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top quark properties

intrinsic:
‣mass, charge, width, spin

production:
‣  charge asymmetry
‣  spin correlation
‣  polarization
‣  ttV

decay:
‣ FCNC
‣W helicity
‣CP violation

top properties CMS results:
‣ charge asymmetry
‣ spin correlations
‣ CP violation
‣ ttV

★ decays before hadronisation 
 “ bare quark ”

see talk given by Simon Spannagel:
Top quark mass measurements with CMS
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charge asymmetry
SM predicts a charge asymmetry in tt ̅production:

+

positive
asymmetry

ISR/FSR

                      
Born and box diagrams

negative
asymmetry

‣ LO no asymmetry 
‣ NLO: interferences of the qq̅ diagrams

•  LHC has a symmetric initial state (pp) 
•  q̅ is mostly from sea quarks: q carry more momentum 
•  tops are more forward than anti-quarks

Large asymmetry would indicate new physics: 
 additional axial couplings, W’…

asymmetry in terms of top rapidity differences:

Charge*Asymmetry*

Jindariani,&ICHEP'2014,&Valencia&Spain& 5&

F NLO&effect&originating&from&the&interference&
of&qFqbar&diagrams&producing&top&pairs&

&
F &Can&be&largely&enhanced&in&the&presence&of&
new&physics,&such&as&W’&or&axigluon&models&

F &Tevatron&excess&is&very&intriguing&

At&the&Tevatron&(pFpbar&machine&&)&
there&is&natural&definition&of&Ad:&

LHC&has&symmetric&initial&state&(pp):&
F &Quarks&are&mostly&valence&and&antiF

quarks&are&from&the&sea&

F &The&PDF’s&are&not&symmetric&–&quarks&

carry&more&momentum&than&antiFquarks&&

&

F &Rapidity&distribution&of&tops&is&broader&&

German Rodrigo
arXiv:1207.0331
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EAG: effective  axial-vector 
coupling gluons

4

charge asymmetry
arXiv:1507.03119, accepted by PLB 

lepton + jets events 8 TeV 19.7 fb-1 

• fully reconstructed tt ̅in each event 
• differential and inclusive measurements  
• data unfolded to parton level

AC = [0.10 ± 0.68(stat) ± 0.37(syst)]% 
NLO [Kuhn, Rodrigo] = [1.02 ± 0.05]% 
NLO [Bernreuther,Si] = [1.11 ± 0.04]%

lepton + jets events 8 TeV 19.7 fb-1 

template measurement  
Phys.Rev. D93 (2016) no.3, 034014 

•  sensitive variable: Yt t̅ = tanh(Δ|y|t t̅ ) 
•  symmetric and anti-symmetric  

 templates of Yt t̅

AC = [0.33 ± 0.26(stat) ± 0.33(syst)]%
most precise inclusive measurement

‣ dominant systematic uncertainties: JES and unfolding

‣ dominant systematic uncertainties: 
 Data sideband and simulation stat. unc.,   
 JES, renormalization and factorization scales 

Werner Bernreuther and Zong-Guo Si [Phys. Rev. D 86, 034026]
Johann H. Kühn, Germán Rodrigo [10.1007/JHEP01(2012)063]
E. Gabrielli, M. Raidal, and A. Racioppi [Phys. Rev. D 85, 074021]
Emidio Gabrielli and Martti Raidal [Phys. Rev. D 84, 054017]
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charge asymmetry
arXiv:1603.06221 , submitted to PLB dilepton + jets events 8 TeV 19.7 fb-1 

•  asymmetry of the reconstructed tt ̅and  
leptons

• differential measurements in mtt ̅, ptt,̅ |y|tt ̅
• data unfolded to parton level

AC(lep) = [0.3 ± 0.6(stat) ± 0.3(syst)]% 
NLO(lep) = [0.64 ± 0.03]% 
AC = [1.1 ± 1.1(stat) ± 0.7(syst)]% 
NLO = [1.11 ± 0.04]%

