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Motivation for Top Properties
• Top is heaviest quark

o may play an unusual role
• Is top a SM quark?

o in addition to production
o measurement of properties, 

mass, and couplings
• Top mass: Precision needed 

to test Electroweak theory 
given a Higgs-like boson at 
125 GeV
o Global consistency
o EW vacuum stability!
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Outline
• Top mass

o hadronic, semi-leptonic, dileptonic channels
o (complementary techniques)
o study of kinematic dependence for mt measurement

• Top couplings
o bottom quark content in top decay using t-tbar events: |Vtb|
o Wtb couplings from W Helicity analysis

• From t-tbar events in dilepton channel
• From single top topologies
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First public presentation at this conference!



Precision of combination equal to Tevatron combinationMost precise measurements in all channels

 [GeV]topm
160 165 170 175 180 185-0.5

7.8

Tevatron 2012 combination  0.8± 0.6 ±173.2 
arXiv:1207.1069v2 up to 5.8/fb  syst.)± stat. ±(val. 

CMS combination  0.9± 0.4 ±173.4 
up to L= 5.0/fb  syst.)± stat. ±(val. 

CMS 2011 all-jets  1.3± 0.7 ±173.5 
PAS-TOP-11-017 (L=3.54/fb)  syst.)± stat. ±(val. 

CMS 2011 lepton+jets  1.0± 0.4 ±173.5 
arXiv:1209.2319 (L=5.0/fb)  syst.)± stat. ±(val. 

CMS 2011 dilepton  1.5± 0.4 ±172.5 
arXiv:1209.2393 (L=5.0/fb)  syst.)± stat. ±(val. 

CMS 2010 lepton+jets  2.7± 2.1 ±173.1 
)-1PAS-TOP-10-009 (L=36 pb  syst.)± stat. ±(val. 

=7 TeVsCMS Preliminary, CMS 2010 dilepton  4.6± 4.6 ±175.5 
)-1JHEP 07 (2011) (L=36 pb  syst.)± stat. ±(val. 

=7 TeVsCMS Preliminary, 

CMS combined result

CMS Preliminary
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CMS Mass Measurements
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• Leading systematic uncertainties:
◦ JES & flavor dependence
◦ renormalization/factorization scale

• Best mt measurement using dileptons

mt in dilepton channel

• 5.0 fb-1 pp @ √s=7 TeV

• Analytical Matrix Weighting Technique
o take combination with largest weight w

5

EPJC 72 (2012) 2202

tt̄!WbWb! (`+⌫`b)(`�⌫̄`b)

mt=172.5 ± 0.4 (stat) ± 1.5 (syst) GeV
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Figure 2: Distribution of the reconstructed mass in data and simulation for a top-quark mass
hypothesis of 172.5 GeV with the AMWT method. All events used in the analysis are included
in the distribution. The inset shows �2 ln(L/Lmax) versus mt with the quadratic fit superim-
posed.

6 Systematic uncertainties

The contributions from the different sources of uncertainty are summarised in Table 2. The un-
certainty of the overall jet energy scale (JES) is the dominant source of uncertainty on mt. The
JES is known with an uncertainty of 1–3%, depending on the pT and h of the jet [26]. Even in a
high-pileup regime such as the one observed throughout the 2011 data taking period, the JES
uncertainty is mostly dominated by the uncertainties on the absolute scale, initial- and final-
state radiation, and corrections arising from the fragmentation and single-particle response in
the calorimeter. It has been evaluated for 16 independent sources of systematic uncertainty.
To estimate the effect of each source on the measurement of mt, the (pT, h)-dependent uncer-
tainty is used to shift concurrently the energy of each jet by ±1s with respect to its nominal
value, and correcting the Emiss

T accordingly. For each source, pseudo-experiments are gener-
ated from simulated event samples for which the JES is varied by the relevant uncertainty,
and the reconstructed top-quark mass distributions are fitted with the templates derived with
the nominal JES. The average variation of the top-quark mass is used to estimate the system-
atic uncertainty. The quadratic sum of the variation for each source is taken as the system-
atic uncertainty. The uncertainty on pileup corrections to the jet energy calibration (5 sources)
correspond to a combined uncertainty of 0.53 GeV on mt. Another important contribution is
the overall data-to-simulation scale calibrated in photon+jet events, yielding a 0.51 GeV un-
certainty. Other contributions are related to limited knowledge of the single-pion response
(+0.2
�0.3 GeV) and fragmentation models (0.3 GeV) used in the extrapolation as a function of jet pT.

We also include a time-dependent effect (0.2 GeV) related to variations in calorimeter response
in the endcaps. Residual eta-dependent corrections based on dijet balance studies (6 sources)
yield a negligible uncertainty on mt (0.03 GeV). All these sources added in quadrature give a
combined JES uncertainty of +0.90

�0.97 GeV. The final component of JES uncertainty corresponds to
the uncertainty on the modeling of jet flavour dependence of the jet energy scale (+0.76

�0.66 GeV)
which is quoted separately in Table 2.

The uncertainty due to jet energy resolution is evaluated from pseudo-experiments where the

w =
n

X

f(x1)f(x2)
o

p(E⇤
`+ |mt)p(E⇤

`� |mt)

Sum over initial state partons
uu, dd, gg

probability density for 
El in top rest frame

9934 Events
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Figure 1: (a) Reconstructed top-quark mass from the kinematic fit, (b) average reconstructed
W-boson mass, (c) goodness-of-fit probability, and (d) the distance between the two b-tagged
jets after all selection steps. The simulated tt signal and the modeled background from event
mixing are normalized to data. The uncertainty band indicates the uncertainty from the signal
fraction fsig. The top-quark mass assumed in the simulation is 172.5 GeV.
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Figure 5: (a) The 1-D likelihood profile with the JES fixed to unity measured on 3.54 fb�1 2011
data. (b) The 2-D likelihood measured on 3.54 fb�1 2011 data. The contours correspond to 1s,
2s and 3s statistical uncertainty.

8 Results

We select 2418 events out of 3.54 fb�1 of 2011 data taken by the CMS detector and measure
with a fixed JES=1:

mt = 173.49 ± 0.69 (stat.) ± 1.25 (syst.) GeV

The overall uncertainty of the presented 1-D analysis is 1.43 GeV. The likelihood used in the
1-D measurement is shown in Fig. 5 (a).

A simultaneous fit of the top-quark mass and JES to the same data yields:

mt = 174.28 ± 1.00 (stat.+JES) ± 1.46 (syst.) GeV
JES = 0.991 ± 0.008 (stat.) ± 0.015 (syst.)

The measured JES confirms the JES for particle-flow jets in data measured in events with Z
bosons and photons [12]. The overall uncertainty in the top-quark mass of the presented 2-D
analysis is 1.77 GeV. As the top-quark mass and JES are measured simultaneously, the uncer-
tainty in the top-quark mass combines the statistical uncertainties arising from both compo-
nents. Figure 5 (b) shows the 2-D likelihood obtained from data.

The measured top-quark masses in both analyses are in agreement, but the 1-D analysis has a
better precision than the 2-D analysis.

9 Summary

A measurement of the top-quark mass is presented using events with at least six jets in the
final state, collected by CMS in pp collisions at

p
s = 7 TeV in 2011. The complete kinematics
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• Measure mt with Ideogram method
◦ analytic event-by-event likelihood 

calibrated using simulation
• JES dominant systematic (1.09 GeV)
• Most precise mt using this channel

mt from all hadronic channel

• At least 6 jets, two b-tagged 
• Kinematic fit using mW and mt=mtbar (3 dof)

◦ improves jet-parton assignment & resolution
◦ Require Pgof(χ2)>0.09
◦ Take permutation with best χ2

• Model multijets from data using event 
mixing in preselected sample

6

mt = 173.49±0.69(stat)±1.25(syst)

CMS PAS TOP-11-017



 [GeV]topm
160 165 170 175 180 185-0.5

6.8

CMS combination  0.9± 0.4 ±173.4 
up to L= 5.0/fb  syst.)± stat. ±(val. 

