood

Minimum likelihood
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R32 is a superposition of signal and background

Once you you know the kinematics of your event you compute

Background

top

You can check your method using MC, check you reconstruct the same mtop you 
generated
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R32 in data, fit the data 
as superposition of signal & background

2 fit parameters: mtop and fraction of top events



To
ni

 B
ar

on
ce

lli 
Ex

pe
rim

en
ta

l H
ig

h 
En

er
gy

 P
hy

si
cs

 a
t C

ol
lid

er
s 

W
in

te
r 2

01
8-

19

Toni Baroncelli - INFN Roma TRE                                                  Physics at Hadron Colliders

Results of the R32 method
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The 2-dimensional fit

Fit parameters:
mtop, JSF, % 
background 

events

Likelihood computed for all N events

Method tested 
using pseudo 

MC 
experiments; 
good linearity 

found
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The shapes used in the likelihood fit
analytical function fitting the MC points
Gaussian (bckg) and Landau (signal)
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The 2-dim fit results & summary

Background

Background+Signal
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Summary of the lepton+jets analysis

Fit results compatible, similar errors

Correlations!
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Top Properties @ LHC
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Decay t ➛ Wb governed by weak force, i.e. V–A decay?
SM prediction: no “right-handed” W bosons 
from top decays

Observable: cos θ* 
i.e. angle between lepton and
top boost direction in W rest frame ...

W Helicity from Top Decays

W

Spin –1

Left-Handed

W

0

Longitudinal

W

Spin +1

Right-Handed Forbidden 
in Standard Model

Illustration that the top mass 
cannot decay into a right-

handed W-boson

The angle theta* is defined as the angle between
the charged lepton and -direction of the b-quark from the decay of the top quark. All 

boosted to the W test frame
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Differential cross section decomposed into helicity states:

SM prediction for helicity fractions [LO, mb = 0]:

Physical picture: 
Top quark: large mass ➛ large Higgs (Yukawa) coupling
Longitudinal d.o.f. of W bosons generated by Higgs mechanism 
Thus: top quark prefers to couple to longitudinal W ...

W Helicity from Top Decays

[see later]
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CDF result: 
2D fit to Flong and FRH

Flong = 0.88 ± 0.13 [stat.+syst.]

FRH = –0.15 ± 0.09 [stat.+syst.]

LHC expectations (1 fb–1): 

Reduce uncertainties 
to 0.04–0.05 [stat.+syst.]

More detailed studies of anomalous tWb couplings ... 
Combination of top pair and single top measurements 
[already tried at DØ: Phys. Rev. Lett. 102 (2009) 092002]

W Helicity from Top Decays at the Tevatron

FR
H

=

Flong =

SM

CDF; Measurement of W Helicity Fraction
[http://www-cdf.fnal.gov/physics/new/top/2008/tprop/Whel_ME/]

Confidence Intervals

Use likelihood
method

[Flong + FRH + FLH = 1 ]

http://www-cdf.fnal.gov/physics/new/top/2008/tprop/Whel_ME/
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W-Boson polarization
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Comparison data / MC of cos(theta*)
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Top polarization

Theta is the polar angle between
the charged lepton in the parent top 

quark’s rest frame 

A complete reconstruction of the ttbar 
system is needed!
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Top spin correlation
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Top charge: is it -4/3?
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Rare Top Decays

[CERN-OPEN-2008-20]

Strategy in flavor physics: 
Probe high-energy phenomena 
via loop effects [see later]

Example: 
Flavor changing neutral currents

Extremely small in the SM, 
e.g. BR(t ➛ Zq) = 10–14

Enhanced in many new physics 
scenarios, up to 10–4

Tevatron: only weak limits, 
e.g. BR(t ➛ Zq) < 3.7×10–2 [@ 95% C.L.]

LHC: improve by 2–3 orders ...

Penguin diagram
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Additional Slides



To
ni

 B
ar

on
ce

lli 
Ex

pe
rim

en
ta

l H
ig

h 
En

er
gy

 P
hy

si
cs

 a
t C

ol
lid

er
s 

W
in

te
r 2

01
8-

19

Toni Baroncelli - INFN Roma TRE                                                  Physics at Hadron Colliders

mt vs mW in pdg 2017