‣ dominant systematic uncertainties: 
AC: Unfolding,hadronization, renormalization  
and factorization scales 
AC(lep): Unfolding, renormalization  
and factorization scales
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charge asymmetry
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spin correlations

•  top quarks decay before their spin de-correlate 

1/Γt  <  1/Λ  <  mt /Λ2 

•  spin correlation properties propagate  
to the decay products

• spin correlation strength:

 A  =  ASM . f

ASM =  0.31

•  in SM spins are correlated

in helicity basis: 
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spin correlations
muon + jets events 8 TeV 19.7 fb-1 

• matrix element method to calculate event  
and sample likelihoods 

arXiv:1511.06170, submitted to PLB

Ameasured = 0.22± (0.03)(stat.)+0.05
�0.04(sys.)

f = 0.72± (0.08)(stat.)+0.15
�0.13(sys.)

                                                         

‣ dominant systematic uncertainties: scale, 
JES

fit event likelihood ratio:  
       -2 ln λevent

�event =
P (H

uncor

)
P (H

cor

)

discriminating variable: 
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spin correlations
dilepton + jets events 8 TeV 19.7 fb-1 

• direct measurement of correlation coefficient 
using angular distribution and asymmetries: 
AΔɸ, Ac1c2, Acosɸ

2 2 Event samples, reconstruction, and selection

For tt spin correlations, the variable

ADf =
N(|Df`+`� | > p/2)� N(|Df`+`� | < p/2)
N(|Df`+`� | > p/2) + N(|Df`+`� | < p/2)

discriminates between correlated and uncorrelated t and t spins, while the variable

Ac1c2 =
N(c1c2 > 0)� N(c1c2 < 0)
N(c1c2 > 0) + N(c1c2 < 0)

,

where c1 = cos q?`+ and c2 = cos q?`� , provides a direct measure of the spin correlation coefficient
Chel using the helicity angles of the two leptons in each event: Chel = �4Ac1c2 [4]. The variable

Acos j =
N [cos j > 0]� N [cos j < 0]
N [cos j > 0] + N [cos j < 0]

provides a direct measure of the spin correlation coefficient D using the opening angle between
the two leptons: D = �2Acos j [4].

We also measure the asymmetries differentially as a function of three variables describing the tt
system in the laboratory frame: its invariant mass Mtt, rapidity ytt, and transverse momentum
ptt

T.

The results presented in this paper are based on the data that correspond to an integrated
luminosity of 19.5 fb�1 of proton-proton (pp) collisions at

p
s = 8 TeV, provided by the LHC

and recorded by the Compact Muon Solenoid (CMS) detector [16].

2 Event samples, reconstruction, and selection
2.1 Object definition and event preselection

Events are selected using triggers that require the presence of at least two leptons (electrons or
muons) with transverse momentum (pT) requirements of greater than 17 GeV for the highest-
pT lepton and 8 GeV for the second-highest-pT lepton. The trigger efficiencies per lepton, as
measured with a data sample of Z ! `` events, vary between 96% and 99% (86% and 98%) for
electron (muons), depending on the h and pT of the lepton.

The particle flow (PF) method [17] is used to reconstruct final-state particles. The offline selec-
tion requires events to have exactly two leptons of opposite electric charge with pT > 20 GeV
and |h| < 2.4. Electron candidates are reconstructed starting from a cluster of energy deposits
in the electromagnetic calorimeter. The cluster is then matched to a reconstructed track. The
electron selection is based on the shower shape, track-cluster matching, and consistency be-
tween the cluster energy and the track momentum [18]. Muon candidates are reconstructed
by performing a global fit that requires consistent hit patterns in the tracker and the muon
system [19].