CMS 2011 all-jets  1.3± 0.7 ±173.5 
PAS-TOP-11-017 (L=3.54/fb)  syst.)± stat. ±(val. 

CMS 2011 lepton+jets  1.0± 0.4 ±173.5 
arXiv:1209.2319 (L=5.0/fb)  syst.)± stat. ±(val. 

CMS 2011 dilepton  1.5± 0.4 ±172.5 
arXiv:1209.2393 (L=5.0/fb)  syst.)± stat. ±(val. 

CMS 2010 lepton+jets  2.7± 2.1 ±173.1 
)-1PAS-TOP-10-009 (L=36 pb  syst.)± stat. ±(val. 

CMS 2010 dilepton  4.6± 4.6 ±175.5 
)-1JHEP 07 (2011) (L=36 pb  syst.)± stat. ±(val. 

=7 TeVsCMS Preliminary, =7 TeVsCMS Preliminary, 

CMS combined result

CMS Preliminary

4 5 Ideogram method

 [GeV]reco
Wm

0 100 200 300

P
e

rm
u

ta
tio

n
s 

/ 
5

 G
e

V

1000

2000

3000

4000

5000

6000

7000

8000
 unmatchedtt

 wrongtt

 correcttt

 uncertaintytt

Z+jets

W+jets

single top

)-1Data (5.0 fb 

 = 7 TeV, l+jetssCMS,  

(a)

 [GeV]reco
tm

100 200 300 400

P
e

rm
u

ta
tio

n
s 

/ 
5

 G
e

V

500

1000

1500

2000

2500

3000

3500

4000
 unmatchedtt

 wrongtt

 correcttt

 uncertaintytt

Z+jets

W+jets

single top

)-1Data (5.0 fb 

 = 7 TeV, l+jetssCMS,  

(b)

 [GeV]reco
Wm

0 100 200 300

S
u

m
 o

f 
p

e
rm

u
ta

tio
n

 w
e

ig
h

ts
 /

 5
 G

e
V

500

1000

1500

2000

2500

3000
 unmatchedtt

 wrongtt

 correcttt

 uncertaintytt

Z+jets

W+jets

single top

)-1Data (5.0 fb 

 = 7 TeV, l+jetssCMS,  

(c)

 [GeV]fit
tm

100 200 300 400

S
u

m
 o

f 
p

e
rm

u
ta

tio
n

 w
e

ig
h

ts
 /

 5
 G

e
V

200

400

600

800

1000

1200

 unmatchedtt

 wrongtt

 correcttt

 uncertaintytt

Z+jets

W+jets

single top

)-1Data (5.0 fb 

 = 7 TeV, l+jetssCMS,  

(d)

Figure 1: Reconstructed masses of (a) the W bosons decaying to qq pairs and (b) the corre-
sponding top quarks, prior to the kinematic fitting to the tt hypothesis. (c) and (d) show, respec-
tively, the reconstructed W-boson masses and the fitted top-quark masses after the goodness-
of-fit selection and the weighting by Pgof. The distributions are normalized to the theoretical
predictions described in Refs. [17–19]. The uncertainty on the predicted tt cross section is indi-
cated by the hatched area. The top-quark mass assumed in the simulation is 172.5 GeV.

4 5 Ideogram method
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Figure 1: Reconstructed masses of (a) the W bosons decaying to qq pairs and (b) the corre-
sponding top quarks, prior to the kinematic fitting to the tt hypothesis. (c) and (d) show, respec-
tively, the reconstructed W-boson masses and the fitted top-quark masses after the goodness-
of-fit selection and the weighting by Pgof. The distributions are normalized to the theoretical
predictions described in Refs. [17–19]. The uncertainty on the predicted tt cross section is indi-
cated by the hatched area. The top-quark mass assumed in the simulation is 172.5 GeV.

28 Feb 2013 La Thuile Top Properties at CMS - Karl.Ecklund@rice.edu

mt in l+jets channel 7 TeV

•  Event Selection
o Exactly 1 e± or μ± |η|<2.1,pT>30 GeV
o Four or more jets pT>30 GeV & 2 b-tags

• Kinematic Fit (2 d.o.f.)
o mt free but require mt=mtbar & mW=80.4 GeV
o Require Pgof(χ2)>0.2
o correct permutations: 13%→44%

• Sample of 5174 events in 5.0 fb-1 pp @ √s=7 TeV
7

JHEP 12 (2012) 105

tt̄!WbWb! (`⌫b)(jjb)
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Figure 1: Reconstructed masses of (a) the W bosons decaying to qq pairs and (b) the corre-
sponding top quarks, prior to the kinematic fitting to the tt hypothesis. (c) and (d) show, respec-
tively, the reconstructed W-boson masses and the fitted top-quark masses after the goodness-
of-fit selection and the weighting by Pgof. The distributions are normalized to the theoretical
predictions described in Refs. [17–19]. The uncertainty on the predicted tt cross section is indi-
cated by the hatched area. The top-quark mass assumed in the simulation is 172.5 GeV.
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Figure 1: Reconstructed masses of (a) the W bosons decaying to qq pairs and (b) the corre-
sponding top quarks, prior to the kinematic fitting to the tt hypothesis. (c) and (d) show, respec-
tively, the reconstructed W-boson masses and the fitted top-quark masses after the goodness-
of-fit selection and the weighting by Pgof. The distributions are normalized to the theoretical
predictions described in Refs. [17–19]. The uncertainty on the predicted tt cross section is indi-
cated by the hatched area. The top-quark mass assumed in the simulation is 172.5 GeV.
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mt in l+jets channel 7 TeV

8

JHEP 12 (2012) 105

P(χ2)>0.2

P(χ2)>0.2

•  Event Selection
o Exactly 1 e± or μ± |η|<2.1,pT>30 GeV
o Four or more jets pT>30 GeV & 2 b-tags

• Kinematic Fit (2 d.o.f.)
o mt free but require mt=mtbar & mW=80.4 GeV
o Require Pgof(χ2)>0.2
o correct permutations: 13%→44%

• Sample of 5174 events in 5.0 fb-1 pp @ √s=7 TeV

tt̄!WbWb! (`⌫b)(jjb)
 [GeV]topm

160 165 170 175 180 185-0.5

6.8

CMS combination  0.9± 0.4 ±173.4 
up to L= 5.0/fb  syst.)± stat. ±(val. 

CMS 2011 all-jets  1.3± 0.7 ±173.5 
PAS-TOP-11-017 (L=3.54/fb)  syst.)± stat. ±(val. 

CMS 2011 lepton+jets  1.0± 0.4 ±173.5 
arXiv:1209.2319 (L=5.0/fb)  syst.)± stat. ±(val. 

CMS 2011 dilepton  1.5± 0.4 ±172.5 
arXiv:1209.2393 (L=5.0/fb)  syst.)± stat. ±(val. 

CMS 2010 lepton+jets  2.7± 2.1 ±173.1 
)-1PAS-TOP-10-009 (L=36 pb  syst.)± stat. ±(val. 

CMS 2010 dilepton  4.6± 4.6 ±175.5 
)-1JHEP 07 (2011) (L=36 pb  syst.)± stat. ±(val. 

=7 TeVsCMS Preliminary, =7 TeVsCMS Preliminary, 

CMS combined result

CMS Preliminary
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Figure 6: (a) The 2D likelihood (�2D log (L)) measured for the `+jets final state. The ellipses
correspond to statistical uncertainties on mt and JES of one, two, and three standard devia-
tions. (b) The statistical uncertainty distribution obtained from 10 000 pseudo-experiments is
compared to the uncertainty of the measurement in data of 0.43 GeV.

effects, the mean of the mreco
W distribution shifts relative to the reference sample, leading to an

additional uncertainty on mt for the simultaneous fit.

8 Measurement of the mass of the top quark

Using the selected samples, we measure:

µ+jets: mt =173.22 ± 0.56 (stat.+JES) ± 1.06 (syst.) GeV, JES = 0.999 ± 0.005 (stat.) ± 0.008 (syst.),
e+jets: mt =173.72 ± 0.66 (stat.+JES) ± 1.00 (syst.) GeV, JES = 0.989 ± 0.005 (stat.) ± 0.007 (syst.).

The combined fit to the 5174 `+jets events in the two channels yields:

mt = 173.49 ± 0.43 (stat.+JES) ± 0.98 (syst.) GeV,
JES = 0.994 ± 0.003 (stat.) ± 0.008 (syst.).

The overall uncertainty of the presented measurement is 1.07 GeV on the top-quark mass from
adding the components in quadrature. The measured JES confirms that obtained from events
with Z bosons and photons [20].

Figure 6 (a) shows the 2D likelihood obtained from data. As depicted in Fig. 6 (b), the uncer-
tainty of the measurement agrees with the expected precision from the pseudo-experiments.
As the top-quark mass and the JES are measured simultaneously, the statistical uncertainty on
mt combines the statistical uncertainty arising from both components of the measurement.

We estimate the impact of the simultaneous fit of the jet energy scale by fixing the JES to unity.
This yields mt = 172.97± 0.27 (stat.)± 1.44 (syst.) GeV. The larger systematic uncertainty stems
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mt in l+jets channel 7 TeV

• Ideogram method
o Analytic Likelihood function
o calibrated using simulation

• Jointly fit for mt and light-flavor 
Jet Energy Scale

• Leading systematic uncertainties 
o color reconnection
o b-jet energy scale

9

mt=173.49 ± 0.43 (stat+JES) ± 0.98 (syst) GeV

JHEP 12 (2012) 105

L(sample|mt, JES) =
Y

events

 
nX

i=1

cP
gof

(i)P (mfit

t,i, m
reco

W,i |mt, JES)

!wevent

-2ΔlnL

Best single analysis measurement of mt!
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effects, the mean of the mreco
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additional uncertainty on mt for the simultaneous fit.

8 Measurement of the mass of the top quark

Using the selected samples, we measure:

µ+jets: mt =173.22 ± 0.56 (stat.+JES) ± 1.06 (syst.) GeV, JES = 0.999 ± 0.005 (stat.) ± 0.008 (syst.),
e+jets: mt =173.72 ± 0.66 (stat.+JES) ± 1.00 (syst.) GeV, JES = 0.989 ± 0.005 (stat.) ± 0.007 (syst.).

The combined fit to the 5174 `+jets events in the two channels yields:

mt = 173.49 ± 0.43 (stat.+JES) ± 0.98 (syst.) GeV,
JES = 0.994 ± 0.003 (stat.) ± 0.008 (syst.).

The overall uncertainty of the presented measurement is 1.07 GeV on the top-quark mass from
adding the components in quadrature. The measured JES confirms that obtained from events
with Z bosons and photons [20].

Figure 6 (a) shows the 2D likelihood obtained from data. As depicted in Fig. 6 (b), the uncer-
tainty of the measurement agrees with the expected precision from the pseudo-experiments.
As the top-quark mass and the JES are measured simultaneously, the statistical uncertainty on
mt combines the statistical uncertainty arising from both components of the measurement.

We estimate the impact of the simultaneous fit of the jet energy scale by fixing the JES to unity.
This yields mt = 172.97± 0.27 (stat.)± 1.44 (syst.) GeV. The larger systematic uncertainty stems

28 Feb 2013 La Thuile Top Properties at CMS - Karl.Ecklund@rice.edu

Study of mt dependence on kinematics
• Investigation of possible 

biases on mt through study 
of kinematic distributions
o Color reconnection effects
o Radiative effects ISR/FSR
o b-quark kinematics

• Use same sample & 
technique as l+jets
o 2D mass and JES fit
o now binned in 12 variables
o Shifts in mt and JES studied
o Compared to MC models
•MadGraph+Pythia Z2,P11
•MC@NLO+Herwig6
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mt and color reconnection

• Empirical model
o finite probability for color 

reconfiguration
o MadGraph+PYTHIA
o MC@NLO+Herwig 6

• Largest systematic for l+jet mt
o Pythia P11 and P11noCR

• No sign of extreme effects here!
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CMS PAS TOP-12-029

ΔRqq=(Δη2+Δφ2)½

New!
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mt and color reconnection

• MC@NLO best match for 
Nentries for lowest pT bin

• No significant dependence 
below 200 GeV
o 2D fit compensates
o Onset of jet merging at 200 GeV

• No sign of extreme effects here!
o all MC models track well
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Colour reconnections

Empirical model:
Finite probability for
change of colour
configuration
Improved description
of hpT i vs. Nch in
minimum-bias events
P11 vs. P11noCR:
Largest model
uncertainty in
TOP-11-015

Color �ow
Color connection
Color reconnection

Observables: �Rqq̄, ��qq̄, pT ,t,had ,
��⌘t,had

��

Models: MadGraph+Pythia Z2, P11, P11noCR; MC@NLO+Herwig 6
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pT hadronically decaying top

New!
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mt and initial/final state radiation

• Measure of ISR
• Small dependence 

compensated by 2D fit

13

CMS PAS TOP-12-029

pT top-antitop system

Initial and final state radiation

Observables
HT

mtt̄

pT ,tt̄

Jet multiplicity
Models

MadGraph+Pythia Z2
Powheg+Pythia Z2
MC@NLO+Herwig 6

O

O
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Study of mt dependence on kinematics
• 12 observables studied
• Global agreement is good: 

○ χ2=68.58/78 dof P=0.77
• All MC simulation codes & tunes 

following trends well within statistics
○ MadGraph+PYTHIA Z2, P11, 

P11noCR
○ POWHEG+PYTHIA Z2
○ MC@NLO+HERWIG

14

CMS PAS TOP-12-029

• First mass measurement binned in kinematic variables
○ including variables suggested by theoretical community

• Based on single most precise measurement
• Results rule out extreme or dramatic effects
• Valuable input for interpretation of mt measurements for EW fits
• Builds confidence in systematic & theoretical effects for mt meas.

New!

Color
reconnection

ISR/FSR

B-jet kinematics}

Fig. Observable m1D
t c2 JES c2 m2D

t c2 Ndf
DRqq 1.01 3.41 1.49 3
Dfqq 2.31 2.18 2.89 3
pT,t,had 9.40 7.83 2.41 4
|ht,had| 0.41 3.33 3.17 3
HT 3.18 1.19 2.24 4
mtt 2.52 2.98 2.25 4
pT,tt 3.39 1.67 2.18 4

8 Jet multiplicity 1.47 2.00 1.56 2
pT,b,had 0.81 2.35 2.17 4
|hb,had| 2.64 0.30 0.48 2
DRbb 4.87 2.61 8.01 3
Dfbb 2.87 3.85 6.86 3

}
}

Shown
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“Street Cred” 
for precise mt



• 16.7 fb-1 pp @√s=8 TeV 
•  

o high purity sample 70-90%
o two isolated leptons e or μ : pT>20
o at least two jets pT>30
o for ee, μμ: missing ET > 40 GeV

28 Feb 2013 La Thuile Top Properties at CMS - Karl.Ecklund@rice.edu

• Measure top only with kinematics 
& no b-tags

• Count b-tags to measure R

b content in top decay: |Vtd|

15

CMS PAS TOP-12-035

Estimate purity
of sample

Ntt/Nevt

Estimate number 
of t→Wq

reconstructed

Compare number 
of b-tagged jets
with expected

•Use kinematic info for 
data-driven Drell Yan 
estimate (dominant)

•Constrain single top 
tW from simulation

•Use M(lb) kinematics
•Categorize by # jets 

from top: 0, 1, 2

•Measure b-tag efficiency 
with independent 
sample of dijet events

• count b tags
• compare with data-

driven probabilities

R =
B(t!Wb)P
B(t!Wq)

= |Vtb|2tt̄!WqWq ! (`+⌫`q)(`�⌫̄`q)

Fit for R from measured b-tag multiplicities using
data-driven b-tag efficiency & probability functions

3 Gen. SM

P. Silva CERN PH-LHC Seminar

32

32/51Single top: tW-channel
Final state: 2 leptons+1 b-jet+E

T
miss   

At LO similar to top pair event with dilepton and only 1 b-jet in *nal state

2nd b-jet veto is applied for signal region

Balance (p
T
 of the system):

Categorize events according to number of jets and b-tagging multiplicity

Compare *t from cut and count  to *t to multivariate discriminator

R
e
s
u

lt
s

arXiv:1209.3489, submitted to PRL

BDT
4σ significance

Cut and count
3.2σ significance

Cut and count events with H
T
>60 GeV H

T
, balance, leading jet p

T
, min Δφ(lepton,E

T
miss)

NEW

New!