The events with an e+e� or µ+µ� pair having an invariant mass, M``, within 15 GeV of that
of the Z-boson are removed to suppress Drell–Yan (Z/g?+jets) background. For all events, we
require M`` > 20 GeV. Leptons are required to be isolated from other activity in the event.
A measure of lepton isolation is the scalar sum (psum

T ) of the pT of all PF particles, excluding
the lepton itself, within a cone of radius DR ⌘

p
(Dh)2 + (Df)2 = 0.3, where Dh (Df) is the

distance in h (f) between the lepton and the PF particle at the primary interaction vertex. The
average contribution of particles from additional pp interactions in the same or nearby bunch

Phys. Rev. D 93, 052007

                                                         

‣ dominant systematic uncertainties: 
top quark pT, top quark mass, Unfolding (simulation stat.), JES

Ac1c2 = �0.069± 0.013(stat.)± 0.016(sys.)

Ahel. = �4Ac1c2

Ahel. = 0.278± 0.084

c1c2 = cos✓⇤l+cos✓
⇤
l�
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SM
SM Spin Correlation Fraction f

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Mar 2016

Standard Model

(syst)±(stat) ± SMf
+jetsµD0, dilepton + e/

PRL 108 (2012) 032004,
-1=5.4 fbint=1.96 TeV, Ls

+0.29
-0.290.85

CMS, dilepton

PRL 112 (2014) 182001,
-1=5 fbint=7 TeV, Ls

 0.22± 0.10 ±1.02 

+jetsµATLAS, e/

PRD 90 (2014) 112016,
-1=4.6 fbint=7 TeV, Ls

 0.22± 0.11 ±1.12 

ATLAS, dilepton

PRD 90 (2014) 112016,
-1=4.6 fbint=7 TeV, Ls

 0.18± 0.09 ±1.19 

ATLAS, dilepton

PRL 114 (2015) 142001,
-1=20.3 fbint=8 TeV, Ls

 0.13± 0.05 ±1.20 

+jetsµCMS, 

arXiv:1511.06170,
-1=19.6 fbint=8 TeV, Ls

 0.15± 0.08 ±0.72 

CMS, dilepton

arXiv:1601.01107,
-1=19.5 fbint=8 TeV, Ls

 0.11± 0.06 ±1.12 

 Spin Correlation Measurements Summarytt

spin correlations
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CP violation

• no observable CP violation in tt ̅production in SM 
• CP violation sign of new physics 
• search with effective asymmetric parameter ACP
based on T-odd triple product observables

1

1 Introduction
The combined charge conjugate and parity (CP) symmetry violation is implemented in the
standard model (SM) using an irreducible phase in the Cabibbo-Kobayashi-Maskawa quark-
mixing matrix. Experimental investigation of CP violation in the strange and bottom quark
sectors have been carried out in the past few decades. The observed asymmetries are well
described by the SM, but are too small to explain the observed matter-antimatter asymmetry
in the universe [1]. Thus, searches for CP-violation phenomena have the potential to provide a
signal for beyond the SM physics. In the SM, the CP-violation effects in the pair production of
top quarks (tt) at the LHC are predicted to be vey small. However, if a source of new physics
such as a chromo-electric dipole moment (CEDM) is present, sizable CP-violation effects can
be observed. Given the large top quark production cross section at the LHC, a measurement of
CP asymmetries in the top quark sector may shed light on the origin of the baryon asymmetry
in the universe.

In this manuscript, we present the first measurement of CP violation asymmetries in top quark
pair production and decay. We exploit the T-odd triple-product correlations, where T is the
time-reversal operator. Several new observables, as proposed in Refs. [2–4], take the form of
p1 · (p2 ⇥ p3), where piis a spin or momentum direction. These triple-product observables are
odd under T transformation, and are also odd under CP transformation if CPT conservation is
assumed, i.e. CP (Oi) = �Oi. Presence of CP violation would be manifested by measuring a
non-zero value of the asymmetry

ACP (Oi) =
Nevents (Oi > 0)� Nevents (Oi < 0)
Nevents (Oi > 0) + Nevents (Oi < 0)

, (1)

where Oi are the proposed observables. Four observables that can be measured in the lep-
ton+jets final state of tt production in ppcollisions are defined as:

O2 = e
�

P, pb + pb̄, p`, pj1
� lab�! µ (~pb + ~pb̄) ·

�
~p` ⇥ ~pj1

�
(2a)

O3 = Q`e
�

pb, pb̄, p`, pj1
� bb̄ CM���! µ Q`~pb ·

�
~p` ⇥ ~pj1

�
(2b)

O4 = Q`e
�

P, pb � pb̄, p`, pj1
� lab�! µ Q` (~pb � ~pb̄) ·

�
~p` ⇥ ~pj1

�
(2c)

O7 = q · (pb � pb̄) e (P, q, pb, pb̄)
lab�! µ (~pb � ~pb̄)z (~pb ⇥ ~pb̄)z . (2d)

The symbol ! indicates the spatial frame chosen to simplify the triple product; symbol µ indi-
cates a simplification of the triple product obtained by only considering the sign of observable,
which is the only information needed to measure ACP; e indicates the Levi-Civita tensor which
is contracted with four vector e (a, b, c, d) ⌘ eµnabaµbncadb and e0123 = 1. In these expressions
P is the sum of the four-momenta of the two incoming protons; q is the difference of the four-
momenta of the two incoming protons; p and ~p are the four- and three-momentum of the final
state objects; b or b refer to the b jet; ` refers to the isolated lepton that stems from the elec-
troweak decay of a W boson; j1 and j2 refer to non-b jets, ordered by transverse momentum i.e.
pT,j1 > pT,j2, that reconstruct a hadronically decaying W boson. The Q` is the electric charge
of the isolated lepton. The z subscript indicates a projection along the z direction of the CMS
coordinate system. The observables O2, O4 and O7 are calculated in the laboratory (lab) frame,
and O3 in the bb centre-of-mass frame (bb CM).
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Figure 5: Distribution of the observables of data and simulation (SM) in the signal region in
combined channels before the background subtraction. Each observable is given in the units of
m3

t , where mt is the top-quark mass with 172.5 GeV.
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Figure 6: Summary of the A0
CP measurements performed for the different observables in all the

channels. The background A0
CP, estimated from data, is represented in green with its statistical

uncertainty. The raw A0
CP observed in the signal region, prior to any background subtraction is

represented in red with its statistical uncertainty. After background subtraction the final result
is represented in black including the total (statistical+systematic) uncertainties.
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7.2 Estimate dilution factors from simulation

The final results are presented as measurements of A0
CP. These measurements can be con-

verted to pure ACP measurements by means of a dilution factor D, as a multiplicative correc-
tion A0

CP = DACP. For high reconstruction efficiency of the objects corresponding to a top and
anti-top decay, the dilution factor is expected to be close to 1. The value of the dilution factor
can be obtained from MC study, based on the tt simulation. However, if new physics would
be present it would be expected to affect the value of D as well as the value of A0

CP leading to
a distortion in the extrapolated ACP. Nevertheless it is instructive to derive the value of D for
each observable, and we report it in Table 4. Since different variables are used to define the
observables (see Sec. 1), different sensitivities are expected, as the level of misassignment of
reconstructed objects differs. As an example, O3 and O4 are computed using the same objects
and have to consider the charge of the b-jets, as such they have similar sensitivity. O2 and O7
have higher sensitivities as less objects are used in their computation.

Table 4: Fraction of same sign and opposite signed events for each observable. If the observ-
ables are reconstructed with the same (opposite) sign the event is classified as a same (opposite)
signed event. The last column reports the dilution factors computed from the two fractions.

Observable Same sign (%) Opposite sign (%) Dilution factor (D)
O2 77.1 22.9 0.54
O3 67.8 32.2 0.36
O4 66.8 33.2 0.34
O7 86.5 13.5 0.73

In order to test the dilution effect of the asymmetries, we reweight the events at generator level
using MC truth to obtain hypothetical ACP asymmetries in the observables. The results are
reported in Fig. 4 where good closure is obtained after correcting A0

CP with the dilution factors
obtained in Table 4.