8 4 Probing the heavy flavor content
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Figure 3: Comparison of the data with the correct and misassigned components of the lepton-
jet invariant mass spectrum for ee + µµ (left) and eµ (right) events. The top plots compare the
result of the fit including the modeling of the misassigned component from data. The bottom
plots show the result obtained after subtracting the background component to the data. The
background-subtracted distribution is compared to the direct expectations from the signal.
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b content in top decay: |Vtd|

• Model combinatoric background with 
randomly rotated leptons

• Normalized to control region M>180 GeV

16

Counting correctly reconstructed t →Wq qlν

4.1 Jet misassignment estimate 7

It is possible to conclude that the combinations with Ml,j >180 GeV are dominated by wrongly212

paired jets and this control region is used to normalize this contribution. The composition of213

the misassigned pairings is shown in Fig. 2 (right). An empirical model of this spectrum is214

superimposed and its construction is described next.215
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Figure 2: Lepton-jet invariant mass distribution for tt dilepton events. Left: Correct and mis-
assigned lepton-jet invariant mass pairs. Right: Contributions to the misassigned lepton-jet
invariant mass pair distribution with the misassignment model derived in simulation super-
imposed.

In order to emulate the invariant mass distribution of the misassigned jets a data-driven method216

is used based on the uncorrelated reconstructed kinematics of the events. For each event, the217

momentum vector of the selected lepton is “randomly rotated” and the Ml,j is recomputed. This218

generates a combinatorial distribution which is expected to describe well the true distribution219

of Ml,j for the misassigned jets. Figure 3 (top) compares data and the two components of the220

Ml,j spectrum, i.e. “correct assignments” from simulation and “wrong assignments” modeled221

from data. The background model provides a good estimate of the shape of the spectrum of222

the misassigned pairs with Ml,j >180 GeV which can be depicted by subtracting the misassign-223

ment contribution in the inclusive spectrum and comparing it with the expected contribution224

from correctly assigned lepton-jet pairs. The result of this procedure is shown in Fig. 3 (bot-225

tom). This method is used to determine the fraction of selected jets from top quark decays in226

the Ml,j spectrum ( fcorrect). Consequently, by measuring fcorrect, we estimate directly from data227

the number of top quark decays reconstructed and selected. Notice that fcorrect cannot be larger228

than 1/n for events with n jets, as it includes by definition the combinatorial contribution.229

In Table 3 the values of fcorrect found in data are compared to those predicted. The values230

include both the contamination from background events as well as the effect of missing one231

or two jets from top quark decays after selection. The systematic uncertainties affecting the232

estimate of fcorrect can be split into two sources:233

• distortion of the Ml,j shape due to the energy scale and resolution of the recon-234

structed objects [25];235

• calibration uncertainties (derived in the previous section) due to uncertainty in the236

Q2 scale or effects due radiation/underlying event or to the contribution from back-237

ground processes.238

For each case the fit is repeated with different signal templates. The systematic uncertainty is239

estimated to be 3-10% depending on the jet multiplicity of the event and is dominated by the240

Correct combinations
Jacobian peak

Wrong combinations
lead to tail

M`b

M`b

M`b

Background-subtracted

4.2 Flavor tag matching: determining the heavy flavor content from data 9

Table 3: Fraction of lepton-jet pairs correctly assigned in the selected events estimated in data
and expected from MC simulation. The last column shows the ratio of the data to the prediction
from simulation. Statistical and systematic uncertainties are shown separately.

Category f MC
correct f data

correct data/MC

ee
=2 jets 0.265 ± 0.002 0.28 ± 0.01 ± 0.01 1.05 ± 0.04 ± 0.04
=3 jets 0.211 ± 0.002 0.21 ± 0.02 ± 0.01 0.99 ± 0.09 ± 0.05
=4 jets 0.173 ± 0.002 0.18 ± 0.02 ± 0.02 1.04 ± 0.12 ± 0.12

eµ
=2 jets 0.3475 ± 0.0009 0.35 ± 0.01 ± 0.01 1.00 ± 0.02 ± 0.02
=3 jets 0.2539 ± 0.0008 0.26 ± 0.01 ± 0.01 1.01 ± 0.04 ± 0.04
=4 jets 0.2114 ± 0.0010 0.20 ± 0.01 ± 0.01 0.94 ± 0.05 ± 0.05

µµ
=2 jets 0.269 ± 0.001 0.27 ± 0.01 ± 0.01 0.97 ± 0.04 ± 0.04
=3 jets 0.214 ± 0.001 0.22 ± 0.01 ± 0.01 1.05 ± 0.05 ± 0.05
=4 jets 0.172 ± 0.002 0.18 ± 0.02 ± 0.01 1.06 ± 0.12 ± 0.06

Q2 scale uncertainty.241

By combining fcorrect with the fraction of tt and single top quark events, a parametrization of242

three classes of events is obtained: i.e. events with two, one or no selected top quark decays.243

The parameterization of the three event classes is the probability ai of i jets from top-quark244

decays being selected in an event. The probabilities ai are constrained by unitarity to Âi ai = 1.245

Figure 4 summarizes the values of ai obtained for the different event categories.246

4.2 Flavor tag matching: determining the heavy flavor content from data247

For a given number of jets correctly reconstructed and selected, the expected b-tagged jet mul-248

tiplicity can be modeled as a function of R, b-tagging and misidentification efficiencies. In the249

parameterization we distinguish events containing jets from two, one or no top quark decays.250

The model used in our analysis is an extension of the one proposed in [26]. For illustration the251

most significant case is considered, i.e. modeling the observation of two b-tags in an event with252

two reconstructed jets. In the case two jets from top quark decays are selected in the event the253

probability to observe two b-tagged jets is written as:254

P2j,2t,2d = R2#2
b + 2R(1 �R)#b#q + (1 �R)2#2

q (3)

where the subscript (2j,2t,2d) indicates a two jet event, with two b-tags and two top quark255

decays selected. If instead only one jet from a top quark decay is present in the event, the256

probability has to be modified to take the second jet into account in the measurement of R. In257

this case, the probability of observing two b-tags is written as:258

P2j,2t,1d = R2#b#q⇤ +R(1 �R)(#b + #q)#q⇤ + (1 �R)2#q#q⇤ (4)

In Eq. 4 we denote #q⇤ as the effective misidentification rate which is computed taking into259

account the expected flavor composition of the “extra” jets in the events (i.e. not matched to260

a top quark decay). The effective mistag rate is derived specifically for each event category.261

From simulation, we expect these extra jets to be dominated by light flavor jets (⇡87%). For262

completeness the case in which no jet from top quark decay is reconstructed is written as:263

P2j,2t,0d = #2
q⇤ (5)
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In the fit, R is allowed to vary without constraints. The parameters of the model are all taken283

from data: ftt̄ and kst are taken from Table 2, fcorrect is taken from Table 3, #b and #q from dijet284

QCD based measurements.285

Figure 5 (left) depicts the resulting prediction for the number of b-tags observed as a function286

of R. The individual prediction for each category is summed up to build the inclusive model287

for the observation of up to four b-tags in all the selected events.288

Figure 5 (right) shows the results obtained by maximizing the profile likelihood. The mea-289

sured value, R = 1.023+0.036
�0.034, is in good agreement with SM prediction. The result of the fit290

is consistent if performed in the exclusive dilepton channels. We obtain Ree = 0.994+0.046
�0.044,291

Rµµ = 1.021+0.044
�0.041 and Reµ = 1.039+0.039

�0.038 (stat+syst) for the ee, µµ and eµ channels, respectively.292
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Figure 5: (Left) Probability model for the observation of different b-tag multiplicities in dilepton
events with two, three or four jets as a function of R. (Right) Variation of the profile likelihood
used to extract R from the data. The variation observed in the exclusive dilepton channels is
depicted by the dashed lines. The inset shows the inclusive b-tag multiplicity distribution and
the result of the fit.

The total uncertainty in the measurement of R is estimated to be 3.4%. The systematic uncer-293

tainty is dominant and the contributions to it are summarized in Table 4. The main contribu-294

tions to the systematics are due to the uncertainty in the b-tagging efficiency measurement and295

in the determination of the purity of the sample and the fraction of correct assignments from296

data. The Q2 scale uncertainty in the description of tt events also affects the signal and the ISR297

content of the events, and it therefore contributes to the uncertainty on R. A non-negligible298

source of uncertainty is also due to the contribution from extra heavy flavor production ei-299

ther from gluon splitting in radiation jets, either from decays in background events such as300

W ! cs̄. This has been propagated in the computation of #q⇤ by assigning a conservative 100%301

uncertainty to the c and b contributions. The effect of the uncertainty in the misidentification302

efficiency is expected to be small (< 1%) as well as other sources of uncertainty such as pileup303

or luminosity.304

If the unitarity of the CKM matrix is assumed, it is possible to show that R = |Vtb|2. Re-doing305

• Fit for R using analytic data-driven probability functions 
for number of tags in each category (36 total)
o e.g. for 2 jets, 2 b-tags, 2 tops reconstructed

o εb = b-jet tag efficiency ; εq = light flavor tag efficiency
o measured in dijet events, (pT,η) dependent
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W Helicity in top decay

• Probe Wtb couplings from 
polarization of W in top decay 
t→Wb

• Helicity fractions:
o Normalized partial widths for 

L,R,Longitudinal(0) polarized Ws
o SM predictions (V-A):

• F0=0.687(5)
• FL=0.311(5)
• FR=0.0017(1)

• Analysis of helicity angle θ* 
distribution:
o Direction of charged lepton in W 

rest frame with respect to W 
direction in top rest frame

18

1

1 Introduction1

The top quark, as the heaviest quark in the standard model (SM) discovered in 1995, decays2

with a short life time of about 5 ⇥ 10�25s. Since the top quark decays before hadronization,3

therefore it allows to measure the properties of the top quark as a ’bare’ quark. Top quark4

decays almost all the time to a W boson and a b quark, t ! W+b. Therefore, the subsequent5

decay products depend on the decay of the W boson, which decays with a probability of 33%6

to a charged lepton and the corresponding neutrino, W+ ! l+nl . In the present study, the tt̄7

events where both W bosons decay leptonically are analyzed, tt̄ ! W+bW�b̄ ! l+nbl�n̄b̄.8

Leptons which are considered are either electrons or muons. However, there is no veto on t9

leptons.10

Since the W boson is a massive vector boson, therefore it can have longitudinal, left-handed or11

right-handed polarization states. Measurement of the various polarization fractions of the W12

bosons can provide a tool to test the validity of the SM, such as probing the tWb vertex [1]. Any13

deviations from the SM predictions might arise from new physics beyond the SM.14

So far the W boson polarization fractions in top quark decays have been measured at the Teva-15

tron [2–4]. The results are in agreement with the prediction of the SM. Also the measurement16

of the helicity fractions of the W bosons in the semi-leptonic decay of top quark pair events17

has been performed using LHC proton collisions collected during 2011 runs [5]. The measured18

values from the LHC data confirm also the validity of the SM.19

The W boson helicity fractions are defined as FL,R,0 = GL,R,0
Gtot

, where FL is the left-handed helicity20

fraction, FR corresponds to the right-handed helicity fraction and F0 is the longitudinal helicity21

fraction. One should note that the polarization fractions are normalized to one, FL + FR + F0 =22

1. In this definition, GL,R,0 are the decay widths of top quark to left-handed, right-handed and23

longitudinal W bosons, respectively. At the Leading Order (LO) and in the massless limit of24

the b quark , W bosons are produced in the decay of top quarks with about 70% longitudinal25

helicity and with almost 30% left-handed helicity. Therefore the production of the right-handed26

W bosons in the decay of top quarks are suppressed within the SM.27

In general, for a finite b quark mass the helicity fractions can be expressed as a function of28

top quark, b quark and W boson masses. The polarization fractions are calculated at Next-29

to-Next-to-Leading-Order (NNLO) QCD to be F0 = 0.687 ± 0.005, FL = 0.311 ± 0.005 and30

FR = 0.0017 ± 0.0001 [6].31

Experimentally, the W boson helicity fractions are extracted from the measurements of the32

angular distribution of the top quark decay products. It is defined as the angle between the33

momentum direction of the charged lepton in the W boson rest frame (after boost to top quark34

rest frame) and the momentum direction of the W boson in the top quark rest frame.35

The angular distribution has the following form36

1
G

dG
d cos q⇤

=
3
8
(1 � cos q⇤)2FL +

3
8
(1 + cos q⇤)2FR +

3
4

sin2 q⇤F0. (1)

In this paper, we report on the measurement of the helicity fractions of the W bosons produced37

in the decay of top quark pairs with two leptons in the final state. This study is based on a38

data sample corresponds to an integrated luminosity of 4.6 ±0.101 fb�1 collected by the CMS39

experiment during 2011 proton proton collisions at the center of mass energy of 7 TeV.40

W-polarization in dileptonic channel has been already studied in different experiments and41

CDF and D0 have pioneered this study. CDF has yields the results of F0 = 0.71+0.18
�0.17(stat) ±42

0.06(syst) and FR = �0.07 ± 0.09(stat) ± 0.03(syst) using 5.1 fb�1 of integrated luminosity.43

The combined results based on single lepton final state is F0 = 0.84 ± 0.09(stat) ± 0.05(syst)44

1

1 Introduction1

Precision measurements are of great importance in search for new physics at higher energies
who may manifest themselves in the form of effective couplings in the Standard Model (SM)
fermions.
The top quark, discovered in 1995 [1, 2], has a special role in this context. As the heaviest
fermion in the Standard Model, it decays before hadronization. Hence, valuable quark infor-
mation like its spin is not lost and is accessible via the decay products. Besides, top quark
decays almost exclusively into a W-boson and a bottom quark, providing an interesting area
to study the tWb coupling in search for new interactions. Top quarks are mostly produced in
pairs via strong interactions. There are also possibilities for single top quark production via
electroweak interactions, involving the tWb vertex [3–5]. Precision measurements on tWb cou-
pling is possible at the LHC [6] due to the high luminosity and the relatively large production
cross-section of single top processes.
The study of electroweakly produced top quark, single-top quark, is of extreme importance not
only because of the top quark decay but also due to its production which involves tWb vertex.
Although the experimental sensitivity of single-top quark production to the tWb anomalous
couplings is limited, its combination with the measurement of top decay observables, sensitive
to new tWb interactions, can set stronger limits on the anomalous couplings [7].
Single-top events are the unique places where the simultaneous use of top-quark production
and decay information is possible. Moreover to study the top-quark decay products, single-top
event topology corresponds to a kinematic phase space which is orthogonal to those from sim-
ilar measurements in top-quark pair production. It is therefore considered as an independent
measurement providing additional information in search for new tWb interactions.
The polarization of the W-boson from top quark decays is sensitive to non-SM tWb couplings [8].
Given the fact that the W-boson is produced with left-handed, right-handed or zero helicity, the
relation G(t ! Wb) = GL + GR + G0 holds for the corresponding partial widths of top quark
decay. Hence the W-helicity fractions, defined as FL,R,0 = GL,R,0