7.3 A0
CP measurements in data

After the background subtraction from Fig. 5, we measure the A0
CP of different variables. Within

uncertainties no significant asymmetry is observed in any of the channels analyzed, and after
combination.The only tension observed is for the combined A0

CP (O3), at 2s-level. Table 5 sum-
marizes the results obtained.

Table 5: Measured A0
CP in the signal region in data for different observables. The measurements

are reported separately for the electron and muon channel, and after combination of the two.
The first (second) uncertainty is of statistical (systematic) nature. The values quoted are in %.

A0
CP (Oi) e+jets µ+jets `+jets

O2 �0.01 ± 0.61 ± 0.01 +0.50 ± 0.56 ± 0.02 +0.27 ± 0.41 ± 0.01
O3 �0.34 ± 0.61 ± 0.02 �1.03 ± 0.56 ± 0.04 �0.71 ± 0.41 ± 0.03
O4 �0.24 ± 0.61 ± 0.02 �0.49 ± 0.56 ± 0.04 �0.38 ± 0.41 ± 0.03
O7 �0.42 ± 0.61 ± 0.00 +0.46 ± 0.56 ± 0.01 �0.06 ± 0.41 ± 0.01

Figure 6 represents graphically the asymmetries observed as well in data before and after back-
ground subtraction. The data-derived background asymmetries are also represented for com-
parison. The total uncertainty is dominated by the statistical component, being the systematic
uncertainty lower than 1% of the total uncertainty.in agreement with SM

TOP-16-0018 TeV 19.7 fb-1

                                                         

‣ dominant systematic uncertainties: theoretical

first measurement in tt ̅production  
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ttV̅

•  top quark coupling with EW bosons 
•  extension of SM modifies the couplings 
•  background for ttH̅ and many BSM processes 
•  ttZ̅: direct measurement of the top quark coupling to Z 
•  ttV̅: limits to dimension-six operators 

Campbell, Ellis
10.1007/JHEP07(2012)052
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ttV̅
10.1007/JHEP01(2016)096

•  full-event reconstruction by using  
 Matching Linear Discriminant  as input to BDT  
• ttW̅: SS, 3l  final states 
• ttZ̅: OS, 3l, 4l final states

8 TeV 19.7 fb-1

first observation of ttZ̅!

�tt̄W = 382+117
�102 fb with 4.8�

�tt̄Z = 242+65
�55 fb with 6.4�

                                                         

‣ dominant systematic uncertainties: 
 signal modelling, b-tagging efficiency

Constraints on new physics:
• Constraints on the axial and vector components of the tZ coupling 
• Constraints on dimension-six operators
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Figure 2: Expected pre-fit and observed distributions after 3 lepton, m``, Njets � 4 and Nbjets
� 2 requirements. The plots show the total number of events by lepton channel (top left), Z-
boson candidate dilepton mass distribution (top right), jet multiplicity (bottom left), b-tagged
jet multiplicity (bottom right). The hatched band shows the total uncertainty on the expected
pre-fit yields.
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ttV̅
TOP-16-00913 TeV 2.7 fb-1

•  ttZ̅:  3lepton, 4lepton final states 
•  8 + 2 signal regions to extract signal 
•  data driven estimates for the non-prompt leptons 
•  binned likelihood fit to all categories

‣ dominant systematic uncertainties: JES, b-tagging 

�tt̄Z = 1065+352
�313(stat.)

+168
�142(sys.) fb with 3.6�                                                                 

aMCatNLO = 839.3+80
�92(scale)

+25
�25(pdf)

+25
�25(↵s) fb

evidence of ttZ̅ at 13 TeV 
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Figure 3: Display of the reconstructed tracks (green lines), calorimeter energy deposits (red for
ECAL, blue for HCAL), jets (yellow cones), muons (red lines) and missing transverse energy
(purple arrow) in one event selected in data, in which a pair of opposite sign muons with a
mass close to the Z is reconstructed.
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Figure 4: Display of the reconstructed tracks (green lines), calorimeter energy deposits (red for
ECAL, blue for HCAL), jets (yellow cones), muons (red lines) and missing transverse energy
(purple arrow) in one event selected in data, in which a pair of opposite sign muons with a
mass close to the Z is reconstructed. This event display corresponds to the same event as in
Fig. 3 in the transverse plane.
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conclusions