G , fulfill the unitarity condition of
Â Fi = 1. The Standard Model predictions for the W-boson helicity fractions at second order in
the strong coupling constant, including the finite bottom quark mass and electroweak effects,
are F0 = 0.687(5), FR = 0.0017(1), and FL = 0.311(5) [9]. The experimental results for the W-
helicity fractions [10, 11] are so far in a good agreement with the Standard Model predictions.
Hence they confirm the V � A structure of the weak charged current.
For a W-boson decays into a lepton and a neutrino, variable q⇤l is defined in the top-quark
rest-frame as the angle between the lepton 3-momentum in W-boson rest-frame and the 3-
momentum of W-boson. The W-helicity fractions are involved in the distribution of cos q⇤l :

r(cos q⇤l ) ⌘
1
G

dG
d cos q⇤l

=
3
8
(1 � cos q⇤l )

2FL +
3
8
(1 + cos q⇤l )

2FR +
3
4

sin2 q⇤l F0 , (1)

and therefore can be extracted from this distribution.
W-helicity fractions can be used to set exclusion limits on the anomalous couplings based on
the following Lagrangian [8]

Lanom.
tWb = � gp

2
b̄gµ(VLPL + VRPR)tW�

µ � gp
2

b̄
isµnqn

mW
(gLPL + gRPR)tW�

µ + H.C, (2)

with q = pt � pb. This Lagrangian is assumed to be Hermitian in order to preserve unitarity.2

Hence to conserve the CP symmetry, VL, VR, gL and gR are assumed to be real. Within the Stan-3

dard Model, VL ⌘ Vtb ⇡ 1 and all other couplings vanish at tree level while they are nonzero4

at loop corrections.5

θ*

W

μ

ν

b t
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W Helicity in t-tbar dilepton events
• pp@ 7 TeV 4.6 fb-1

• Two isolated leptons e (μ)
○ pT>20 GeV & |η|<2.5 (2.4)
○ opposite sign

• Suppress DY for same flavor
○ Veto Z: 76 < m(ll) < 106 GeV

• Require one b-tagged jet
• Missing transverse energy

○ ET>30 (20) GeV ee, μμ (eμ)
• Top reconstruction

○ W mass constraint used for 
neutrino solutions

○ Take jet-parton permutation 
with smallest M(tt)
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Figure 3: Distributions of (left) pT and (right) h of the reconstructed top quark in the positive
branch of top pair events, t ! W+b ! l+nb.

Figure 3.149

150

The reconstructed objects in the final state of di-leptonic tt̄ events are used to reconstruct the151

distribution of the cos q⇤ variable. Since there are two top quarks reconstructed per event, there-152

fore each event contribute twice to the distribution of the cos q⇤. Figure 4 shows the distribution153

of the cos q⇤.
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Figure 4: Data-Simulation comparison for the cosq⇤ distribution with systematic uncertainities.
A complete discussion about the systematical uncertainities can be found in Section 7.

154

By looking at the control plots presented here, it is concluded that the simulation is reasonably155

comparable to the available proton-proton collision data.156

Reconstructed kinematics of top
important for determination of cos θ*
and fit for helicity fractions

New!
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W Helicity in t-tbar dilepton events
• Fit reconstructed cos θ* using 

reweighting method
○ takes into account resolution 

and efficiencies
○ Fit for FL and F0

○ Take FR from unitarity 
constraint: FR+FL+F0=1

• Leading systematic uncertainties
○ top mass
○ top Q2 scale in simulation

20

6 5 Comparison of Data and MC

0

100

200

300

400

500

600
tt

diboson
single top
DY+Jets
Data

 =7TeVs at -1CMS Preliminary, 4.6 fb

 of Top's in Top reconstruction
t

p
0 50 100 150 200 250 300 350 400 450 5000.5

1

1.5 0

200

400

600

800

1000

1200

1400

1600

1800

2000 tt
diboson
single top
DY+Jets
Data

 =7TeVs at -1CMS Preliminary, 4.6 fb

 of Top's in Top reconstructionη
-5 -4 -3 -2 -1 0 1 2 3 4 50.5

1

1.5

Figure 3: Distributions of (left) pT and (right) h of the reconstructed top quark in the positive
branch of top pair events, t ! W+b ! l+nb.

Figure 3.149

150

The reconstructed objects in the final state of di-leptonic tt̄ events are used to reconstruct the151

distribution of the cos q⇤ variable. Since there are two top quarks reconstructed per event, there-152

fore each event contribute twice to the distribution of the cos q⇤. Figure 4 shows the distribution153

of the cos q⇤.
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Figure 4: Data-Simulation comparison for the cosq⇤ distribution with systematic uncertainities.
A complete discussion about the systematical uncertainities can be found in Section 7.

154

By looking at the control plots presented here, it is concluded that the simulation is reasonably155

comparable to the available proton-proton collision data.156

CMS PAS TOP-12-015

FL= 0.288 ± 0.035 (stat) ± 0.050 (syst)
F0= 0.698 ± 0.057 (stat) ± 0.063 (syst)
FR= 0.014 ± 0.027 (stat) ± 0.055 (syst)
Consistent with SM expectations/V-A structure
Compatible with measurement in t-tbar l+jets (TOP-11-020)

New!
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W Helicity in Single Top Topologies

• W helicity fractions are also accessible in 
single top process

o N.B. couplings in production & decay
• 7 TeV (1.14 fb-1) & 8 TeV (5.3 fb-1)
• Selection: (t→ Wb →μνb)

o single isolated μ: |η|<2.1 & pT>20 (26) GeV
o exactly two jets: |η|<4.5 & pT>30 (60) GeV
o exactly one b-tagged jet

• Substantial backgrounds
o t-tbar (MC simulation)
o Data-driven W+jets from 0 b-tag
o Data-driven QCD multijet
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CMS PAS TOP-12-020

New!
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W Helicity in Single Top Topologies

• Separate likelihood fits with 
reweighting method
o also for decays of t tbar pairs
o 2D (F0,FL) FR from unitarity

• Systematic uncertainties
o Q2 scale & simulation
o Jet Energy Scale & Resolution
o W+jets shape

22

FL= 0.293 ± 0.069 (stat) ± 0.030 (syst)
F0= 0.713 ± 0.114 (stat) ± 0.023 (syst)
FR=-0.006 ± 0.057 (stat) ± 0.027 (syst)

CMS PAS TOP-12-020

Combination 7&8 TeV:

Consistent with SM expectations/V-A structure
Compatible with measurements in t tbar

Constraints on anomalous
couplings (combination)
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Other Results
• Mass

o JHEP 06(2012) 109 top-antitop mass difference
o CMS PAS TOP-12-027 Top mass from endpoint (MT2)

• Properties
o CMS PAS TOP-12-014 Associated production ttZ and ttW

• Talk by R. Wallny earlier today 
o CMS PAS TOP-11-020 W Helicity in l+jet events
o CMS PAS TOP-12-004 Spin correlations in t-tbar
o CMS PAS TOP-12-016 Top polarization
o Phys.Lett. B718(2012) 1252 Search for FCNC (t→Zq) in tt
o CMS PAS TOP-11-031 Charge of top quark
o CMS PAS HIG-12-035 Search for ttH production

23

Too many to present here
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Summary
• Top quark properties have been studied at CMS

o Mass: precise measurement of high interest for 
electroweak fits (vacuum stability!)

o Mass: theoretical effects from colored & unstable object 
investigated with study of mt vs kinematic variables: 
• No sign of dramatic effects
• Should aid interpretation of top mass measurements

o Couplings - |Vtb| compatible with 3 generation SM CKM
o Couplings - W Helicity fractions from dilepton channel 

and single top topologies 
• as expected for V-A decay limits on anomalous couplings 

• So far, top looks like a SM quark
• Outlook: Additional 8 TeV data analysis in progress

24
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Backup Slides
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• Leading systematic uncertainties:
◦ JES & flavor dependence
◦ renormalization/factorization scale

mt in dilepton channel
• 5.0 fb-1 pp @ √s=7 TeV

• High purity sample selected
o Two opposite sign isolated leptons 

pT>20 GeV |η|<2.4
o Two jets pT>30 GeV |η|<2.4 
o At least one b-tag
o Missing ET > 40 GeV to Reject DY 

(except eμ)
o Veto Z peak 76 - 106 GeV

• Analytical Matrix Weighting 
Technique, scanning mt
o up to 8 kinematic solutions
o combination with largest weight w 

taken as reconstructed top mass

26

EPJC 72 (2012) 2202

tt̄!WbWb! (`+⌫`b)(`�⌫̄`b)

mt=172.5 ± 0.4 (stat) ± 1.5 (syst) GeV

7
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Figure 2: Distribution of the reconstructed mass in data and simulation for a top-quark mass
hypothesis of 172.5 GeV with the AMWT method. All events used in the analysis are included
in the distribution. The inset shows �2 ln(L/Lmax) versus mt with the quadratic fit superim-
posed.

6 Systematic uncertainties

The contributions from the different sources of uncertainty are summarised in Table 2. The un-
certainty of the overall jet energy scale (JES) is the dominant source of uncertainty on mt. The
JES is known with an uncertainty of 1–3%, depending on the pT and h of the jet [26]. Even in a
high-pileup regime such as the one observed throughout the 2011 data taking period, the JES
uncertainty is mostly dominated by the uncertainties on the absolute scale, initial- and final-
state radiation, and corrections arising from the fragmentation and single-particle response in
the calorimeter. It has been evaluated for 16 independent sources of systematic uncertainty.
To estimate the effect of each source on the measurement of mt, the (pT, h)-dependent uncer-
tainty is used to shift concurrently the energy of each jet by ±1s with respect to its nominal
value, and correcting the Emiss

T accordingly. For each source, pseudo-experiments are gener-
ated from simulated event samples for which the JES is varied by the relevant uncertainty,
and the reconstructed top-quark mass distributions are fitted with the templates derived with
the nominal JES. The average variation of the top-quark mass is used to estimate the system-
atic uncertainty. The quadratic sum of the variation for each source is taken as the system-
atic uncertainty. The uncertainty on pileup corrections to the jet energy calibration (5 sources)
correspond to a combined uncertainty of 0.53 GeV on mt. Another important contribution is
the overall data-to-simulation scale calibrated in photon+jet events, yielding a 0.51 GeV un-
certainty. Other contributions are related to limited knowledge of the single-pion response
(+0.2
�0.3 GeV) and fragmentation models (0.3 GeV) used in the extrapolation as a function of jet pT.

We also include a time-dependent effect (0.2 GeV) related to variations in calorimeter response
in the endcaps. Residual eta-dependent corrections based on dijet balance studies (6 sources)
yield a negligible uncertainty on mt (0.03 GeV). All these sources added in quadrature give a
combined JES uncertainty of +0.90

�0.97 GeV. The final component of JES uncertainty corresponds to
the uncertainty on the modeling of jet flavour dependence of the jet energy scale (+0.76

�0.66 GeV)
which is quoted separately in Table 2.

The uncertainty due to jet energy resolution is evaluated from pseudo-experiments where the

w =
n

X

f(x1)f(x2)
o

p(E⇤
`+ |mt)p(E⇤

`� |mt)

Sum over initial state partons
uu dd gg

probability density for 
El in top rest frame

9934 Events
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Figure 1: (a) Reconstructed top-quark mass from the kinematic fit, (b) average reconstructed
W-boson mass, (c) goodness-of-fit probability, and (d) the distance between the two b-tagged
jets after all selection steps. The simulated tt signal and the modeled background from event
mixing are normalized to data. The uncertainty band indicates the uncertainty from the signal
fraction fsig. The top-quark mass assumed in the simulation is 172.5 GeV.
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Figure 5: (a) The 1-D likelihood profile with the JES fixed to unity measured on 3.54 fb�1 2011
data. (b) The 2-D likelihood measured on 3.54 fb�1 2011 data. The contours correspond to 1s,
2s and 3s statistical uncertainty.

8 Results

We select 2418 events out of 3.54 fb�1 of 2011 data taken by the CMS detector and measure
with a fixed JES=1:

mt = 173.49 ± 0.69 (stat.) ± 1.25 (syst.) GeV

The overall uncertainty of the presented 1-D analysis is 1.43 GeV. The likelihood used in the
1-D measurement is shown in Fig. 5 (a).

A simultaneous fit of the top-quark mass and JES to the same data yields:

mt = 174.28 ± 1.00 (stat.+JES) ± 1.46 (syst.) GeV
JES = 0.991 ± 0.008 (stat.) ± 0.015 (syst.)

The measured JES confirms the JES for particle-flow jets in data measured in events with Z
bosons and photons [12]. The overall uncertainty in the top-quark mass of the presented 2-D
analysis is 1.77 GeV. As the top-quark mass and JES are measured simultaneously, the uncer-
tainty in the top-quark mass combines the statistical uncertainties arising from both compo-
nents. Figure 5 (b) shows the 2-D likelihood obtained from data.

The measured top-quark masses in both analyses are in agreement, but the 1-D analysis has a
better precision than the 2-D analysis.

9 Summary

A measurement of the top-quark mass is presented using events with at least six jets in the
final state, collected by CMS in pp collisions at

p
s = 7 TeV in 2011. The complete kinematics

4 5 Ideogram Method

 (GeV)fit
tm

100 150 200 250 300 350

Ev
en

ts
 / 

(5
 G

eV
)

0

50

100

150

200

250

=7 TeVs,  -1CMS Preliminary, 3.54 fb
CMS data

 componenttt
multijet background

 and multijettcombined t

sig
uncertainty on f

(a)

 (GeV)reco
Wm

70 80 90 100 110 120

Ev
en

ts
 / 

(2
 G

eV
)

0

50

100

150

200

250

300

350

=7 TeVs,  -1CMS Preliminary, 3.54 fb
CMS data

 componenttt
multijet background

 and multijettcombined t

sig
uncertainty on f

(b)

gofP
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Ev
en
ts

0

50

100

150

200

250

300

350

400

450

=7 TeVs,  -1CMS Preliminary, 3.54 fb
CMS data

 componenttt
 correct permutationstt

multijet background
 and multijettcombined t

sig
uncertainty on f

(c)

bbRΔ
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

Ev
en
ts

0

20

40

60

80

100

120

140

160

180

200

220

=7 TeVs,  -1CMS Preliminary, 3.54 fb
CMS data

 componenttt
multijet background

 and multijettcombined t

sig
uncertainty on f

(d)

Figure 1: (a) Reconstructed top-quark mass from the kinematic fit, (b) average reconstructed
W-boson mass, (c) goodness-of-fit probability, and (d) the distance between the two b-tagged
jets after all selection steps. The simulated tt signal and the modeled background from event
mixing are normalized to data. The uncertainty band indicates the uncertainty from the signal
fraction fsig. The top-quark mass assumed in the simulation is 172.5 GeV.
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• Mass measurement from Ideogram 
method (as l+jets)
◦ calibrated on simulation