•  many interesting top properties measurements from Run1 
‣  all results are in good agreement with SM 
‣  first observation of ttZ̅ at 8 TeV 
‣  uncertainties mostly systematically dominated

•   Run2 at 13 TeV: higher precision, higher energy, higher statistics!! 
‣  already some Run 2 top measurements 
‣  ttZ̅ measurement at 13 TeV 
‣  new exciting top properties measurements will arrive very soon!

CMS Top publications page
CMS Top preliminary results page

For more:

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP/index.html
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backup slides
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W helicity
               

FL = 0.31 F0 = 0.68 FR < 0.01

•  the tWb coupling can be studied in tt ̅ 
•  no right-handed W in the b-quark massless limit

Vtb ~ 1

FL  + FR + F0 = 1    

•  helicity states are extracted fitting the cosθ*

W-boson helicity

31

• Study of the Wtb vertex  
- through W boson polarization in top decays 
- right-handed W not predicted in the b-quark massless limit 
- W helicity fraction measured using angular distributions of the charged lepton from 

the top decays

F. Déliot, LHCP 2015, 2-SEP-15

angle between the charged lepton in 
the W rest frame and the momentum 
of the W in the top rest frame

FL: left-handed  F0: longitudinal 
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W helicity

dilepton + jets events 8 TeV 19.7 fb-1 

muon + jets events 8 TeV 19.7 fb-1 

TOP-14-017

TOP-13-008

Agreement with SM!

FR = �0.009± 0.006(stat.)± 0.020(syst.)TOP-13-008

TOP-14-017 FR = 0.018± 0.008(stat.)± 0.026(syst.)

                                                         

‣ dominant systematic uncertainties: 
 top-quark mass, tt ̅scales, tt ̅matching scales
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FCNC
• Flavour changing currents are suppressed in SM  
• in BSM enhanced by many  order of magnitude 

ACTA Phys. Pol. B 35 (2004) 

Mar. 21-28, 2015 Top Quark Properties at LHC, Moriond QCD

15

 Y. Chao

Top FCNC SearchesTop FCNC Searches

Top flavor-changing neutral-current decaysTop flavor-changing neutral-current decays
Penguin process: loop diagramPenguin process: loop diagram

Highly suppressed in SM Highly suppressed in SM O(~10O(~10-15-15) with GIM) with GIM

Could be enhanced ex. 2HDM, MSSM... up to ~Could be enhanced ex. 2HDM, MSSM... up to ~O(10O(10-3-3) ) FCNC @ TreeFCNC @ Tree

  

  
  

  

Searches are done top production and decaysSearches are done top production and decays
In In tttt pair pair production with one top goes FCNC production with one top goes FCNC
Single topSingle top production through FCNC process production through FCNC process

ACTA Phys. Pol. B 35 (2004)

T
P

Charge Current (CC) Neutral Current

tt bb tt cc

WW Z, g, Z, g, γγ, , H H 

        

CC FCN

t ! qH,H ! bb̄

t ! qH,H ! ��

TOP-14-020

t ! qZ
10.1103/PhysRevLett.112.171802

TOP-14-019
TOP-14-019

TOP-13-017

t ! qH,H ! V V, ⌧⌧
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Flavour-changing neutral current

● All analyses presented assume all anomalous couplings are zero, but one
● Still far above SM prediction, but sensitivity to certain BSM models getting closer or 

even already reached

combined summary plots

q = u q = c

•  Sensitivity to some BSM 
• No significant excess of events  

over the SM background

8 TeV 19.7 fb-1
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charge asymmetry

arXiv:1507.03119, accepted by PLB 

lepton + jets events 8 TeV 19.7 fb-1 