• JES dominant systematic (1.09 GeV)

mt from all hadronic channel
• At least 6 jets, two b-tagged 

pT>60,60,60,60,50,40,30 GeV …
• Choose permutation with best kinematic fit χ2

• Suppress multijet background with ΔRbb>1.5
• Model multijets from data using event mixing 

in preselected sample
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mt = 173.49±0.69(stat)±1.25(syst)

CMS PAS TOP-11-017
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Figure 1: Reconstructed masses of (a) the W bosons decaying to qq pairs and (b) the corre-
sponding top quarks, prior to the kinematic fitting to the tt hypothesis. (c) and (d) show, respec-
tively, the reconstructed W-boson masses and the fitted top-quark masses after the goodness-
of-fit selection and the weighting by Pgof. The distributions are normalized to the theoretical
predictions described in Refs. [17–19]. The uncertainty on the predicted tt cross section is indi-
cated by the hatched area. The top-quark mass assumed in the simulation is 172.5 GeV.
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Figure 1: Reconstructed masses of (a) the W bosons decaying to qq pairs and (b) the corre-
sponding top quarks, prior to the kinematic fitting to the tt hypothesis. (c) and (d) show, respec-
tively, the reconstructed W-boson masses and the fitted top-quark masses after the goodness-
of-fit selection and the weighting by Pgof. The distributions are normalized to the theoretical
predictions described in Refs. [17–19]. The uncertainty on the predicted tt cross section is indi-
cated by the hatched area. The top-quark mass assumed in the simulation is 172.5 GeV.
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mt in l+jets channel 7 TeV
• 5.0 fb-1 pp @ √s=7 TeV
•  
• Event Selection

o Exactly 1 e± or μ± |η|<2.1,pT>30 GeV
o Four or more jets pT>30 GeV
o Two b-tagged jets

• Kinematic Fit (2 d.o.f.)
o improves kinematic resolution & 

parton-jet assignment
o mt free, mt=mtbar
o W mass constraint 80.4 GeV
o Require P(χ2)>0.2
o correct permutations: 13%→44%

• Sample of 5174 events
28
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tt̄!WbWb! (`⌫b)(jjb)
P(χ2)>0.2

P(χ2)>0.2



4 5 6

JE
S

 -
 <

JE
S

>

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12
)-1Data (5.0 fb

MG, Pythia Z2

Powheg, Pythia Z2

MC@NLO, Herwig

 = 7 TeV, lepton+jetssCMS preliminary,  

Number of jets

4 5 6

d
a
ta

 -
 M

G
 Z

2
 

-0.1

0

0.1 4 5 6

>
 [
G

e
V

]
2

D
t

 -
 <

m
2

D
t

m

-4

-2

0

2

4

6

8
)-1Data (5.0 fb

MG, Pythia Z2

Powheg, Pythia Z2

MC@NLO, Herwig

 = 7 TeV, lepton+jetssCMS preliminary,  

[G
e

V
]

Number of jets

4 5 6

d
a
ta

 -
 M

G
 Z

2
 

-5

0

5

28 Feb 2013 La Thuile Top Properties at CMS - Karl.Ecklund@rice.edu

mt and initial/final state radiation

• Only jets pT>30 GeV
• More jets, larger probability 

of picking high-pT ISR
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CMS PAS TOP-12-029
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Initial and final state radiation
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6 4 Probing the heavy flavor content

b-tag multiplicity
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Figure 1: Number of b-tagged jets per event for the different tt dilepton channels. For each
final state, separate subsets are shown corresponding to events with two, three or four jets. The
simulated tt and single top events correspond to a scenario with R=1. The bottom plot shows
the ratio between data and expectations. The shaded band represents the uncertainty on the
background contribution.

4.1 Jet misassignment estimate191

Despite small contributions from other background processes (Table 1), there is a non-negligible192

probability that at least one jet from a tt decay is missed because either it falls out of the detec-193

tor acceptance or because it was not reconstructed, and another jet from ISR is chosen instead.194

This will be referred to as “jet misassignment”. Conversely jets that come from a top decay will195

be referred to as “correctly assigned” and the rate of correct assignment is estimated from data.196

The selected events are a combination of three different categories:197

• events with no jets selected from top-quark decays, which also includes background198

events without top quarks;199

• events with only one jet from a top-quark decay, which includes some tt events and200

single top quark events (mainly produced through the tW channel);201

• events with two jets produced after two top-quark decays.202

In order to determine the number of selected jets from top-quark decays in a flavor-independent203

way, the lepton-jet invariant mass is reconstructed, as an endpoint in the spectrum at Ml,j ⇡204 q
m2

t � m2
W = 156 GeV is expected for lepton-jet pairs originating from the same top quark205

decay [24] (Fig. 2, left). The distribution for correct pairings was obtained after matching the206

simulated reconstructed jets to the b quarks from t ! Wb at generator level using a cone of207

radius R=0.3. The same quantity calculated for a lepton from a top quark decay paired with a208

jet from the anti-top quark decay and vice-versa (“wrong” pairing) shows a distribution with a209

long tail which is used as a distinctive feature. The same behavior is observed for “unmatched”210

pairings which is the case of background processes without top quarks or the case of ISR jets.211

• Fit for R using analytic data-driven probability functions 
for number of tags in each category (36 total)
o e.g. for 2 jets, 2 b-tags, 2 tops reconstructed

o εb = b-jet tag efficiency ; εq = light flavor tag efficiency
o measured in dijet events, (pT,η) dependent
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4.3 Measurement of R282

In the fit, R is allowed to vary without constraints. The parameters of the model are all taken283

from data: ftt̄ and kst are taken from Table 2, fcorrect is taken from Table 3, #b and #q from dijet284

QCD based measurements.285

Figure 5 (left) depicts the resulting prediction for the number of b-tags observed as a function286

of R. The individual prediction for each category is summed up to build the inclusive model287

for the observation of up to four b-tags in all the selected events.288

Figure 5 (right) shows the results obtained by maximizing the profile likelihood. The mea-289

sured value, R = 1.023+0.036
�0.034, is in good agreement with SM prediction. The result of the fit290

is consistent if performed in the exclusive dilepton channels. We obtain Ree = 0.994+0.046
�0.044,291

Rµµ = 1.021+0.044
�0.041 and Reµ = 1.039+0.039

�0.038 (stat+syst) for the ee, µµ and eµ channels, respectively.292
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Figure 5: (Left) Probability model for the observation of different b-tag multiplicities in dilepton
events with two, three or four jets as a function of R. (Right) Variation of the profile likelihood
used to extract R from the data. The variation observed in the exclusive dilepton channels is
depicted by the dashed lines. The inset shows the inclusive b-tag multiplicity distribution and
the result of the fit.

The total uncertainty in the measurement of R is estimated to be 3.4%. The systematic uncer-293

tainty is dominant and the contributions to it are summarized in Table 4. The main contribu-294

tions to the systematics are due to the uncertainty in the b-tagging efficiency measurement and295

in the determination of the purity of the sample and the fraction of correct assignments from296

data. The Q2 scale uncertainty in the description of tt events also affects the signal and the ISR297

content of the events, and it therefore contributes to the uncertainty on R. A non-negligible298

source of uncertainty is also due to the contribution from extra heavy flavor production ei-299

ther from gluon splitting in radiation jets, either from decays in background events such as300

W ! cs̄. This has been propagated in the computation of #q⇤ by assigning a conservative 100%301

uncertainty to the c and b contributions. The effect of the uncertainty in the misidentification302

efficiency is expected to be small (< 1%) as well as other sources of uncertainty such as pileup303

or luminosity.304

If the unitarity of the CKM matrix is assumed, it is possible to show that R = |Vtb|2. Re-doing305

Feldman-CousinsP = R2"2
b + 2R(1�R)"b"q + (1�R)2"2

q

New!

|Vtb| = 1.011+0.018
�0.017


